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Foreword � 
I.	Deligkiozi,	D.A.	Charalambopoulos	

“ENERGY	 in	 BUILDINGS”	 is	 an	 annual	 International	 Conference	 that	 took	 place	 for	 the	 fifth	
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	 5th	 International	 Conference	 EinB2016	
was	 organized	 by	 the	 ASHRAE	Hellenic	 Chapter	 in	 collaboration	with	 the	 Technical	 Chamber	 of	
Greece	(TEE).	The	event	was	held	in	Athens,	Hellas	on	November	12,	2016.		

A	 total	 of	 24	 speakers	 from	 Italy,	 Germany,	 Sweden,	 Hellas,	 Serbia,	 Egypt	 and	 the	 United	
Kingdom,	along	with	 several	 poster	 authors,	 presented	23	 technical	 papers	 that	 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	Utilisation	
&	Integration,	Life	Long	Learning.	Combined	Cooling	Heat	and	Power,		

The	program	also	included	eleven	key-note	and	invited	speakers:		
• Georgios	Stasinos,	President	Technical	Chamber	of	Greece	(TEE)		
• Commodore	Georgios	Bamblenis	H.N.,	Deputy	Inspector	General	of	the	Hellenic	Navy	
• Dimitris	 A.	 Charalambopoulos,	 ASHRAE	 Hellenic	 Chapter	 Board	 Member,	 ASHRAE	

Conferences	&	Expositions	Committee	Member,	ASHRAE	Planning	Committee	Member	
• Anthimos	Amanatidis,	Secretary	General,	Technical	Chamber	of	Greece-Section	of	Central	

Macedonia		
• Prof.	Dr.	Marija	Todorović,	Fellow-ASHRAE,	Fellow-REHVA	and	Fellow-WAAS	
• Konstantinos	 Laskos,	 Civil	 Engineer	 AUTH,	 ASHRAE	 BEMP,	 Energy	 Planning	 &	 Saving	

Consultant	
• Prof.	Dr.	Essam	E.	Khalil,	Professor	of	Mechanical	Engineering,	Cairo	University,	Chairman	

Arab	HVAC	Code	Committee,	Deputy	Director	(International)	AIAA	
• Mats	Sándor,	Technical	Director	Systemair	SA	
• Luigi	Nalini,	Mechanical	Engineer,	CEO	at	CAREL	Industries	S.p.A.	
• Felipe	 Ruiz	 Guerrero,	 Mechanical	 Engineer,	 International	 Sales	 Manager	 at	 Engie	

Refrigeration	GmbH		
	

A	workshop	was	also	organized	during	 the	conference,	presented	by	Alkis	Triantafillopoulos	
and	Konstantinos	Laskos,	and	was	very	well	attended:		

Workshop:	Measurement	and	Verification	of	Energy	Savings	Projects.				

The	Conference	ended	with	an	open	discussion	on	“ASHRAE’s	GLOBAL	FRONTIERS	–	PUSHING	
BEYOND	THE	ENVELOPE”.	

All	 the	presentations	and	videos	 from	 the	conference	are	available	on	 the	ASHRAE	Hellenic	
Chapter’s	website	(http://ashrae.gr/einb2016.php).		
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event.		

	

Ioanna	Deligkiozi,	B.Sc.,	M.Sc.,	Ph.D.	
Chemical	Engineer	
Senior	Researcher,	CERTH	
EinB2016	Conference	General	Chair	
ASHRAE	Hellenic	Chapter	President	2016-2017	

Dimitris	A.	Charalambopoulos,	M.Sc.,	MASHRAE,	BEAP  
Mechanical	Engineer	
EinT2016	Conference	General	Chair	
ASHRAE	Hellenic	Chapter	Treasurer	2016-2017	
ASHRAE	Conferences	&	Expositions	Committee		

	

 

8



 
EinB2016 – 5th International Conference “ENERGY in BUILDINGS 2016”	

	

Integration of Building Automation Systems 
into Microgrids Management Systems for 
Effective Demand Response Schemes in 

Smart Grids 
D. Tsiamitros1*, T. Kollatou1, D. Stimoniaris1, M. A. Zehir2, A. Batman2, M. A. Sonmez2, A. Font2, 

M. Bagriyanik2, A. Ozdemir2, E. Dialynas3 
1 Western Macedonia University of Applied Sciences (TEIWM), Koila Kozanis 1, Kozani, 50100, Greece 

2 Istanbul Technical University, Ayazaga Campus, Istanbul, 34469, Turkey 
3 School of Electrical and Computer Engineering, National Technical University of Athens, Zografou, Athens, 15780, Greece 

ABSTRACT 
The increasing penetration of home automation technologies and their control possibilities over energy consumption can make valuable 

contributions to the electricity grid operation. Thus, the control system of the future electricity grid should be compatible with home automation 
systems. First, this paper outlines the existing methodologies and techniques that could ensure compatibility between Building Automation Systems 
(BAS) and electricity distribution grid management systems. Their drawbacks are analyzed and then a simple technique that enables home 
automation technologies to be used for demand-side management in smart grids is presented. The proposed technique does not require additional 
interface or software tools and therefore is cost-effective. Then, the development of a virtual test bed is shown, using the field data and energy 
management logic of a microgrid laboratory. In addition to modeling a microgrid, BAS devices (i.e. a dimmer) are also simulated for analyzing the 
integration of an existing home automation technology into microgrid control actions. The developed simple technique that ensures compatibility 
between BAS and smart grids is applied in simulations, using the developed virtual test bed, and in a microgrid laboratory. Both simulation 
results and experimental results prove that BAS could contribute to the voltage regulation as well as to the application of efficient energy 
management policies of the electricity distribution grid.  

INTRODUCTION  

Renewable Energy Sources (RES)-based electricity production is independent of the other conventional sustainable 
resources and of the variation of energy consumption. Sustainable generation is scheduled in accordance to the estimated 
load levels as well as to some technical and economical restrictions. However, weather-dependent RES, such as PV-plants 
and wind-farms, have to operate at their maximum possible output whenever technically possible, in order to present high 
participation of RES to the electric energy production mixture. Whenever local or isolated energy networks are considered 
(e.g. islands), these operational principles cannot be achieved and include the risk of leading to insufficient energy supply. 
All the problems stated above can be overcome through the integration of energy storage systems and controllable loads to 
the grid and through the integration of improvements to the control infrastructure and algorithms in non-invasive for the 
distribution network manner. 

One of the most important parts of the future electricity grid topologies seems to be the microgrid, which is generally 
defined as a distribution grid including Distributed Generators (DGs), energy storage units and controllable loads [1]. The 
ancillary services that could be provided by the supply-side and the demand-side of a microgrid are expected to increase the 
value of the future smart grid [2], [3]. Load levelization and demand-side management are extensively used in general to 
provide services like voltage regulation and energy management for islanded microgrids [3], [4]. Furthermore, at the 
consumers’ side, the need of energy efficiency improvement in buildings tends to be urgent, since buildings are consuming 
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about 40 % of energy consumption worldwide and are the biggest CO2 emission producers. Thus, the implementation of 
home automation systems at demand side will continuously increase in the near future [5]-[7]. These certified automation 
devices are installed usually at the low-voltage part of the grid and have many capabilities in controlling electric energy 
consumption, since they are programmable. Their operation is based on a common data bus, through which simple binary 
signals can be transmitted for the activation of their various capabilities. 

At the first section of this paper, after the Introduction, the ways of interconnection between the smart distribution 
grid and the BAS are analyzed. Then, the proposed cost-effective and simple technique is analyzed and the experimental 
verification is described. In this manner, the thermal inertia of buildings and other home loads can be utilized for the 
effective electricity grid operation. Moreover, the authors present the modeling of a virtual microgrid test bed for steady 
state energy management studies. It is developed using the field data from the experimental microgrid laboratory. A home 
automation technology is integrated into the test bed through the realistic model of a remotely controllable dimmer. Finally, 
the convergence between the experimental and simulation results show that both the new technique for interaction between 
the grid and the buildings, as well as the virtual test bed model can serve as powerful tools both for the realization of the 
smart electricity grid and for the increase of energy efficiency in buildings. 

INTEROPERABILITY BETWEEN HOME AUTOMATION SYSTEMS AND THE ELECTRICITY GRID 

In a microgrid-based smart distribution grid topology, every DC load, generator or energy storage device is equipped 
with individual DC-AC inverters and is connected to the AC microgrid via smart devices called special control units 
(SCUs). SCUs are also necessary for AC loads (or group of loads) and generators as well. Each SCU consists of a simple 
metering module, a communication module, an activation module (actuator) and a “smart” module that is responsible for 
the decision making task. The last module is integrated into software that runs on a microgrid-dedicated PC.  

The microgrid consists of two PV-inverters of 1.1 kW each, with 6 connected PV panels each, five loads of 
approximately 2600 W maximum consumption (1 AC-motor, incandescent and fluorescent lamps and a fridge), a 600 Ah-
24 V battery bank with its inverter and a wind generator of 1 kWp with its rectifier-charger. Ten SCUs are required as 
follows:  

• Two for the PV plants.  
• Five for the loads.  
• One for the battery bank. 
• One for the wind generator. 
• One for the interconnection to the remaining grid.  
In this experimental microgrid, each SCU contains a metering module with one current transformer (CT) and one 

voltage transformer (VT), an activation module with one actuator-relay and a communication module that consists of a 
Data Acquisition Card and is connected with the microgrid-dedicated PC via cables. However, due to the common AC bus, 
only one AC VT is required for the microgrid’s bus, one AC VT for the measurement of the voltage of the remaining grid 
and one Data Acquisition Card set. The laboratory set-up is shown in Fig.1, where a home automation device will be 
implemented at the encircled part. A DC Voltage Divider (VD) is connected in parallel to the battery bank, although it is 
not shown in the topology of Fig.1, for DC-voltage measurements. The microgrid-dedicated PC incorporates a SCADA 
software application that processes the input data and the control algorithm written in script, while it derives the proper 
output commands at every duty-cycle. 
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Figure 1 A smart disitrbution grid topology 

 
In order to incorporate home automation technologies into real-time measurements and decision systems in 

general, OPC (OLE – Object Linking and Embedding- for Process Control) server software is needed. In the case of the 
experimental microgrid, except a BAS device and a  BAS-Ethernet Interface, a proper OPC server should be also installed 
at the microgrid-dedicated PC. 
 The above methodology has the following serious disadvantages, most of which are encountered in the implementation 
process: 
i) The OPC server software installed on the computer where the SCADA application runs has a fairly high cost. 
ii) Permanently installed BAS-Ethernet gateway also has a high cost. 
iii) The process of connecting the two software applications (SCADA as a client of the OPC server) is quite difficult. More 
specifically, additional tools are required, which also increase implementation costs. Moreover, several problems of 
compatibility occur, such as the continuous upgrade of the BAS software [5], without the follow up of the OPC server. 
All these problems have led the authors to seek simple and economic alternative solutions. Consequently, the connection of 
the microgrid’s control software with the BAS technology that is presented in the following section was preferred. 
 

COST-EFFECTIVE DEMAND-SIDE MANAGEMENT BASED ON HOME AUTOMATION TECHNOLOGIES 

A simple and inexpensive alternative solution is developed for the integration of BAS-controlled loads to the 
microgrid control strategy. Most of the BAS-compatible load control devices are activated through BAS switches as well as 
by conventional push buttons, whose manipulations can be translated into binary signals. In a BAS-compatible dimmer for 
example, when the push button is pressed shortly, the signal is translated into a pulse in the dimming device. The device’s 
embedded BAS program translates this pulse to full power of the lamps and the lamps consume full power. On the other 
hand, prolonged pressure of the switch means that the BAS device sequentially receives 1 bit signals. In this case, the device 
starts reducing the voltage of the lamps until pressing ends or until the voltage is dimmed down to the final value set by the 
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original program of the dimmer. Respectively, the lighting and the power consumption are reduced. If then the button is 
being pressed for a long time the brightness is increased and so on. 

The proposed approach is based on replacing or parallelizing a dimmer’s push button with the relay of Load 4, in 
order to control the lamps. The dimming signals are sent to the BAS dimmer by the relay under the control of the 
microgrid’s control software application. More specifically, the encircled part in Fig. 1 is replaced by the setup shown in Fig. 
2. In this figure, the L and N are the phase and neutral connections of the AC bus of the microgrid. They are placed after 
the CT of Load 4. So all the disadvantages faced during the implementation of the previous BAS integration method are 
eliminated. 

In Fig. 2, on the left side of the BAS dimmer, the pair of BAS cables (black and red colors) are shown that form the 
BAS bus and are connected to the BAS power supply (30 V). The connection to the AC microgrid is shown on the right 
side and includes one input that is connected to the lamps, another input is connected to the phase (L) of the AC microgrid 
and the third input is connected to the relay, which in turn is also connected to the supply phase. The last input is the 
common neutral node of the AC microgrid and the lamps. 

 

 

Figure 2 The simple BAS arrangement that replaces the encircled part in Fig. 1. 
 
Similar to the push button application, the instantaneous switching on and off of the relay is transformed to a pulse in 

the dimming device, which is equivalent to full power supply to the lamps by the program of the BAS device. So the lamps 
are on and consume full power. Prolonged position of the relay at the value of 1, means that the BAS dimmer sequentially 
receives 1 bit signals. Then the dimmer starts reducing the voltage of the lamps until the relay is deactivated or until the 
value that is set by the original program. The lighting and the consumed power are reduced respectively. If the relay’s 
actuation is repeated, the dimming device starts increasing the brightness. In Fig. 3, the active power consumption during 
the activation of the relay and therefore the dimmer is shown. 

 

12



 
EinB2016 – 5th International Conference “ENERGY in BUILDINGS 2016”	

	

 

Figure 3 Active Power Consumption of Load 4 during dimming. 
 

MICROGRID AND BAS MODELLING AND VIRTUAL TEST BED 

Local generation, storage, loads and management system of the microgrid have different characteristics that should be 
considered during the modeling phase. Their distinct behavior and the modeling approach for each asset is described in this 
section. 

The local generators (PV panels) in the microgrid are connected to the main bus through current controlled inverters. 
In order to include the influence of atmospheric conditions on the output of intermittent generation from renewables, 
source-power output relations were derived. For 2.2 kW PV panels, the relation between solar irradiance (Ir) in W/m2, 
temperature (T) in °C and power output (Ppv) in W is determined by curve fitting method. The following first order 
equation is used for PV modeling. 

 
 

A new device block in simulation software that consists of both the logical and the analog parts is constructed.  At 
first, the logical part reads the temperature and the solar irradiance values from an external file, then calculates the output 
power of PV generation (considering Maximum Power Point Tracking - MPPT influence) and finally derives the current 
that will be injected to the system according to the measured bus voltage and frequency values. 

A similar approach is followed for modeling 1 kWp wind turbine of the microgrid. The relation between the 
instantaneous wind speed (vw) in m/s and output power (Pw) in W is represented with a 5th order equation. 

 
 

 
The developed wind turbine block has one logical input (wind speed values are read from an external file), three 

analog inputs (bus voltage, frequency, breaker status) and four analog outputs (connection to the main bus, active power, 
reactive power and current) (Fig. 4). 

The 600 Ah lead-acid battery group of the microgrid is modeled as a union of two separate models representing the 
charging and discharging phases. During discharging period, from steady state power flow point of view, the battery group 
acts as a local generation source and supplies energy to the main bus while its converter is in voltage controlled mode. 
Consequently, discharging battery is modeled as a voltage source. Unlike typical local generators supplying the system with 
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respect to their resource inputs (PV, wind, etc.), battery fills the supply/demand gap of the microgrid in islanded mode. 
After subtracting the amount of power generated by local generators from the local demand, the remaining mismatch is 
supplied by the battery group. In addition, it has a non-linear specific voltage/time curve for charging cycles. 
 

  

Figure 4 Simulation blocks of the PV plant model (left) and of the wind turbine model (right). 
 
On the other hand, during charging phase, battery group acts as a load and consumes a fixed amount of energy from the 
system. It again differs from other kind of loads because of its non-linear distinct voltage/time curve (Fig. 5). 
 

 

Figure 5 Voltage/time curve during discharging and charging phases of the battery 
 

The loads are modeled by modifying the fixed load in the simulation software’s library. The existing load model 
consumes a constant power in relation with the nominal voltage and frequency values. The modified version is capable of 
reading from an external file while adjusting the current that will be drawn considering bus voltage and frequency. In order 
to integrate home automation technology in the microgrid control actions, an automation system adaptable dimmer is 
modeled in load modeling part of the study. It is modeled as an additional block that can be connected to the power node 
of the previously mentioned load models (Fig. 6). The light is dimmed up when received 1 from the control input of the 
dimmer, whereas -1 is used for dimming down and 0 for keeping the same status without any change. This device is used as 
an alternative to direct on-off switching and provides more flexible way of demand management by changing the load 
without the loss of the related device. Moreover, it minimizes the negative impacts of on/off switching on the consumer 
comfort. 
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Figure 6 Automation system adaptable dimmer and load blocks 
 

The developed models are interconnected through the microgrid main bus forming the virtual test bed (Fig. 7). 
 

 

Figure 7 Virtual test bed – interconnected operation of developed models 
 

EXPERIMENTAL RESULTS  

One way for the BAS technology to contribute to quick recovery of the voltage of the AC-bus or the frequency of a 
microgrid is the activation of the relay and consequently the dimmer by the SCADA software or by a voltage supervisor. 
So, once a voltage drop greater than specified limits is detected, the relay is activated together with the dimming device in 
the next execution cycle (duty-cycle). The results are shown in Fig. 8, during the start-up of a motor (Load 5). The BAS is 
activated after the first voltage dip caused by the motor is detected. It is obvious that the durations of voltage dips are 
shorter and get shallower after the dimmer activation.  

In another application, BAS are used for the implementation of an efficient energy management policy of an isolated 
microgrid. So, when the control software determines that the battery charge level (State of Charge - SoC) is reduced, it 
activates the relay of Figure 2 and the active power consumption of Load 4 is reduced. The battery voltage and discharge 
current change, while the microgrid battery charge level is improved, as shown in Fig. 9. 
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Figure 8 Comparison of voltage profiles for the AC-bus of the microgrid. The dimmer is activated after the initial 
voltage dip, which is caused by the motor start-up. 

 

 

Figure 9 �atteries’ voltage and discharge current before and after dimming. 
 
The results show that by activating home automation devices, the durations of voltage dips are shorter and get 

shallower, whereas energy storage is much more efficiently used. 
 

SIMULATION RESULTS 

In order to test the power flow behavior of the models, a case scenario comprising 4 sequential events is used. The 
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details of the events are given in Table 1. Power flow at the main bus, battery behavior and management system 
interventions are checked for each event. A voltage source that can receive voltage and frequency references externally is 
used for representing the slack AC bus. 4 hours of operation with varying local generation is simulated. Supply/demand 
behavior given in Fig. 10 shows that fully charged batteries are not used and surplus energy is supplied to the utility during 
interconnected operation with surplus local generation. Power flow between the microgrid and the utility reverses along the 
following hour since the local generation reduces. At the end of second hour, grid connection switch is opened and battery 
starts to fill the gap between the supply and the demand.  

At the end of third hour, battery SoC reduces and management algorithm responds by dimming down the BAS 
controllable dimmer. Since the load decreases below the local generation, the battery starts charging itself with the surplus 
local generation. The amount of local generation increases after 3.5 h and battery charging power increases. At the extreme 
case where the battery is fully charged in islanded mode and there is still surplus generation, the management system 
switches on the previously switched off loads, tries to connect to the grid and if interconnection is not possible, switches of 
the surplus local generation. The virtual test bed exhibited identical behavior with the microgrid laboratory. 
  

Table 1. Studied events 
 

Event No  Operation Type Supply/Demand 
Balance 

#1  Grid Connected Mode Surplus local 
generation 

#2  Grid Connected Mode Insufficient local 
generation 

#3  Islanded Mode Insufficient local 
generation 

#4  Islanded Mode Surplus local 
generation 

 
 

 

 
Figure 10 Power supply/demand behavior of assets. 
 

CONCLUSIONS 

In this paper, a home automation system being based on a demand-side management approach is appearing to 
improve the reliability performance of the power supply in an experimental microgrid. Moreover, following the 
interconnection of the developed individual models, the virtual test bed is tested by a case study comprising 4 events 
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representing the major operational states of the microgrid. The results showed that the supply/demand behavior of the 
assets and power flow on the main bus of the microgrid is consistent with the real system. Moreover, management 
algorithm is capable of controlling the equipment in a more effective way as it does in the field application. More flexible 
energy management can be achieved by integrating the load with home automation technology. Future work will test how 
other types of home automation-controlled loads (heat pumps, refridgerators, dish-washers, etc) can efficiently contribute 
to the efficient electricity grid operation. 
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ABSTRACT 
The aim of this study is to estimate the possibility of implementing a biomass district heating system for urban municipalities, such as the 

city of Grevena and suggest the best technical and economical solution. This study is conducted after the request of the municipal and regional 
authorities of the Grevena prefecture towards the Technical Chamber of Greece-West Macedonia Branch. The first step of the study is to gather 
and assess relative past studies and then investigate the currently available types, quality and quantity of the local biomass and alternative fuels. 
Analytical relative data show that wheat and corn cultivation residues, wood biomass and forestry residues, energy plants and local dry lignite are 
the main local biomass sources. At the next step, issues regarding the collection and transfer of biomass and the relative costs are presented, leading 
to comparative analysis of the supply cost of each biomass source. At the third step, the potential of exploiting the locally-available dry lignite is 
examined, whereas at the fourth step the thermal load of the city is analyzed. The local thermal energy production units, such as wood processing 
units, are taken also into consideration, since they can provide biomass (wood chips) and supply thermal energy directly to the district heating 
network. The district heating network design and the various area-coverage scenarios are presented, whereas the final step includes the evaluation of 
various scenarios of energy source mixtures, cost-benefit analysis and suggestion of the best technical and economical solution. In the conclusions 
section, it is highlighted that the final cost of energy for the consumers decreases in a range 20 % - 50 % compared to their current cost of energy, 
whereas the local environmental and social benefits are even more impressive.  

INTRODUCTION  

The team that was formed by the Technical Chamber of Greece/West Macedonia Branch (TEE/TDM) has as an aim 
the investigation of the possibility to apply district heating based on biomass at the city of Grevena. The first step is the 
recording of all the previous studies on the same or similar fields. The most important of them are outlined at the reference 
section. Since most of these studies refer to data from the years up to 2008, these data had to be updated. Except from the 
data update, the rest of the research is summarized as follows: 

At the first section of this paper, after the Introduction, the currently available types, quality and quantity of the local 
biomass and alternative fuels are presented. At the second section, the logistics of the available biomass are analyzed. Then, 
the potential to use the locally available dry lignite is investigated and at the fourth section the thermal load of the city is 
calculated. At the fifth section, existing facilities and enterprises that can contribute to the district heating network are 
spotted and at the sixth section the district heating network design is presented. Finally, the comparative study of the energy 
sources mixtures scenarios is shown and the conclusions section highlights the advantages of such a project. 

CURRENTLY AVAILABLE TYPES, QUALITY AND QUANTITY OF THE LOCAL BIOMASS 

The previous studies on the biomass availability are based on the analysis of the thermal load of the city. Then they 
calculate the thermal energy demand during a year (in MWh). Afterwards, they record the available biomass quantities from 
all the sources (wood, cultivations, etc) and they calculate their energy content. Finally, they compare the energy demand of 
the city to the energy content of the biomass and they indicate if the biomass is enough for the district heating of the city. 
In all these studies, 20.000-25.000 tn of wooden biomass or 30.000 tn of wheat residues are enough for the energy demand 
of the city of Grevena. As analyzed in the following sections, the thermal load of the city of Grevena since 2008 is stable. 
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Moreover, due to the economic crisis in Greece, the population has not increased for the last decade. Therefore, the 
aforementioned necessary biomass quantity is considered still enough for the district heating of the Grevena city. More 
analytically, the main sources of biomass at the Grevena area are the following: 

The forestry residues, according to the forestry association, are approximately the 30 % of the total production, which 
is almost 6.000,00 m3. From this quantity, the half can be easily collected, which is 3.000,00 m3. According to the Grevena 
forestry association, the annual forestry production of the Grevena area is almost 20.000,00 m3, of the Kastoria area 50.000 
m3 and of the Voio, Paliogratsano and Velvento areas 10.000,00 m3. Therefore, the estimation of the Grevena Authority for 
Forests of 20.000 m3 of annual forestry production seems accurate, whereas if the non-public forestry production is taken 
into account, the estimation of the previous studies on 21.000 tn available wooden biomass from Grevena area is valid. 

Wheat is by far the largest cultivation in Grevena area, producing annually 57.000-62.000 tn of residues until 2008. 
However, this type of residue is used for husbandry at the price of 2 € / 20-25 kg = 80-100 €/tn and is considered 
competitive to the use for energy. On the other hand, corn cultivation residues in the period 1995-2006 is almost 21.000 tn 
annually, corresponding to 1.500 ha. Considering that in 2014 the corn cultivation is restricted to 700 ha, 10.000 tn is the 
available biomass from corn, whereas there is no competitive use for this type of biomass. Finally, 200 ha are used for 
energy plants cultivation and 7.000 ha are without use. 

Biowaste is also available in the Grevena area: Cheese whey reaches 8.000 tn/annum, sludge 500 tn/annum, animal 
remains reach 350 tn/annum. These quantities cannot be burned in a biomass unit, but can be exploited to produce biogas 
and support in a constant basis a biogas plant with capacity 300 kWe – 1MWth. However, the biogas plant is a viable 
investment, only if: 

(a) It is a cogeneration unit of heat and power (CHP) that sells both electricity and heat,  
(b) The biogas is also supplied to the natural gas grid. 
However, none of these two conditions are fulfilled in Grevena, since the licensing of new units of production and 

supply of electricity to the grid is forbidden in Grevena, due to technical restrictions of the grid and there is no natural gas 
grid in the area. Therefore, the exploitation of biowaste for district heating is not feasible in the Grevena area. 

In conclusion, it is evident that the local biomass is enough for the support of a district heating network in the 
Grevena city. The use of all the above types of biomass is suggested, determining the type of biomass unit, as mentioned in 
the next sections. Table 1, summarizes the locally available types of biomass: 

 
Table 1.   Locally available types of biomass 

 
Type of biomass   Availability (in tn) 

Wheat residues   30.000,00 
Corn residues   10.000,00 
Energy plants   500-1.000 

Wooden biomass   21.000,00 
Forestry residues   2.000-4.000 

 

BIOMASS SUPPLY COST 

The relevant fuel costs used in this study were obtained from  
(a) For wooden biomass, by the prices that are determined by the Ministry of Energy and Environmental Protection.   
(b) For agricultural residues, by their supply cost for other competitive use and by similar calls for tender from other 

district heating organizations. 
c) For oil, by the Ministry of Environment and Energy, Observatory of fuel prices   
d) for natural gas, by the Natural Gas Companies of Thessaly and Thessaloniki 
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By these data, it is easily deduced that the higher biomass supply cost for Grevena city is 25 €/MWh of produced 
energy. Analytically, the prices per source and produced energy are shown at Tables 2 and 3. 

 
Table 2.   Biomass supply cost 

 

Type of biomass   Cost including transfer – no 
VAT (€ / tn) 

Pellet (for 
comparison)   200,00 

Wheat residues   60,00 
Corn residues   40,00 

Wooden biomass   75,00-81,00 
 
 

Table 3.   Biomass supply cost per produced energy (assuming 
biomass unit efficiency of 85 %) 

 

Type of biomass   Cost including transfer – no 
VAT (€ / MWh) 

Pellet   56,14 
Wheat residues   24,00 
Corn residues   17,00 

Wooden biomass   23,00-24,50 

Oil   76,00-91,001 

Natural Gas   50,00 
Lignite (PPC)   16,00 

Dry lignite   23,50 
 

POTENTIAL USE OF LOCALLY AVAILABLE DRY LIGNITE 

The use of dry lignite that can be produced at the Lignite Center of West Macedonia is proposed by CERTH/IDEP 
at decentralized systems of capacity 1-20 MW, utilized for the needs of enterprises or district heating.  

Dry lignite is the result of processing the natural lignite, which is submitted to milling and drying, thus leading to this 
new product with upgraded characteristics and high energy content, low humidity and ease of storing and transferring. For 
50 years, 20 millions of tons of lignite are enough for the thermal needs of the whole West Macedonia region. This amount 
corresponds to the 2,5 % of the total amount of available lignite at the Lignite Center of West Macedonia. 

New installations that burn dry lignite as main fuel can achieve up to 92 % of efficiency. The dry lignite burning is in 
accordance to all environmental regulations (BlmSchV, etc), while it is considered as a commercial product, according to 
the Annex 4 of BlmSchV. It is burned in solid fuels units and in units of natural gas burning. 

For the area of Grevena, there is the possibility to be supplied with 15.000-20.000 tn of dry lignite annually. In the 
case of the district heating of Grevena, dry lignite is proposed to be used for the peak loads covering and as a substitute of 
oil as peak fuel, since oil will be only used as a reserve to enhance system reliability. 

																																																													
1	2004-2013	average	cost-10/2015	Grevena	local	cost	
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Figure 1 Dry Lignite feeding (tank at the left side) at an existing installation [www.carbotechnik.de]. 

 

Figure 2 Environmental efficiency of dry lignite burning – Concentration in exhaust gas. The yellow columns show 
the regulation limits according to TA-Luft. 
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Figure 3 Prediction of dry lignite distribution to the Region of West Macedonia for district heating needs. 
 

THERMAL LOAD ANALYSIS 

The aim of this section is to present the total thermal load of the city, the spatial distribution of the buildings, of the 
population and of the thermal loads of the city of Grevena. From these data and the annual distribution of the demand, the 
district heating network and the biomass unit are dimensioned and designed. 

Since 2001 and according to the population census of 2011, the population of the city has not changed, while the 
economic crisis had as a result the stable building population. 
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Figure 4 Spatial building distribution. 
 

 

Figure 5 Spatial distribution of the population. 
 
The basic assumption of the analysis is that the installed thermal load of the city for the last 10 years has not changed. 

The installed thermal load of the city is 71,53 MW, distributed to the high thermal load density area (51,74 MW) and to the 
surrounding thermal load area of capacity 19,78 MW. 

From the data of the National Statistics Authority of 2011 the population of the city is 13.137 inhabitants. The 
variation of the population during the decade 2001-2011 is only 1,14%. 

Furthermore, the following assumptions are adopted: 
Examined period:        20 years (2016-2035) 
Surface/inhabitant ratio:     56,88 m2 
Volume / inhabitant ratio:     159,264 m3 

City	plan-built	up	area	

City	plan-NOT	built	
up	area	 High	building	volume	

density:	
• city	center	
• City	main	streets	

Population	density-		
Persons/acre	
<3	

3-6	

6-12	

12-24	

24<	

High	
population	
density	in	
the	city	
center	

24



 
EinB2016 – 5th International Conference “ENERGY in BUILDINGS 2016”	

																			

Load / inhabitant ratio for zone A (high density)  0,004971 MW/inhabitant 
Load / inhabitant ratio for zone B (Low density)  0,005922 MW/inhabitant 
Normalized thermal power for new buildings:   50 W/m2 
Load/inhabitant ratio for new buildings:   0,002844 MW/inhabitant 
 
According to the analysis, the thermal load at the end of the 20 years study period is expected to rise to 81,52 MW, 

from 71,53 �W today. 

EXISTING THERMAL PRODUCTION UNITS IN THE AREA 

There are three wood processing units in the area that can supply wood biomass or thermal energy to the biomass 
district heating network:  

The first one can supply 1.000 tn of wooden biomass per month (wood chips) or inject thermal heat directly to the 
district heating network with an installed capacity of 18,6 MWth. 

The next one can supply 100 tn of wooden biomass per month (wood chips) while the third one can supply 250 tn of 
wooden biomass per month (wood chips) at the price of 30 € / tn. 

DISTRICT HEATING NETWORK DESIGN 

The transmission and distribution network will be closed, two pipes (flow and return), with pre-insulated pipes, 
installed underground according to ��253 for nominal operating pressures PN 25atm and maximum operating 
temperature 130°C. For the thermal energy distribution, an in-direct connection system is proposed, by utilizing heat 
exchangers.  

Considering the inhabitants daily activities, the maximum expected daily thermal load (peak load) will not exceed the 
70 % of the installed thermal load. Moreover, for the determination of the nominal thermal power of the unit, 2 MW of 
thermal losses are considered. 

Taking into account all the above, the nominal thermal power of the District Heating System (DHS) in 20 years is 
expected to be 59.06 MW.  
 

 

Figure 6 Projection of the Grevena thermal load (MW). 
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For the determination of the annual thermal load duration curve data from the area of Kozani as representative of the 
Grevena area are used, in accordance to TOTEE 20701-3/2010-Normalized Days of Heating (reference temperature 18 
�C,). For the area of Kozani the Heating Degree Days amount to 2337. 

 

Figure 7 Load duration curve –district heating system (in MW). 

 

Figure 8 Zones of population coverage and cost of district heating network 
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Concerning the spatial distribution of the city, it is easily shown that 1/3 of the city’s structured area is inhabited by the 
77% of the population. At the same area, the 77 % of the buildings’ volume is spotted and the 74 % of the installed thermal 
load. For the overage of this basic scenario, the cost of the district heating system is equal to 65 % of the cost that could 
cover the whole installed thermal load of the city. 

APPLIED BIOMASS UNITS TECHNOLOGIES AND ENERGY MIXTURES SCENARIOS 
As referred previously, almost all the types of the local biomass have competitive applications. Therefore, 

exploitation of all the types of biomass is proposed (Agriculture and forest biomass, wood industries residues, dry-
lignite).This conclusion defines the type of the biomass combustion unit. For the selection of the biomass units, the 
following factors are considered: 
(a) The types of fuels (Agriculture and forest biomass, wood industries residues, fry-lignite) and their supply cost, 
(b) The need for increased reliability (and system reserves), 
(c) The available sizes of biomass units in the market. 
(d) The need for abandoning oil as main heating fuel.  
The basic characteristic of distinct heating systems (DHS) is the exploitation of low cost fuels in competitive end user 
prices. However, the high cost of solid fuel boilers compared to oil and gas boilers leads to high initial investment costs 
setting the project viability at risk. It is common practice that the district heating production unit consists of two separate 
units, the base load unit - high installation boiler cost and low fuel cost and the peak load unit - low installation boiler cost 
and high fuel cost.  
The base load unit usually provides more than 70%-80% of the DHS annual thermal energy demand with low cost thermal 
energy, while the rest is provided by the peak load unit. Therefore, even if oil and gas units are of low installation cost, solid 
fuels units are selected as the base unit. The oil unit is only considered in cases of covering peak loads or as reserve. 
The ratio between base and peak load units both in terms of boiler nominal thermal power and annual energy provided is 
determined after financial evaluation of alternative investment scenarios.  
In the case of the Grevena DHS, seven alternative investment scenarios concerning were evaluated, for the determination 
of the optimal heat production units and energy source mixture amongst the three fuels (local biomass, dry lignite, oil). 
More specifically the following assumptions are adopted: 
 
BASIC ASSUMPTIONS 
Investment normalized costs:     
Solid fuel boilers (including building infrastructure without VAT in k€/�Wth) : 230,00 
Oil boiler (k€/�Wth): 40,00 
Normalized costs of fuels:  
Local biomass (€/�Wh):    20,00 
Dry lignite  (€/�Wh):    20,03 
Oil (€/�Wh):     94,55 
Thermal load evolution:   
Maximum thermal load (2016) (MW) : 71,53 
Maximum thermal load in 20years (MW):  81,52 
Peak load (2016) (MW):    52,07 
Peak load in 20 years (MW):   59,06 
Thermal energy demand 
Thermal energy demand (2016) (MWh)  123.530 
Thermal energy demand in 20 years (MWh)   139.467 
 
 The following scenarios were examined, in a 20-year horizon. 
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Table 3. Examined energy source mixture scenarios (capacity of 
the units) 

 
Scenario 

No 
Biomass 

(MW) 
Dry lignite 

(MW) 
Oil  

(MW) 
#1 15 0 44,06 
#2 30 0 29,06 
#3 45 0 14,06 
#4 52 0 7,06 
#5 15 15 29,06 
#6 30 15 14,06 
#7 45 14,06 0,0 

 

Figure 9 Initial installation cost. 

 

Figure 10 Energy source cost and price for the end-user. 
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After examining the differential investment flow, the scenario No3 seems to be the most attractive: Three biomass 
boilers of 15 MWth each (Total 45 MWth) where dry lignite can be burned as well, Oil boiler 14.06 MWth. 
However, for the final selection, some other factors must be considered, such as: 
• the availability of the fuels,  
• The reliability of fuel supply, especially in case of the base boilers’ failure,  
• The boiler’s fuel flexibility. 
 
Taking these factors into consideration, the scenario No2 is finally proposed: biomass boilers of total capacity 30MWth as 
base load boilers (two boilers of 15 MWth each) and one oil boiler of 29,06MW (peak load unit), encouraging also the co-
burning of biomass and dry lignite in the base load boilers. The peak load unit has an average contribution of 4,9% of the 
system thermal energy demand for the 20 years period, while the rest 95,1% of the system  thermal energy demand is 
produced in the base unit. 

 

Figure 11 Energy contribution per fuel source 

The two units of solid fuels have as total capacity 30 MWth, and can use almost every fuel to produce thermal 
energy. Their cost is 5.750,00 k€ (no VAT included, the installation works cost is included). The cost of the buildings 
infrastructure is estimated equal to 500,00 k€. Thermal storage of 15 �Wth (cost 1.500,00 k€ without VAT) and oil fuel unit 
of 30 �Wth (cost 1.000,00K€ without VAT) are proposed as reserves and for increased reliability. According to the above, 
the total cost of the heat production unit is 8.750,00 k€ (without VAT). This way, the anticipated thermal nominal load of 
59,06 MWth including thermal losses of 2 MWth for the 20 years horizon is expected to be covered. 
 
The cost of the proposed investment is almost 30 M€, not including VAT. 

CONCLUSION 

(a) The proposed types of locally available biomass are:  
Agriculture biomass (wheat and corn cultivation residues, energy plants),  
Wooden biomass,  
Dry lignite, from the West Macedonia region, as a mixture with the biomass sources. 
 
(b) Biomass supply cost: Maximum supply cost of the local biomass is determined to 25,00 €/MWh. Comparing to 
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natural gas (50,00 €/MWh) and oil (91,00 €/MWh), it is still very attractive.  
 
The above two points indicate that the proper energy source mixture and the coordination of the supply chain parts 

(forestry associations, agricultural associations, biomass clusters, etc) the maximum cost of supply can be easily decreased, 
leading to decreased end-customer price. At the same time, the local economy is enhanced, since local products are fully 
exploited leading to a closed-circle energy economy.  

 
(c) Thermal load and district heating network: The two area coverage scenarios are determined:  
The first scenario proposes the coverage of the 77 % of the population and the thermal volume, which is spotted at 

the 1/3 of the city’s surface.  
The other scenario proposes the full coverage of the thermal volume and of the 100 % of the population of the city. 
  
(d) Energy source mixture and selected technology boilers:  
Except from the techno economical analysis, other factors as well determine the selection of the heat production unit, 

such as the fuel availability, the boilers flexibility to burn other fuel as well and the ease of the fuel supply. 
The scenario No2 is finally proposed: biomass boilers of total capacity 30MWth as base load boilers (two boilers of 15 

MWth each) and one oil boiler of 29,06MW (peak load-reserve unit), encouraging also the co-burning of biomass-dry lignite 
in the base load boilers. 

The cost of the investment is analyzed as follows: 
District heating network of transmission and distribution : 22.000,00 k€ 
Thermal energy production (base load units)    : 6.900,00   k€ 
Thermal energy production (peak load and reserve units) : 1.162,48   k€ 
Total cost       : 30.062,48 k€ 
 
The final price for the end-costumer is expected to reach the 50 % of the price using oil as energy source (prices 

2015). 
The surrounding wood industries can add to the system 12 MW of capacity and almost 65 GWh of thermal energy. 
The usual progress of such an investment indicates that the 77% of the population is covered by the initial investment 

(22.800.000,00 € + VAT) and then the rest population is covered at the second step. 
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A Review of Glazed Constructions with 
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ABSTRACT 

During the last years the reduction of energy use in buildings has become a necessity. In order to achieve more 
efficient buildings, passive techniques utilizing solar gains are often used. The most common way to take advantage of solar 
radiation is via windows and especially from windows oriented towards the equator.  

However, from an energy point of view windows represent a weak link among internal and external conditions. 
During cold months windows are susceptible to heat losses while during summer excessive amount of solar energy induced 
through glazed surfaces may result to increased cooling loads (Ismail et al., 2008). Nonetheless, windows are necessary for 
day lighting and the window to wall ratio is subject to thorough investigation from an energy balance stand. Thusly, the 
performance of glazed surfaces is a matter of intensive research. 

Even though phase change materials (PCMs) have been integrated into the opaque elements of the shell in numerous 
applications over the last decades, only recently research has started to investigate the combination of PCMs with glazing 
constructions. A PCM takes advantage of its phase transition in order to store large amounts of energy isothermally and 
release it with a time lag. What is more, numerous PCMs demonstrate high transmission of visible solar radiation and 
absorption of the infrared part. 

This review attempts to illustrate the potential advantages of incorporating PCMs with glazed constructions regarding 
the overall energy use of buildings and the indoor environment.  

INTRODUCTION 

Latent heat storage (LHS) is able to achieve the highest energy storage by any other means of heat storage. Moreover, 
materials that store latent heat operate in a narrow temperature range due to their phase transition which is crucial to most 
building applications, with insignificant volume change between the phase transition process (Shilei et al., 2006). PCMs are 
latent heat storage materials. They use their chemical bonds in order to absorb and release thermal energy nearly 
isothermally. In comparison with traditional sensible heat storage materials such as water, rock or masonry, PCMs are 
estimated to store 5-14 times more heat per unit volume (Sharma et al., 2007). Almost exclusively the phase transition that 
is used in building applications is from solid to liquid and vice versa. Latent heat storage has been researched since the 
energy crisis of the 70s and has been applied in various building applications, but only recently a trend of incorporating 
phase change materials into the transparent constructions of the envelope is being observed. 

A series of studies has been conducted regarding PCMs, especially PCMs incorporated in the opaque elements of the 
building. The early work of Telkes (1975), and Lane (1986) present the use of PCMs for heating and cooling in buildings. In 
the work of Khudhair and Farid (2003) the impregnation of PCM into wallboards, concrete and underfloor heating is being 
researched. The authors denoted that the encapsulation of PCMs to walls and roofs results in capturing a large proportion 
of the incident solar radiation and minimize the interior fluctuation of the ambient temperature due to their high thermal 
mass. Similarly, Shilei et al (2006) propose a gypsum wallboard that enhances the thermal comfort and greatly decreases the 
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load of the heating system. Moreover, in the work of Kuznik and Virgore (2009) PCM wallboards are tested in comparison 
with regular wallboards in a climate chamber for three different external climates. In every case the PCM wallboards result 
in an enhancement of the thermal comfort along with a decreased variation of the ambient temperature, according to the 
authors. Another interesting finding of this research is the lack of thermal stratification of the room although further 
investigation on the matter is proposed in order to evaluate the effect. Several more studies have been conducted regarding 
the application of PCM in buildings. Benli and Durmus (2009) report the use of PCMs for solar collectors in greenhouse 
heating, Reddy et al (2014) research the optimal parameters for an effective thermal energy storage system while Athienitis 
et al (2005) investigate double facades with phase change materials storage. Numerical studies and computational results 
regarding the performance of PCMs are presented by numerous authors including Huang et al (2006), Heim and Clarke 
(2003), Rose et al (2009) and Onishi et al (2001) where the latter also performed a computational fluid dynamics (CFD) 
analysis. The review of Tyagi et al. (2005) as well as the review of Sharma et al. (2007) summarize various thermal energy 
storage systems with integrated PCMs. What is more, the review of Zhu et al (2009) contains information for both active 
and passive building systems and according to the authors most studies demonstrate a positive effect on thermal comfort 
and energy consumption by the integration of PCM to the building. 

As far as the combination of PCMs with glazed construction is regarded, Weinläder et al. (2004) investigates the 
performance of three paraffin waxes and two salt hydrates incorporated in a glazed construction. The authors conclude that 
the PCM constructions transmit enough light to be considered as daylight elements, equalize the energy balance during the 
day in comparison with a double glazing and improve thermal comfort considerably. Moreover, Ismail and Henríquez 
(1997), (2001) experiment with glazed constructions and report various values for optical and thermal coefficients for a 
significant number of translucent constructions. Similarly, Buddhi and Sharma (1999) report the transmittance of a glass 
container filled with stearic acid in consideration of the temperature and thickness of the PCM at time intervals. Manz et al 
(1997) investigates the performance of a translucent construction that incorporates a transparent insulation material along 
with a translucent PCM. Additionally, in the work of Goia et al (2012) the optical characteristics of glazing system with 
paraffin based PCM are presented. Three PCM samples of different thickness are taken into consideration for the range of 
400-200nm which covers the 93% of whole solar spectrum. 

THERMOPHYSICAL PROPERTIES OF PCM 

When selecting a PCM for a specific building application it should possess some specific attributes. The most 
important are listed below (Pasupathy et al.,2006), (Sharma et al., 2007), (Zhang et al., 2006), (Zalba et al., 2002), (Gil et al, 
2009): 

1. Phase transition temperature close to the desired operating temperature 
2. High latent heat of fusion per unit volume 
3. Negligible volume change and vapor pressure during the phase change 
4. High specific heat, high thermal conductivity and high density for both phases of the PCM 
5. Congruent melting of the PCM with each cycle that ensures constant storage capacity 

CLASSIFICATION OF PCM 

There is a large number of PCMs at a range of different melting enthalpies and melting temperatures that needs 
categorization. A schematic display is presented in Figure 1a that divides PCMs primarily into organic, inorganic and 
eutectic. (Sharma et al., 2007), (Pasupathy et al., 2006), (Tyagi et al., 2005). The PCMs that are mostly used in building 
applications are salt hydrates and organic PCMs due to their combination of their melting point being at the operational 
temperature and the increased melting enthalpy (Mehling and Cabeza, 2008). This is also illustrated if Figure 1b where 
various materials are classified according to their melting temperature and their melting enthalpy. 
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a) 

 

b) 
Figure 1 (a) Schematic display of the classification of PCMs (Sharma et al., 2007, p.323 figure 3). (b) Classification 
of materials that can be used as PCMs with their melting temperature and enthalpy (Solé et al., 2014, p. 3 figure 1) 
  

Organic 

Organic PCMs can be further divided into paraffins and non-paraffins. Organic PCMs demonstrate a wide range of 
temperature availability, congruent melt/freeze cycles without phase segregation, self nucleation properties, no 
corrosiveness, high heat of fusion, and are non-reactive, recyclable and chemically stable. However, organic PCMs also 
demonstrate low conductivity in their solid state and thusly slow charging/discharging. Another disadvantage of organic 
PCMs is the fact that they present low volumetric latent heat storage capacity and are flammable. (Sharma et al., 2007), 
(Tyagi et al., 2005), (Pasupathy et al., 2006), (Zalba et al., 2002) 

Paraffins. The chemical formula of paraffin’s is CnH2n+2 and is consisted by a chain of n-alkanes CH3-(CH2)-CH3. 
The length of the chain indicates the melting point and the latent heat of fusion which rise accordingly. Paraffins are 
predictable, safe, reliable and non corrosive. What is more, paraffins demonstrate self nucleating properties and congruent 
melting. Moreover, paraffins are chemically stable (at temperatures below 500oC) and present only minor volume changes 
during melting while vapor pressure remains low as well. However, they demonstrate compatibility problems with plastic 
containers and low thermal conductivity that renders them disadvantageous. (Sharma et al., 2007), (Pasupathy et al., 2006), 
(Zalba et al., 2002) 

Non-paraffins. Non-paraffins include a significant number of esters, fatty acids, glycol’s and alcohol’s befitting as 
heat storage materials (Buddhi and Sawhney, 1994), (Abhat et al., 1981). In contrast to paraffins, non-paraffins present a 
variety of properties corresponding to the material. Non-paraffins are characterized by low flash points, low thermal 
conductivity, inflammability, instability at high temperatures and various levels of toxicity. In addition to the above 
attributes, fatty acids also demonstrate absence of subcooling and reproducible melt/freeze cycle albeit they tend to be 
mildy corrosive. An extensive review of non-paraffin materials used as PCMs, and more specifically for fatty acids, is found 
in the work of Yuan et al. (2014). 

Inorganic 

Inorganic PCMs are further subdivided into salt hydrates and metallics. The advantages of inorganic PCMs include a 
sharp melting point, high thermal conductivity, high volumetric latent heat storage capacity, greater phase change enthalpy, 
they are non-flammable and the volume change at the transition is negligible. However, inorganic PCMs have poor 
nucleating properties and are corrosive. (Sharma et al., 2007),(Tyagi et al., 2005), (Pasupathy et al., 2006), (Zalba et al., 2002) 
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Salt hydrates. Salt hydrates can be considered as alloys of water and inorganic salts that form a typical crystalline 
solid. The general chemical formula of salt hydrates is AB·nH2O. The phase transition of salt hydrates is in fact a 
hydration/dehydration of the salt which resembles thermodynamically the melting and freezing. Salt hydrates are the most 
important category of inorganic PCMs and are characterized by high latent heat of fusion, high thermal conductivity and a 
negligible volume change through the phase change. However, salt hydrates have poor nucleating properties that result in 
subcooling. In addition, salt hydrates suffer from decreased efficiency with every charge/discharge cycle and can be 
corrosive even though they are compatible with plastics. (Sharma et al., 2007), (Lane G.A., 1983), (Kośny, J., 2015). 

Mettalics. This category is consisted by low melting metals and metal eutectics. Mettalics are not very popular as 
possible PCMs due to their increased weight, although they can be competitive when volume is under consideration due to 
the high heat of fusion per unit volume. Moreover, mettalics demonstrate low specific heat and high thermal conductivity. 
(Sharma et al., 2007), (Tyagi et al., 2005), (Kośny, J., 2015). 

Eutectic PCMs 

A eutectic is a minimum-melting mixture of two or more compounds that melts/freezes congruently forming a 
composition of the compound crystals during crystallization (George, 1989). Hence, eutectics are further divided into 
organic-organic, inorganic-inorganic and inorganic-organic mixtures. Eutecticts tend to change phase nearly always with no 
segregation due to the fact that they freeze to an intimate mixture of crystals. That way there is only little opportunity for 
the components to separate. In the case of melting components liquefication happens simultaneously and without 
separation as well. (Kośny, J., 2015), (Baetens et al., 2010). Desired properties such as higher heat storage capacity per unit 
volume and specific melting temperature can be achieved with eutectic mixtures. However, eutectic PCMs have not been 
established. 

OPERATION OF PCM 

Thermal. Glazed constructions with PCM are a fairly simple and efficient idea that is proposed as a solution to low 
thermal inertia of the glazed constructions. It is formed either by filling the air gap of the double glazed construction with 
PCM or inducing it within a container. The PCM’s fusion temperature should be near the comfort area of the building. 
According to Ismail et al., (2014) a percentage of 80% of the incident solar radiation is transmitted to the PCM region while 
being at the solid state where partly is absorbed by the PCM and the rest is reflected. The radiation received by the PCM 
along with the conducted heat from the glass layer increase the temperature of the PCM and the melting process starts. This 
process continues until all of the PCM turns to its liquid phase at nearly constant temperature. After that, the ambient 
temperature of the room under investigation starts to rise. The reverse process occurs during the freezing part of the cycle 
where all of the PCM solidifies and then its temperature drops. In some cases of PCM, as discussed above, subcooling may 
be noticed. Figure 2 provides a schematic illustration of the melt/freeze cycle. 

 

 

Figure 2 Schematic temperature change during a melt/freeze cycle of a PCM with subcooling (Mehling and 
Cabeza, 2008, p. 12 figure 2.1.) 
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Optical. Many PCMs demonstrate high transmittance to the visible part of the solar spectrum while the infrared part 
is contained within the PCM (Jain and Sharma, 2009). However, most PCMs are not considered transparent but rather 
translucent in both phases. According to the dictionary of architecture and construction (McGraw-Hill, 2008) translucent is: 

 “Descriptive of a material that transmits light but diffuses it sufficiently so that an image cannot be seen through the 
material clearly.” 

Figure 3 presents an example of a paraffin wax in its liquid and solid state. As far as the paraffin wax is concerned, 
Goia et al., (2012) report that the optical properties and scattering effects are dependent of the dimensions of the molecules 
and the crystallites of the paraffin wax. Furthermore, it is crucial that the optical characteristics of PCM do not deteriorate 
in time when selecting PCM for fenestration applications (Kośny, J., 2015). 

 

 

Figure 3 Example of a paraffin wax in its liquid state (left) and in its solid state (right). (Goia et al., 2012, p. 431 
figure 1.) 

 

PCM WINDOWS 

Several studies have been conducted regarding translucent windows filled with PCM. Manz et al., (1997) conduct an 
experimental and numerical research of a prototype glazed construction composed of both transparent insulation material 
(TIM) and translucent PCM. The PCM under investigation was a salt hydrate with a mean melting temperature of 26.5 oC 
contained in glass blocks. The authors used the Monte Carlo technique (Weisstein, 2016) in order to simulate the optical 
properties of the PCM which was followed by measurements of spectral transmittance with a spectrophotometer for both 
phases. The results indicate that transmittance exceeds 0.85 and 0.65 for the liquid state at 35oC for thickness of 1cm and 
2cm of PCM respectively for the visible range of the solar spectrum. In the same manner at its solid phase the 
transmittance exceeds 0.35 and 0.10 again for thickness of 1cm and 2cm. For longer waves the transmittance is independent 
of the phase of the PCM and below 0.05. The authors conclude that this prototype is a promising technology due to the 
positive effect of the phase change energy storage that is expected to provide a more evenly distributed energy flow into the 
building. Moreover, the authors state that no segregation was observed at the prototype construction during the 
experiment’s duration of five months. 

Ismail and Henriquez (2001), experimented on a double glass construction filled with air and PCM. The authors tested 
the number of glass sheets as well as various thicknesses and gaps among them. Moreover, the color of the  
PCM was under investigation. What is more, the authors report the transmittance, absorptance, reflectance, solar heat gain 
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coefficient and shading coefficients for numerous configurations. Their results indicate that in comparison with the glazed 
construction with air gap less energy is transmitted through the construction with PCM. However, the PCM window 
presents higher U-values than the constructions with air gap. The tests were conducted with a spectrophotometer for the 
wavelength range of 30-2800nm. The benefits of the PCM filling instead of air are portrayed for wavelengths higher than 
1000nm. Regarding the color of the PCM, blue and green are recorded to have significantly lower transmittance for the 
wavelength range of 400-700nm. The authors conclude that the PCM filled glass window is thermally effective and viable. 
However, the authors do not mention the phase of the PCM for their results which has a significant impact. 

Grynning et al. (2013) examined a four layer glazed construction with a PCM fill between the inner sheets and a solar 
reflector in the outer pane in a large scale climate simulator. The authors conclude that static components are insufficient to 
describe the dynamic nature of the PCM.  

In the work of Buddhi and Sharma (1999) stearic acid is examined as potential candidate for PCM. The experiment 
consisted from a cylindrical glass container filled with stearic acid heated above its melting temperature, in order to gain 
homogeneity of temperature, and afterwards its transmittivity was measured. The experiment was conducted around noon 
in order to avoid shading. The authors tabulate their results according to the various temperatures of the PCM as well as its 
thickness. 

Jain and Sharma (2009) prepared an experiment in order to measure the solar transmittance of a double glazed 
construction filled with PCM in its liquid phase, under natural solar radiation and ambient conditions. The chosen time for 
the experiment occurred among 11:15 am and 1:15 pm in order to ensure symmetry around the solar noon for the location, 
thusly shading effect was avoided. The authors concluded that the transmittance of the PCM in its liquid phase is higher 
than the transmittance of the water for the same thickness. More specifically, the transmittance of the prototype for 4mm 
thickness and 30mm was 67.6 and 59.9 respectively. 

In the work of Ismail et al., (2007) a numerical comparison between PCM filled glass windows and absorbing gas filled 
windows is presented. The paper indicates that the PCM through the phase transition results at a decreased amount of 
penetrating heat. 

Weinläder et al., (2005) in their work perform a numerical and experimental analysis of a PCM façade panel. Three 
different PCMs, a paraffin wax and two salt hydrates, where compared with the panel with no PCM. According to the 
authors’ results the panels with 12mm PCM demonstrate a reduction of heat losses up to 30% regardless of the type of 
PCM. This reduction is due to the additional insulation that the PCM provides. As far as the heat gains are concerned, they 
vary strongly whereas the panel with the paraffin wax absorbs 21% of solar radiation the absorption of the panels with the 
salt hydrates increases to 29% and 31%. However, the solar gains for all PCMs are below 50%. What is more, the authors 
state that the equivalent of the effective U-value, which in addition to the U-value takes into consideration solar gains, is 
between 0.3 Wm-2K-1 and 0.5 Wm-2K-1 for the panels with PCM whereas 0.8 Wm-2K-1 for the double glazing. The paper 
concludes that the PCM panel is a promising one due to the fact that they transmit enough light to be used as daylighting 
elements, they achieve moderate heat gains with low heat losses and they equalize the energy balance through the day. 
However, it is also observed that there is a leakage of the containers especially when salt hydrates where used. 

Goia et al., (2012) also tested the optical properties of a paraffin based PCM glazing system. The authors investigate 
the spectral transmission, absorption and reflectance for the spectral range of 400nm-2000nm which covers the 93% of all 
the spectrum energy of various thicknesses of a paraffin PCM. Moreover, the dependency of the beam angle is investigated 
for up to 45 degrees. The authors state that the paraffin wax demonstrates highly selective properties, and the absorption in 
liquid state is lower than in solid state. The solar and light decrease is a result of the back-scattering effect which increases 
the reflection. Furthermore, it is reported that the transmission coefficient is non linear regarding the thickness of the PCM 
layer due to the different morphologies that the solid PCM may display. During the solidification process, the PCM can 
obtain either a homogeneous appearance, or form macro-crystals. 
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FUTURE WORK 

Barriers. The main drawback at the current glazed constructions with PCM is their transparency. Windows in many 
cases are used in order to connect visually the outdoor environment with the interior and to be aesthetically pleasing. 
However, most PCMs are not transparent in both phases (Kalnæs and Jelle, 2014). Another disadvantage of PCMs is the 
climate dependency. In order for the PCM to be functional the exterior temperature should fluctuate around the melting 
point of the PCM. Having said that it is concluded that the PCM will not operate as expected for example in continuous 
warm sunny days. Another barrier regarding the use of PCMs is their corrosiveness and as a result their containment. 

Improvements. In order to have a better understanding regarding the integration of PCMs into glazed constructions 
future work is advised. Firstly, the economic feasibility of such a project should be investigated and compared with similar 
technologies, such as glazed constructions filled with absorbing gas or electrochromic windows. Moreover, most existing 
studies regard numerical simulations and/or experimental prototypes. Real case studies could constitute guidelines for 
further development. Except of the above, more efficient means of absorbing energy and releasing it efficiently are crucial 
issues to address. Moreover, the operation of PCMs should be tested for various climates and longer periods of time. 
Furthermore, the optimization of PCM windows should be studied regarding the ration of the window surface to floor, the 
thickness and the melting temperature of the PCM. Another point that requires attention is the flammability of both pure 
PCM and PCM composites along with the overall security and reliability of PCMs. Lastly, the development of a 
sophisticated dynamic simulation tool with the ability to model the PCM performance both in thermal and daylight studies 
should be advantageous. 

CONCLUSION 

Glazed constructions that incorporate PCMs demonstrate a number of promising properties. They transmit enough 
visible light to be used as daylight elements and at the same time they absorb the infrared part. Furthermore, due to the 
latent heat storage, PCMs can equalize the energy balance throughout a day. In addition, the fact that the melting and 
freezing of the PCM occurs isothermally, improves thermal comfort due to the fact that the temperature of the surface is 
close to the operative temperature. Peak heat temperatures are also alleviated and heat release is shifted towards off peak 
electricity hours as well. This paper provided an overview of previous studies regarding the use of PCM for building 
applications and presents the main solutions proposed by the literature for incorporating PCM into glazed constructions. 
They include theoretical, numerical and experimental studies regarding their thermophysical properties of the impregnation 
of PCMs into glazed constructions. Moreover, it presents the current barriers of such constructions and advices for further 
research. 
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ABSTRACT 
In this study, the use of a solar assisted heat pump heating system is analyzed energetically and financially for the city of Athens, Greece. 

This system is compared with a conventional water source heat pump and the analysis is performed for various insulation thicknesses. TRNSYS 
is the simulation tool in order to analyze these heating technologies in dynamic conditions with realistic weather data. The examined building is a 
usual structure of 100m2, with windows located in west, east and south directions. Its thermal transmittance has been analyzed parametrically by 
examining insulation layers from 2cm to 10cm, covering a great variety of possible building envelopes. According to the results, the solar assisted 
heat pump space heating system leads to lower electrical consumption with a reduction up to 50%. On the other hand, the conventional air source 
heat pump is the financially preferable solution with the present electricity cost. However, a sensitivity analysis proved that a possible increase in 
electricity price is able to make the solar assisted heat pumps to be more and more attractive solution. 

1. INTRODUCTION  

The new lifestyle trends lead to high energy consumption in order to satisfy the high living standards. In European 
Union, building sector is responsible for the 40% of the total energy consumption and for the 36% of the CO2 emissions 
[1]. In order to follow the assigned directives, the developed countries have to reduce the energy consumption in buildings 
the next decades. The use of renewable energy sources is the most promising way to keep the high living standards with a 
low environmental impact. The use of solar energy is a solution which leads to high energy savings with low cost 
investments. 

The use of solar assisted heat pump heating systems in buildings is an intelligent way for reducing the electricity 
consumption and utilizing the solar energy. This idea has been analyzed the last decade with many studies to have been 
focused on this scientific area. In a recent study (Tzivanidis et al., 2016), a solar assisted heat pump heating system, an air 
source heat pump heating system and a solar assisted heating system with fan coils are compared in a well-insulated building 
located in Athens. The final results proved that the air source heat pump is the most beneficial solution financially, while 
the solar assisted system leads to the lower electricity consumption. Another innovative solution is the use of solar thermal 
systems in roofs for feeding heat pumps. An interesting study in this field (Buker and Riffat, 2015) proved that this 
investment is feasible with an attractive payback period of 3 years. In another remarkable study (Sun et al., 2015), a solar 
assisted heat pump heating system compared with an air source heat pump for cold climates. The results proved that the 
solar assisted system has great advantages in difficult weather conditions where the air source heat pump faces difficulties. 
A detailed comparison between solar driven heat pump heating systems with flat plate collectors, photovoltaics and thermal 
photovoltaics proved that the solar assisted heat pump heating systems with thermal photovoltaics is a promising solution 
for the future, due to the increasing rate of the electricity price (Bellos et al., 2016). 

All these studies and many similar in the literature indicate important advantages for solar assisted heat pump heating 
systems. However, there are not enough studies which examine the sustainability of this technology in various building 
envelopes. This study aims to determine the building cases where the solar assisted systems have to be applied. Thus, a solar 
assisted heat pump heating system is compared to the conventional heat pump heating system for different insulation 
thicknesses in a typical building in Athens. The comparison is energetic and financial, as it is usual in the majority of the 
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literature studies. The simulations are performed with the commercial software TRNSYS for all the winter period in 
Athens, Greece. 

2. EXAMINED SYSTEMS 

2.1 Examined Building 

The examined building in this study is a usual building of 100m2 area located in Athens. The basic building parameters 
are given in table 1 and the material thermal properties of the building envelope are included in table 2. The selected 
building structure is typical for newer construction in order to extract general conclusions. The external walls are consisted 
of 5 layers; 1.5cm plaster, 12cm brick, an insulation layer with variable thickness from 2cm to 10cm, 12cm brick and 1.5cm 
plaster. The roof contains a cement layer of 20cm, an insulation layer which also varies from 2cm to 10cm and an inner 
plaster layer of 1.5cm thickness. The ground is constructed from various typical materials (cement and insulation) with a 
thermal transmittance close to 0.32W/m2K. Moreover, it is essential to state that the thermostat temperature was set equal 
to 21oC.  

Table 1.   Basic Building parameters 
Parameter Value Parameter Value 

Area 100 m2 Specific gains (equipment) 14W/m2K 
Height 3m Occupants density 0.1 person/m2 
Uwindow 1.57 W/m2K Specific light 10W/m2 

East window 3m2 (double) Infiltration rate 1 change per hour 
West window 3m2 (double) Thermal Capacitance 720 kJ/K 
South window 6m2 (double) Uground 0.32 W/m2K 

Shading coefficient 70% Thermostat temperature 21oC 
 

Table 2.   Materials thermal properties 

Material Thermal conductivity 
(W/mK) 

Specific thermal capacity 
(J/kgK) 

Density  
(kg/m3) 

Brick 0.89 1000 1800 
Plaster 1.39 1000 2000 

Insulation 0.035 800 40 
Concrete 2.10 800 2400 
 

2.2 Heating systems 

In this study two different heating systems are examined. The first one is a conventional air source heat pump heating 
system and the second one is a solar assisted heat pump heating system. Figure 1 illustrates the two examined systems with 
details. It is essential to state that a storage tank of 3m3 is used in the solar assisted heat pump heating system (or water 
source system). The storage tank losses heat to the environment with a thermal loss coefficient equal to 0.7W/m2K.  

For both systems, the COP can be defined as: 

el

heat

P
Q

COP = ,      (1) 

The nominal coefficient of performance (COP) is equal to 3 (Carbol et al., 2012), a typical value which varies 
according to the ambient temperature levels. The water source heat pump performs higher COP values close to 5 
(Tzivanidis et al.., 2016), according to the hot water temperature levels. 
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Figure 1. The examined heating systems 
2.3 Solar collector field 
The solar collectors in this study are flat plate collectors (FPC) with selective absorber coating. These collectors are 

ideal for producing heat in low temperature levels (up to 50oC) and for this reason they are selected without examining 
other cases as evacuated tube collectors. In order to maximize their performance in the winter period, their slope was set 
greater than the Athens geographical latitude at about 45o. The thermal efficiency (�th) of the selected flat plate collector is 
given by the following equation (Tzivanidis et al., 2016): 

T

amin
th G

TT −
⋅−= 5.38.0η ,      (2) 

3. METHODOLOGY 

The objective of this study is to compare the two presented heating system with energetic and financial criteria. In the 
energetic evaluation of the systems, the case with the lower electricity consumption is the most suitable solution. In the 
financial analysis, the system with the lower total cost (net present cost) is the most suitable solution. The net present cost 
can be calculated if all the costs, initial and operating costs, are calculated in the present situation by taking into account a 
usual discount factor. The calculation of this quantity is given in the following equation: 
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It is important to state that the systems are examined for various cases of the insulation thickness in order to examine 
different building envelops. For every case, a sensitivity analysis for the optimum collecting area of the water source heat 
pump case is made.  All the energetic calculations are performed with the commercial software TRNSYS which is a 
powerful tool for simulation of energy systems in buildings. 
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Table 3. Component costs and parameters of the financial evaluation 
Parameter Value 

Flat Plate Collectors cost 150 €/m2   
Tank cost 300 €/m3   

Air source heat pump cost 3500 € 
Water source heat pump cost 4000 € 

Project life (N) 25 years 
Discount factor (r) 3 % 

Electricity price (Kel) 0.2 €/kWh 

4. RESULTS 

4.1 Building loads 

The first step in this analysis is the calculation of the monthly heating loads for the examined cases. Figure 2 shows 
the results of these calculations. It is important to state that the case with 2cm insulation leads to extremely high heating 
loads a result that indicates the use of higher insulation thickness. 

 

Figure 2. Monthly building heating loads 

4.2 Analysis of the solar assisted heat pump heating system 

A sensitivity analysis takes place in order to determine the suitable collecting area for the water source heat pump case. 
Figure 3 shows that greater collecting area lead to higher COP because of the increase in the water temperature in the 
storage tank. Moreover, it is essential to state that in the cases with lower insulation thickness, greater collecting area is 
needed. This result is very important because it indicated the difficulty of supplying the needed heating load in these cases. 
It is also important to say that the minimum collecting area was selected in every case by the indoor temperature profile. All 
the given cases in figures 3 and 4 correspond to feasible solution with adequate thermal comfort conditions inside the 
examined building. Figure 3 proves that the COP presents small variations among the examined cases. It is interesting to 
state that for the higher COP values are achived for the intermediate case of 6cm insulation thickness. In cases with high 
insulation thicknesses, the system operates mainly in the very cold days where the solar irradiation is lower, the COP is also 
lower. On the other hand, in the cases with small insulation thicknesses, the system has to operate many hours per day and 
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concequently in the night, where the water in storage tank is cold, something with a negative impact on the COP values. 
Figure 4 indicates that for every insulation thickness case, the lower collecting area which leads to the desired indoor 
thermal comfort conditions is the best choice financially.  

 
Figure 3. COP for various insulation layer thickness for the examined collecting areas 

 
Figure 4. Total cost of the system for various insulation layer thickness for the examined collecting areas 

 

4.3 Evaluation of the examined systems 

In this paragraph the energetic and financial results for the two cases are presented. Figure 5 depicts the yearly 
electricity consumption and the total cost for the examined cases with air source heat pump. The same quantities are given 
in figure 6 for the water source heat pump heating system. For the figure 6, the financial optimum collecting areas 
according to figure 4, are selected. It is obvious that greater insulation layer leads to lower electricity consumption and to 
lower total investment cost. It is important to state that in new constructions, the insulation cost has to be taken into 
account in the final decision for the optimum insulation thickness. According to figures 5 and 6, the air source case lead to 
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lower total cost but to higher electrical consumption. These results show that the air source is the best choice financially 
and water source heat pump is the most suitable solution energetically and consequently environmentally. 

 

Figure 5. Yearly electricity consumption and total system cost for the examined insulation layers in the air source heat 
pump case 

 

Figure 6. Yearly electricity consumption and total system cost for the examined insulation layers in the water source 
heat pump case 

 
Figure 7 illustrates the financial comparison between the two examined heating system for various insulation 

thicknesses and for 4 electricity cost scenarios (0.15 €/kWh, 0.20 €/kWh, 0.25 €/kWh and 0.30 €/kWh). Generally, the air 
source heat pump system is the best choice financially, especially in low electricity prices. Only in the case of 0.30 €/kWh 
and for low insulation thickness up to 4cm, the water source system is the better financial choice. This result indicates that 
the possible increase of the electricity price makes the solar assisted system more attractive solutions. Moreover, it is also 
proved that the solar assisted system are more efficient than the air source heat pumps for buildings with low insulation 
thicknesses and consequently for higher heating loads. 
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Figure 7. Total cost of the examined system for various insulation thicknesses and different electricity cost scenarios 

5. CONCLUSIONS AND DISCUSSION 

In this study, a conventional heat pump heating system is compared energetically and financially with a solar assisted 
heat pump heating system. The analysis is performed for various insulation layer thicknesses in order to examine buildings 
with low, medium and high insulation. The energetic simulations are performed with the commercial software TRNSYS for 
all the winter period in Athens, Greece. According to the final results, the air source heat pump seems to be the best 
solution financially for the present electricity prices. However, a possible increase of the electricity cost, something that is 
very possible the next years, will eliminate the difference between these technologies. 

In the energetic comparison, the water source heat pump leads to lower electricity comparison due to its higher COP 
(about 5). This result indicates the use of this technology as an environmental friendly system. Moreover, the use of water 
source heat pump creates better indoor conditions because the heat source in this case is the hot water in the storage tank 
and not the ambient where there are great daily temperature fluctuations. Another important advantage of this technology is 
the operation in very cold climates, something that is difficult with the air source heat pumps.  

Another important conclusion from this study is that the water source heat pumps seem to be more attractive 
solutions in buildings with low or medium insulation, according to figure 7. This technology is able to supply the demanded 
heating load in the coldest days of the winter, something that makes it suitable for low insulation building with great heating 
loads. In the case that the electricity price is 0.30 €/kWh, the water source heat pump is the best choice financially for 
insulation layers up to 4cm. 
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NOMENCLATURE 

�th    =   Collector thermal efficicny, - 
Ac      =   Collecting area, m2 
COP  =  Coefficicnt of performance, - 
Eel      =   Yearly electricity consumption, kWh 
FPC   =   Flat plate collector 
GT     =   Incident solar irradiation, W/m2 

Kel     =   Electricity cost, €/kWh 
L        =   Insulation layer thickness, cm 
N       =   Project life, years 

NPC  =  Net present cost, € 
Pel    =   Electrical power demand, W 
Qheat   =   Heating load, W 
r         =   Discount factor, % 
Tam     =   Ambient temperature, oC 
Tin      =   Water inlet temperature in the collector, oC 
U        =   Thermal transmittance, W/m2K 
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ABSTRACT 
Non-residential (NR) buildings play a significant role in the energy and environmental footprint of the building stock due to the high energy 

consumption they exhibit which is attributed to the variety in uses and operation patterns. The present work focuses on Hellenic school buildings 
and presents an overview of their energy performance based on data from the national Energy Performance Certificates database. Recommended 
energy conservation measures are identified and analyzed to reveal the most commonly recommended interventions. Calculations are then performed 
for an example educational building using the official national software TEE-KENAK for the existing condition as well as for the most common 
energy conservation practices for the four climate zones in order to derive benchmarks for the energy savings potential.  

INTRODUCTION 

Energy efficiency has become a common target for all buildings. According to the European Directive 2010/31, new 
buildings must consume minimum fossil energy by 2020; for public buildings this deadline is set at the end of 2018. Non-
residential (NR) buildings usually exhibit high energy consumption due to their specific building uses, consequently playing 
a significant role in the energy and environmental footprint of the building stock. In Greece, there are about 785,500 NR 
buildings that represent 20% of the building stock (ELSTAT 2015), with a total floor area of about 159 million m² 
distributed among different building types. The majority are educational buildings (33.4%), followed by wholesale and retail 
trade (22.1%), offices (20.0%), hotels & restaurants (19.9%), sport facilities (3.0%) and hospitals (1.5%) (BPIE 2016). 

A significant percentage of Hellenic buildings have no thermal protection, since they were built prior to 1980, when 
the first Hellenic building thermal insulation regulation was introduced, setting for the first time minimum requirements for 
building envelope thermal protection. About 30 years later, the regulation on the energy performance in the building sector 
introduced higher thermal insulation standards, following the national transposition of the European Directive on the 
energy performance of buildings (EPBD) and the new regulation (KENAK) that was introduced in 2010 (Dascalaki et al. 
2012). A national software (TEE-KENAK) that was developed by the National Observatory of Athens (NOA) for the 
Technical Chamber of Greece (TEE), supports the implementation of KENAK and is used as a calculation engine by all 
commercial software, in order to issue an official energy performance certificate (EPC) based on the asset rating method. 
EPCs are issued when buildings are constructed, sold, or rented out and they are valid for up to ten years. The EPC data are 
stored in the official national electronic registry (www.buildingcert.gr). Analyzing the content of this database it is possible 
to gain an insight on the energy performance of existing buildings.  

School buildings constitute a major part of the NR building stock, though due to their operational characteristics, they 
represent a low percentage of the overall energy balance of the building sector. According to official data (ELSTAT 2015), 
the total number of Hellenic school buildings is 21,853. The majority of the school building stock, irrespective of the 
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education level (school grade) they serve, has a low energy performance, since they are housed in old buildings with aged 
facilities. About 57% of the total number of school buildings is constructed pre-1980, 31% between 1981 and 2000, 11% 
between 2001 and 2010 and only 1% is new constructions (post-2010) corresponding to the KENAK era. Useful guidance 
on the design and construction of high energy performance school buildings without a serious cost premium is available to 
inspire and guide professionals (ASHRAE 2011). 

This paper focuses on existing Hellenic schools (e.g. kindergartens, primary and secondary schools) and presents an 
overview of their energy performance exploiting the data contained in EPC database. An example school building is then 
used to perform calculations using the official national software TEE-KENAK. The resulting energy use indicators are 
compared against the national averages derived from EPCs. In addition, commonly recommended energy conservation 
measures (ECMs) included in the EPCs for school buildings are analyzed. Emphasis is given to the estimated benefits and 
savings in order to identify the priorities and most popular strategies to reduce energy consumption. ECMs are organized in 
scenarios (individual ECM or combination of ECM) for reduced loads, use of efficient equipment and control strategies 
and finally the incorporation of renewable energy sources (RES) and technologies.  

The EPC database 

Part of this work is based on data from the official Hellenic EPC database. Since January 2011, a total of about 
775,000 EPCs have been issued by June 2016 for various building types, out of which about 131,000 are for NR buildings, 
covering up to 60 different building uses (whole or part buildings). A first rough quality control of the available data was 
performed at the beginning of the analysis, in order to ensure the validity of the results. For example, EPCs were excluded 
if they corresponded to cases that did not have an obligation to issue an EPC (i.e. buildings with certain uses, buildings with 
total floor area smaller than 50m2), issued by energy inspectors that have been penalized and their temporary license 
revoked, negative input values, heated area greater than total area or less than 20% of the total, zero CO2 emissions (when 
using fuels other than biomass) and extreme values (i.e. calculated primary energy consumption less than 5 kWh/m2 and 
greater than 8000 kWh/m2). The resulting “valid data” for NR buildings reached about 127,000 EPC cases or ~97% of the 
initial database. 

For the assessment of the buildings’ energy performance, the information included in the EPCs were extracted, 
including the building’s general characteristics (e.g. type of building, age, climate zone, total and heated area), as well as the 
calculated data (e.g. energy class ranking, primary energy consumption, CO2 emissions, fuel type, recommended ECMs, 
energy savings and payback period). 

EXISTING CONDITION 

The presentation and the assessment of the available data are based on two main classification parameters along the 
lines of the Hellenic TABULA typology (Dascalaki et al. 2011): 

• building age, based on the year of building construction, T1: pre-1980 (‘old’ buildings before the first building 
thermal insulation regulation (HBTIR) was introduced, so the buildings are considered without thermal insulation); 
T2: in the period 1981-2000 (considered partially or insufficiently insulated); T3: in the period 2001-2010 
(thermally insulated according to HBTIR); T4: post-2010 (considered up to KENAK standards); and 

• building location, using the four climate zones according to the national KENAK regulation (Dascalaki et al. 
2012); Zone A (ZA) covering the southern parts of mainland Greece and most of the Hellenic islands, Zone B 
(ZB) including metropolitan Athens, Zone C (ZC) covering central and northern parts of mainland Greece, and 
Zone D (ZD) for high elevations and small segments of northern Greece. 

From the valid EPCs for NR buildings, 3.1% are educational buildings of all levels of education (nursery, 
kindergarten, primary and secondary schools, universities and colleges, private cram schools and conservatories). The 
majority of the buildings are constructed pre-1980 (47%) and they are located in the Zone B (52%). They have an average 
energy performance, ranked in energy class-D by 33%. The calculated average primary energy use ranges between 165.5 
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kWh/m2 (kindergartens) and 319.5 kWh/m2 (universities) with an average of 207.7 kWh/m2 and the CO2 emissions 
between 47.0-101.8 kg/m2 with an average of 63.4 kg/m2, respectively.  

From the available data on educational buildings, 36% are school buildings (kindergarten, primary and secondary 
schools), out of which 82% are whole buildings. The following analysis focuses only on the available data for whole 
buildings, as they are more representative of the specific building use. The majority of school buildings (46%) are 
constructed pre-1980, 41% between 1981 and 2000, 8% between 2001 and 2010 and 5% post-2010. The audited buildings 
are located in 53 different cities in all four climate zones. Specifically, 13% of the buildings were located in the southern 
Zone A, 40% in Zone B, 40% in Zone C and 7% in the northern Zone D. They have an average energy performance, 
ranked in energy class-D by 31%. The majority of the school buildings (56%) have an average primary energy use between 
100-200 kWh/m2, as shown in Figure 1. The average calculated primary energy use is 174.2 kWh/m2. According to the 
national fuel mix, the primary energy conversion factors are 2.9 for electricity, 1.1 for heating oil and 1.05 for natural gas.  

 

 

Figure  1 Distribution of average calculated primary energy use. 

End uses taken into account are space heating, space cooling and lighting. Domestic hot water can be neglected as not 
significant, according to the national technical guideline (TOTEE 20701-1/2010). Space heating is the major contributor to 
the total primary energy with an average of 108.9 kWh/m2, followed by lighting with 55.6 kWh/m2 and space cooling with 
9.1 kWh/m2. As expected, primary energy consumption is influenced by the building age, decreasing from older buildings 
to newer ones. There is a clear decreasing trend, ranging from 202.8 kWh/m2 for older buildings to 93.0 kWh/m2 in the 
KENAK era (54% decrease), as a result of better envelope protection, higher efficiency equipment and artificial lighting 
fixtures. The corresponding decrease for space heating and space cooling is 67%, while for lighting 22%. Primary energy 
use is also influenced by climate, increasing from south to north, as shown in Figure 2.  

The main energy carrier, apart from electricity, is fuel oil (73% of buildings). Specifically, electricity is the only energy 
carrier in 2% of the buildings, natural gas is used in 24% (19% of the buildings in ZB and 40% of the buildings in ZC, 
where the specific fuel is available), while biomass is used only in two buildings of the sample. 
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Figure  2 Distribution of average calculated primary energy use per climate zone (ZA-ZD) and time period (T1-T4). 

Example school building 

An example (real) school was used as a case study in order to assess the energy performance in its representative 
(existing) condition as well as the potential savings as a result of energy conservation scenarios. The calculations were 
performed using the official national software TEE-KENAK (version 1.29). Table 1 summarizes the assumptions and 
simplifications that are used in the calculations in order to minimize the uncertainties of model variants and reduce the 
complexity of the model, according to the national methodology and technical guideline (TOTEE 20701-1/2010). 
Furthermore, the internal heat gains from lighting are calculated based on the installed power and the annual artificial 
lighting hours. The minimum requirements for fresh air are covered only by mechanical ventilation, since natural ventilation 
is not taken into account. The infiltration rate from openings ranges between 4.8-15.1 m3/h/m2 of the opening, depending 
on the type of the opening, glazing and frame. Calculations are performed for the four national climate zones. The specific 
weather data for each zone is derived as arithmetic average of the corresponding data (e.g. ambient temperature, humidity, 
solar radiation) for each of the 62 major Hellenic cities included in the national technical guideline for Hellenic weather data 
(TOTEE 20701-3/2010).  

 
Table 1. Assumptions and Simplifications of the National Calculation Methodology for Assessing the 

Energy Performance of Primary / Secondary School Buildings 
Parameter Default value 

Operation: Hours per day / Days per week / Months 8 / 5 / 9 (Sep - May) 
Heating period: Climate zones A & B / C & D November to Mid-April / Mid-October to April 
Cooling period: Climate zones A & B / C & D mid-May to mid-September / June to August 
Set point Temperature (°C): Winter / Summer 20 / 26  

Relative humidity (%): Winter / Summer 35 / 45 
Fresh air (m3/h/m2 heated floor area) 11.00 

Illuminance (lx) 300 
Annual artificial lighting (hrs) 1560 

Internal heat gains (W/m2 heated floor area): 
Occupants / Appliances 

 
7.200 / 0.135 

Thermostatic control. Correction factor for space 
heating and cooling final energy consumption / 

auxiliary energy consumption 

None. 1.24 / 1.06 
Central. 1 / 1 
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The example building is an existing secondary school building complex, located in a north suburb of Athens. The lot 

area is about 5900 m2 while the building covers about 1150 m2. The building is freestanding with surrounding lower-height 
buildings. The long axis is towards the NE-SW axis. The school complex, consists of three rectangular shaped buildings 
connected with staircase halls. As all three building volumes have the same long axis orientation, the whole complex is 
considered as a free standing building in the present study. There are two floors and a ground floor. The ground floor 
includes two entrance halls, some office spaces (182 m2), a few laboratories, restrooms and a boiler room. Each floor 
includes twelve classrooms and common passages. The total heated floor area is 3451 m2. For the calculations, the building 
was considered as single zone, since all spaces are heated. The boiler room is small in relation to the total building floor area 
and thus it is included in the heated space of the building, according to the national technical guideline (TOTEE 20701-
1/2010). 

The building has brick walls with concrete rendering, reinforced concrete flat roof, mosaic floors and single glazed 
windows with metal frames. It is considered to date since the first construction period (non-insulated) in order to represent 
the most common category of Hellenic school buildings. The thermal characteristics of the envelope are in accordance to 
the typical values of technical guideline (TOTEE 20701-1/2010) and are summarized in Table 2. Shading from overhangs 
and side fins is not taken into account. 

 
 

Table 2. U-values (W/m2 K) for different building elements at the Hellenic climate zones for the 
existing building construction and according to KENAK  

Building element 
Climate Zone 

Zone A Zone B Zone C Zone D 

External walls in contact with outdoor air 
Existing 2.38 2.38 2.38 2.38 
KENAK 0.60 0.50 0.45 0.40 
External roofs in contact with outdoor air  
Existing 3.05 3.05 3.05 3.05 
KENAK 0.50 0.45 0.40 0.35 
External floors in contact with ground  
Existing 3.10 3.10 3.10 3.10 
KENAK 1.20 0.90 0.75 0.70 
Transparent openings (windows, balcony-doors etc) 
Existing 6.00*  6.00* 6.00* 6.00* 
KENAK 3.20  3.00 2.80 2.60 
*(Existing / KENAK) g-value: 0.62 / 0.55    infiltration rate (m3/hr/m2): 8.7 / 5.5  
 
The building has an oil central heating system (420 kW) in an average condition (efficiency generation / distribution / 

emission: 0.82 / 0.89 / 0.87, auxiliary installed power 0.7 kW). There are some split unit heat pumps for space cooling, 
covering about half of the buildings’ conditioned area. There is no mechanical ventilation system. According to KENAK all 
NR buildings should be equipped with heating, cooling and mechanical ventilation system for 100% of the conditioned 
area, therefore a conceptual cooling system (for the remaining 50% of the conditioned area) and mechanical ventilation 
system (for 100% of the conditioned area) was used in the calculations for the facilities in order to comply with KENAK. 
Accordingly, the conceptual cooling system considered was a central heat pump (with efficiency generation / distribution / 
emission 2.8/ 0.95 / 0.93 and an auxiliary installed power of 5 W/m2). The mechanical ventilation system is assumed to 
supply fresh air according to minimum requirements (Table 1), with specific electricity demand of the fans 1.0 kW/m³/s 
(TOTEE 20701-1/2010). Finally, artificial lighting is provided by 1100 long tube fluorescent lamps (58 W each) that are 
manually operated. 
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The average calculated final and primary energy use is 126.3 kWh/m2 and 215.4 kWh/m2 respectively, as shown in 
Figure 3. As expected, final energy consumption for space heating is influenced by the prevailing weather conditions, 
increasing from the warmer climate zones (ZA) to the colder regions of the country (ZD). Energy use for space heating is 
increasing from the southern to northern zone, while artificial lighting is independent of the climate zone. Space heating is 
the major contributor to the total final energy consumption, in all climate zones.  
 

 

Figure  3 Calculated primary and final energy use for the different end uses per climate zone (ZA-ZD) 

ENERGY CONSERVATION 

A first attempt was made to define the most commonly proposed energy conservation measures (ECMs) for school 
buildings. From the available data, about 1,100 EPCs included a detailed description of the works that were proposed in 
order to improve the buildings’ energy performance. For the majority of the buildings (40%) the ECMs target both the 
envelope and the installed systems, 35% only the envelope and 25% only the installed systems. The most frequent 
individual ECM is the replacement of windows followed by roof insulation. Figure 4 illustrates the frequency of individual 
ECMs that exceed a threshold of 5% relative to the total number of whole buildings in the available data base.  

The individual ECMs finally resulted in 146 scenarios (i.e. individual or combined ECMs) that have been proposed in 
the EPCs for school buildings. Scenarios were ranked based on their frequency in each of the climate zones. This way it was 
possible to focus on the ones that constitute common practices for the specific building use, but not necessarily the ones 
that could result in the highest energy savings, which may be implemented to a small number of buildings. Results, 
excluding buildings constructed post-2010 are summarized in Table 3. 

 
Table 3. Most common scenarios* for school buildings for two construction periods (T1 and T2-T3) 

and the four climate zones (ZA - ZD)  

Construction  
period 

Climate Zone 

ZA ZB ZC ZD 

T1 M1_M2_M3 M2_M3 M2 M1_M2 / M2_M3 
T2-T3 M2 / M2_M3 / M4 M2_M3 M3 M1_M2_M3 

T1-T2-T3 M2_M3 / M4 M2_M3  M3 M1_M2 
* M1: Wall insulation (addition of wall thermal insulation); M2: Roof insulation (addition of roof thermal insulation); 

M3: Windows (replacement of frames-glazing); M4: Controls (installation of local or central thermostatic controls for space 
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heating/cooling). 

 

 

 

 

Figure  4 Proposed individual ECMs for whole school buildings per climate zone and construction period. The percentage refers to the 
total number of whole buildings. 

For the example building, various scenarios were assessed combining interventions on envelope, heating and lighting 
system as well as integration of RES. Scenario S1 includes the most common individual/combined measures derived from 
EPCs for old buildings (construction period T1) per climate zone (Table 3). Scenarios 2 and 3 are representative proposals 
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aiming to upgrade the school building in energy class –B and –B+ respectively (Table 4).  
Table 4. Indicative scenarios for example school building for the four climate zones (ZA - ZD) 

Measures 
ΖΑ ΖΒ ZC ZD 

S2 
 

S3 
 

S2 
a/b 

S3 
a/b 

S2 
a/b 

S3 
a/b 

S2 
 

S3 
 

Wall insulation       P P P 
Roof insulation   P P P P P P P 
Windows     P P P P P* 
Lighting  P P P P P P P P 
Boiler  PO PO PNG /O PNG /O PNG /O PNG /O PO PO 
PV  P50m2 P150m2 P100m2 P150m2 P150m2 P150m2  P150m2 

O: Oil   NG: Natural Gas * Windows: KENAK+ 
 
In all scenarios the U-values are assumed to be up to KENAK requirements (Tables 1 and 2), except for windows 

KENAK+ which are beyond current code requirements (U-value 1.8 W/m2 K, g-value 0.5 and infiltration rate 4.68 
m3/hr/m2). Lighting measures include changing existing fixtures with new more efficient ones (15W) and installation of 
central automatic on-off control. Boiler measures include changing of existing non-condensing boiler with a new 
condensing one oil or natural gas, where available (generation efficiency 0.98 and 1.02 respectively) and a central outdoor 
temperature compensation system. Installation of photovoltaics (PV) includes the complete installation of PV panels with 
optimum orientation and inclination. ECMs for cooling are not considered, since cooling is required for a limited time for 
the specific building type. Results are presented in Figure 5. 

 

 

Figure  5 Primary energy consumption (primary axis) and CO2 emissions (secondary axis) calculated for the example building in the 
existing condition and for scenarios S1, S2 and S3 per climate zone (ZA-ZD). The simple payback time (years) and investment cost (€/m2) for 
each case are presented in brackets. 

The most common scenarios proposed for school buildings are not necessarily the ones that would result to the 

56



EinB2016 – 5th International Conference “ENERGY in BUILDINGS 2016”	
	

lowest energy use since there are also practical financial constraints that one needs to take into account.. Primary energy 
ranges between 132 – 228 kWh/m2 for S1, 59 – 97 kWh/m2 for S2 and 48 – 69 kWh/m2 for S3. In zone A, the most 
common scenario for old buildings results in a very high payback period. Since this climate zone refers to the warmer part 
of the country, compliance to the code requirements can be achieved with measures on lighting, heating system and 
utilization of solar energy, maximizing the energy savings and minimizing the investment cost. Progressing from warmer to 
colder climates (i.e. from ZB to ZD) roof insulation, windows replacement and wall insulation become a priority. 
Installation of natural gas boiler is slightly more efficient than oil boiler. In most cases, installation of PV panels is essential 
for the improvement of the building’s energy performance. 

CONCLUSIONS 

The energy benchmarks derived in this work may provide useful guidance and help school facility and energy 
managers or operators to assess the current energy use in their facilities, set energy conservation goals and quantify the 
anticipated energy savings derived from the implementation of energy efficient measures to upgrade their energy 
performance.  Building professionals and energy inspectors may also value the findings of this work in order to gain an 
overview of the opportunities to reach high energy performance school buildings. 

The most common scenarios proposed in the EPCs issued for school buildings throughout the country reveal that the 
emphasis is given to the envelope. On the other hand, in order to comply with KENAK, it is evident that scenarios should 
include actions on systems and RES as well. The potential energy savings vary depending on location (climate zone) and 
construction period. According to the calculation results, primary energy savings range between 10-31% for S1, 59-67% for 
S2 and 69-78% for S3. Operational cost in existing condition ranges between 25,800€ - 66,500€. The reduction in 
operational cost ranges between 14-39% for S1, 52-69% for S2 and 65-79% for S3. Future work will address the 
prioritization of combined ECMs for a cost-effective transformation of the existing school building stock towards nearly 
zero-energy buildings. 
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ABSTRACT 
Motivated by the ever-increasing energy demand in the building sector, several innovative concepts have been developed, aimed at reducing the 

energy requirements of a building; among them, systems that exploit the incident solar energy are constantly gaining market share. In this context, 
a novel façade sun protection system, incorporating Phase Change Materials (PCMs), is investigated. The proposed system consists of a series of 
dynamically controlled horizontally rotating shading blinds. The system is installed at the external side of the opaque building façade and aims to 
control the heat exchange between the façade and the environment, reducing unwanted thermal gains and thermal losses. The thermal behaviour 
and overall energy efficiency of the system are assessed using an in-house developed heat transfer simulation tool, which takes into account both the 
phase-change process of the PCM, as well as the rotational movement of the blinds. The one-dimensional heat conduction equations are solved 
using an implicit Backward Euler method and an iterative Gauss-Seidel method; simulation of the PCM's phase change process is achieved by 
using the effective heat capacity method. The developed simulation tool is validated by comparing the obtained predictions to experimental data 
available in the literature. The proposed sun protection system is then simulated, aiming to evaluate its efficiency under the climatic conditions of 
the city of Madrid (Spain) on an annual basis. The rotation of the shading blinds is controlled by applying a predetermined time schedule, thus 
allowing the system to adapt to the dynamically changing seasonal conditions. Assessment of the obtained results suggests that the investigated sun 
protection system can contribute significantly to the improvement of the building’s overall energy behaviour. In addition, a parametric study is 
performed to evaluate the effect of the PCM melting temperature (Tm) on the operational characteristics of the system. Results of the parametric 
study are analysed to determine the PCM melting temperature values that may result in an optimal thermal performance of the proposed system, 
under given operating and meteorological conditions. 

1. INTRODUCTION 

1.1 Building Energy Efficiency 

In the European Union, the building sector accounts for approximately 40% of the total annual final-end use energy 
consumption and CO2 emissions (Economidou, 2011). Consequently, energy efficiency of buildings has become a major 
energy policy objective, as it is evident by the directives introduced by the European Union (2012/27/EU, 2012). The vast 
majority of the European buildings are old and insufficient insulated, which inevitably results in increasing energy demands 
for heating and cooling. The adequate refurbishment of the existing buildings’ envelope is a key action to reduce the energy 
demand and, consequently, the energy consumption of a building (Economidou, 2011; 2012/27/EU, 2012). Improvement 
of the building envelope’s energy performance is commonly achieved by means of installation of thermal insulation 
materials, aiming to the reduction of the thermal transmittance value and corresponding heat losses. However, new systems 
and innovative applications are constantly developed, designed to improve the thermal performance of the building sector. 
Thermal Heat Storage Systems exploit the available heat energy and may be used to reduce building energy requirements of 
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buildings, while achieving a better indoor thermal comfort for their users. In this context, Phase Change Materials (PCM) 
present a particular interest, since they are able to store large amounts of heat in a latent form, while exhibiting limited space 
requirements. 

1.2 Use of PCM in Buildings 

Over the past decade, PCM have been recognized as one of the most promising energy technologies in enhancing the 
sustainability of buildings. The increasing interest in the PCM applications is evident by the numerous computational and 
experimental investigations that have been conducted to investigate the PCM thermal behaviour and optimise the design of 
the overall system (Peippo et al., 1991). It has been shown that the implementation of a well designed PCM system can 
contribute significantly to the building’s thermal behaviour, since it can: i) reduce temperature stratification, ii) eliminate 
high surface temperatures, iii) attenuate the peak load and iv) shift the peak load at periods of reduced power demand 
(Baetens et al., 2010; Pomianowski et al., 2013). Furthermore, research has shown that PCM in building applications, when 
they are properly designed and implemented, can save energy and reduce CO2 emissions (Hawes et al., 1989). 

There are numerous applications and systems that can exploit the latent heat storage capacity of PCM. The most 
common application of PCM is their integration in the opaque structural materials, i.e. wallboards and concrete (Ascione et. 
al., 2014; Castell et al., 2010; Tyagi and Buddhi, 2007; Tyagi et al., 2011). However, new innovative systems, such as 
transparent elements and shading systems with integrated PCM, have begun to gain ground (Pomianowski et al., 2013; 
Whiffen and Riffat, 2013; Alawadhi, 2012; Weinläder et al., 2005). There is a broad range of PCM types available (Whiffen 
and Riffat, 2013); depending on the specific requirements, PCM must be appropriately selected in order to guarantee the 
optimal thermal performance of the system (Baetens, et al., 2010). The continuous progress of technology has contributed 
to the development of additional techniques to improve the thermal performance of PCM and to facilitate their integration 
in buildings (Cabeza et al., 2011). 

In this context, this work focuses on the numerical investigation of an innovative dynamically controlled façade sun 
protection system enhanced with PCM. An in-house developed 1-D heat transfer simulation tool is used to determine the 
thermal behaviour of the investigated system. 

2. DEVELOPMENT OF THE SIMULATION TOOL 

2.1 General Solver 

The PCM phase change process is governed by a set of non-linear equations, known also as the Stefan problem (Dutil 
et al., 2011). Aiming to investigate the thermal behaviour of PCM containing systems, a heat transfer simulation tool was 
developed in-house, at the Laboratory of Heterogeneous Mixtures and Combustion Systems of the National Technical 
University of Athens, using the methodology presented by Mendes et al. (2001). The simulation tool, developed in 
MATLAB, is capable of assessing the thermal performance of a multi-layer rectangular slab enhanced with PCM, by 
estimating the temperature distribution across the slab, using various boundary conditions. The multilayer slab element is 
spatially discretized along its thickness, using a uniform mesh. The 1-D heat balance equation, Equation (1), is numerically 
solved for all the interior nodes, by applying the implicit Backward Euler method and the iterative Gauss-Seidel method. 
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The equivalent local thermal conductivity (keq,n,i), for each spatial (n) and temporal (i) step, is estimated using Equation 
(2), where, dn (m) and kn (W/m.K) are, respectively, the distance between two successive nodes and thermal conductivity of 
each node. 

60



 
EinB2016 – 5th International Conference “ENERGY in BUILDINGS 2016”	

																			
	

 

2+2

1
=

,

,

,1

,1
,,

in

in

in

in
ineq

k

d

k

d
k

-

-

 (2) 

The effect of the ambient environment is taken into account by using the equivalent “sol-air” temperature, Teq(t), 
which represents the incoming heat flux to the system due to the external air temperature (Text) and the incident radiation, I0 

(W/m2). The equivalent temperature is estimated using Equation (3), taking into account the exterior convective heat 
transfer coefficient, hext (W/m2.K), as well as the wall external surface absorptivity (�) (ASHRAE, 1997). The boundary 
condition used at the 1st node (n=1), which is exposed to the ambient environment, is expressed in the form of Equation 
(4), which takes into account the equivalent “sol-air” temperature. 
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2.2 Simulation of the Phase-Change Process 

In order to model the thermal behaviour of PCM, there are two main numerical methodologies available in the 
literature, namely the “enthalpy” method and the “effective heat capacity” method (Dutil et al. 2011; Agyenim et al., 2010). 
The effective heat capacity method is implemented in the developed simulation tool, aiming to determine the thermal 
behaviour of PCM as a function of the temperature; this method takes into account the latent heat, L (J/kg), 
stored/released during the phase change process, by accordingly increasing/decreasing the heat capacity value. The actual 
shape of the effective heat capacity Ceff (J/kg.K) curve at the two-phase region depends on various factors. In this work, it is 
estimated using a triangular profile, (Heim, 2010; Yang and He, 2010; Klimes et al., 2012). When the PCM is in its mushy 
region, the effective heat capacity varies linearly with temperature, taking its maximum value at the PCM melting 
temperature (Tm). Once the PCM exits the phase change region, it is assumed that the PCM is completely charged or 
discharged, and its state is either liquid (index l) or solid (index s), respectively (Heim, 2005). The thermal properties of the 
PCM are estimated at each time step, using Equations (5) and (6), where b (oC) the PCM melting temperature range. 
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2.3 Validation Study 

Before commencing the simulations for the investigated sun protection system, predictions of the developed 
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numerical tool have been validated by means of comparison with available measurements, presented in the study of 
Weinläder et al. (2011). The selected experimental study (Weinläder et al., 2011) investigated the thermal behaviour of an 
interior vertical shading system with PCM, installed behind a window. Values of the effective heat capacity and thermal 
conductivity as a function of the temperature is presented in Figure 1. 

 

Figure  1 .  Temperature variation of effective heat capacity (left) and thermal conductivity (right) for the PCM used in the validation study. 

Figure 2 compares the obtained numerical results the inner surface temperature of the shading system’s blinds against 
available measurements, for a run period of 24 hr. Computational results exhibit very good levels of agreement with the 
experimental data. The estimated Mean Relative Error is 1.09%, while the Maximum Divergence is 6% and the Coefficient 
of Determination (R2) is equal to 97.57%. 

 

Figure  2 . Comparison between numerical results and experimental data for the blinds’ inner surface. 

3. PCM-ENHANCED SUN PROTECTION SYSTEM 

3.1 General Description 

The validated simulation tool is further used to simulate the thermal performance of a PCM-enhanced dynamic 
shading device, which is designed to be installed at the exterior of a building, attached to its solar facing opaque façade. This 
innovative system was developed in the framework of the European research program MeeFS, which aims to improve the 
thermal performance of both new and existing buildings’ envelope (MeeFS, 2012). The ellipsoidal blinds of the proposed 
shading device comprise two parts; a macro-encapsulated PCM is installed on one side and a thermal insulation material on 
the other side (Figure 3). The blinds are able to rotate along their horizontal axis, thus allowing the system to dynamically 
adapt to the seasonal changing conditions, resulting in a better overall operation of the system on an annual basis. The aim 
of this system is to control the heat exchange of the building’s façade with the ambient by reducing the unwanted heat gains 
and heat losses.  The operation schedule of the aforementioned system can be distinguished in two main periods, the cold 
and the warm season (Figure 3): 

• During the cold season, the PCM surface (black colour) faces the ambient in order to absorb the available heat 
during the day, while the heat losses through the façade are reduced. The blinds rotate during the night, releasing 
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the heat absorbed by the PCM to the air cavity between the blinds and the façade, reducing heat losses (Figure 3a). 

• During the warm season, the insulation surface (yellow colour) faces the exterior side, in order to reduce the heat 
gains during the day. The interior PCM surface absorbs the excessive heat in the air cavity and the absorbed heat is 
released to the environment during the night, by rotating the device (Figure 3b).  

It is evident that the system is expected to contribute to the reduction of the energy requirements of the building for 
heating and cooling, as well as improving the annual thermal performance of the building. 

 

Figure  3 .  Operational mode of the system during the cold season (a) and the warm season (b). 

3.2 Numerical Simulation Results 

Numerical simulations of the described system are conducted for the climatic conditions corresponding to the city of 
Madrid (Spain). The hour variation of ambient air temperature and solar radiation, spanning a calendar year, are imported in 
the simulation tool. The proposed device is assumed to be installed next to the building’s facade, at a distance of 75 mm. 
Each 78 mm thick rotating blind, exhibits a 28 mm thick PCM layer; the rest is assumed to consist of an insulating material. 
The system is simulated for a time period of a year, using a time step of 60 s, and a spatial step of 1 mm. The simulation 
domain consists of the 78 mm rotating blind system and the 75 mm air gap; adiabatic boundary conditions are applied to 
the node corresponding the external facade of the building. 

PCM used in building applications generally exhibit a melting temperature in the region of 22-32oC (Panayiotou, et al., 
2016). In this context, three test cases have been investigated, using three different types of PCM, each one exhibiting a 
different melting temperature (c.f. Table 1), namely 24oC, 29oC and 32oC; however, a common melting temperature range 
(b) of 4oC, typical for commercially available PCM, has been used in all cases. A common annual rotating schedule for the 
blinds was implemented in all cases (c.f. Table 2). 

 
Table 1.   Thermal Properties of PCM used in each test case. 

PCM Type Tm (oC) b (oC) k (W/m.K) Ceff,max (J/kg.K) 
A24 24 24-28 0.18 74720 
A29 29 29-33 0.18 115150 
A32 32 32-36 0.21 67200 

 
Table 2.   Annual rotating schedule of the sun protection system. 

Operational mode Period (Months) Insulation on ambient side PCM on ambient side 
Cold season November-March 18:00 - 06:00 06:00 - 18:00 

Warm season April-October 06:00 - 18:00 18:00 - 06:00 
 
In Figure 4, predictions of the annual temperature variation of the external surface of the facade, with (Text,PCM) and 

without (Text,no) the shading device are presented. Implementation of the shading device results in generally high wall 
temperatures during the cold season and, respectively, low temperatures during the warm season for all PCM types; 
temperature peaks appear at a slight time lag.  
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Figure  4 .  Annual predictions of the façade external temperature with (Text,PCM) and without (Text,no) the sun protection system, for PCM types 
A24 (left), A29 (middle) and A32 (right). 

Predictions of the overall annual variation values are given in Table 3. It is evident that the overall annual variation of 
the wall temperature is significantly reduced, especially during the warm season. 

 
Table 3.   Annual variation of wall surface temperature, with and without the sun protection system. 

PCM Type Text,no (oC) Text,PCM (oC) 
A24 -0.1oC to +42oC +6.9oC to +30.7oC 
A29 -0.1oC to +42oC +6.9oC to +31.2oC 
A32 -0.1oC to +42oC +6.9oC to +33.4oC 

 
Aiming to demonstrate the ability of the developed simulation tool to provide in-depth information on the thermal 

behaviour of PCM systems, indicative temperature predictions at the centre of the PCM layer, for the warmest (6th July) and 
the coldest (5th December) day of the year, are depicted in Figure 5. In the case of the warmest day (Figure 5, top), PCM 
type A24 remains continuously in the “mushy” region (phase-change region), whereas temperatures of PCM types A29 and 
A32 are consistently lower than their respective melting range. As a result, PCM types A29 and A32 exhibit lower 
temperatures than A24 during the day (6:00-18:00), but higher temperatures during the night. When the blinds are rotated 
(18:00), the temperature of PCM type A29 increases and enters the two-phase region, remaining practically constant 
thereafter, whereas the temperature of PCM type A32 is continuously rising, resulting in overall higher night (after 20:00) 
temperatures. In the case of the coldest day (Figure 5, bottom), all PCM types exhibit a distinct temperature decrease after 
the rotation of the blinds at 6:00. After 10:00, the increasing equivalent temperature (Teq) results in a temperature rise in all 
PCM types. Once again, in the case of PCM type A24, when the PCM temperature enters the mushy region it remains 
practically constant, thus preventing the PCM from being discharged. This results in the absorption of a significant amount 
of heat, which is then released towards the building façade surface, keeping its temperature high. At the same time, 
temperatures of the two other PCM types continue to increase, barely entering their respective mushy regions. Taking all 
the above into consideration, the impact of the proposed sun protection system is found to be significant for the climatic 
conditions of Madrid (Spain), during both the cold and the warm seasons, when the selected operating schedule is 
employed. It is evident that PCM type A29 results in the highest positive contribution of the shading device on an annual 
basis, due to its preferable melting temperature value. 
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Figure  5 .  Predictions of temperature at the middle of the PCM layer (TPCM) and the façade external temperature with PCM (Text) hourly 
variation during the warmest (top) and the coldest (bottom) day of the year, for PCM types A24 (left), A29 (middle) and A32 (right); the grey 

zone corresponds to the PCM melting temperature range for each case. 

4. CONCLUSIONS 

The present study examined the effect of an innovative dynamic sun protection system incorporating PCM on the 
thermal behaviour of the external façade surface of a typical building. The proposed system is installed at the front of the 
building’s façade, aiming to reduce thermal gains and thermal losses between the vertical building envelope and the ambient 
environment. The system’s impact was assessed by means of a numerical study, employing a dedicated in-house developed 
simulation tool. The numerical tool was first validated by comparing predictions against available experimental data found 
in the literature; satisfactory levels of agreement were achieved. The numerical tool was then used to simulate the thermal 
behaviour of the rotating blinds and the encapsulated PCM, when installed in front of a typical building facade. The system 
was simulated for a period of 1 year, using the climatic conditions of Madrid. Three types of PCM were examined, 
exhibiting different melting temperatures. It was demonstrated that all the examined PCM types operated well for the given 
operating conditions. However, PCM type A29 yielded better results on an annual basis, due to its melting temperature. The 
innovative shading system presented herein is a promising concept, aimed at reducing the energy requirements for heating 
and cooling purposes, as well as improving the building annual thermal performance. However, further investigation should 
be conducted with respect to the proper selection of the PCM melting temperature. 

 

ACKNOWLEDGMENTS 

This study has been financially supported by the E.C. in the frame of the FP7 project "MeeFS: Multifunctional Energy 
Efficient Façade System for Building Retrofitting" (Grant No. 285411). The assistance of Dipl.-Arch. Isabel Lacave 
Azpeitia and Dipl.-Arch. Magdalena Rozanska (Tecnalia Infrastructures S.A., Spain) in providing detailed information 
regarding the design and operational schedule of the PCM-enhanced sun protection system is gratefully acknowledged. 

 

65



 
EinB2016 – 5th International Conference “ENERGY in BUILDINGS 2016”	

																			
	

REFERENCES 

2012/27/EU, 2012. Directive of the European Parliament and European Council on energy efficiency. 
ASHRAE. 1997. ASHRAE Fundamentals. ‘Nonresidential Cooling And Heating Load Calculations’. 
Agyenim, F., Hewitt, N., Eames, P. and Smyth, M., 2010. ‘A review of materials, heat transfer and phase change problem 

formulation for latent heat thermal energy storage systems (LHTESS)’, Renewable and Sustainable Energy Reviews, 14 
(2): 615-628. 

Alawadhi, E. M., 2012. ‘Using phase change materials in window shutter to reduce the solar heat gain’. Energy and 
Buildings, 47: 421-429. 

Ascione, F. Bianco, N., De Masi, R.F., De Rosi, F.and Vanoli, G.P., 2014. ‘Energy refurbishment of existing buildings 
through the use of phase change materials: Energy savings and indoor comfort in the cooling season’, Applied Energy, 
113: 990-1007. 

Baetens, R., Jelle, B. P. and Gustavsen, A., 2010.‘Phase change materials for building applications: A state- of - the art 
review’, Energy and Buildings, 42 (9): 1361-1368. 

Cabeza, L.F, Castell, A., Barreneche, C., De Garcia, A.and Fernandez, A.I., 2011. ‘Materials used as PCM in thermal energy 
storage in buildings: a review’, Renewable and Sustainable Energy Reviews, 15 (3): 1675–1695 

Castell, A., Martorell, I., Medrano, M., Perez,G. and Cabeza, L., 2010. ‘Experimental study of using PCM in brick 
constructive solutions for passive cooling’, Energy and Buildings, 42 (4): 534-540. 

Dutil, Y, Rousse, D.R.,Salah,N.B., Lassue, S. and Zalewski, L., 2011. ‘A review on phase-change materials: Mathematical 
modeling and simulations’, Renewable and Sustainable Energy Reviews, 15 (1): 112-130. 

Economidou, M., 2011. ‘Europe’s Buildings under the Microscope’,: Buildings Performance Institute Europe (BPIE). 
Hawes, D., Banu, D. and Feldman, D., 1989. ‘Latent heat storage in concrete’, Solar Energy Materials, 19, (3–5): 335-348. 
Heim, D., 2005. ‘Two Solution Methods of Heat Transfer with Phase Change within Whole Building Dynamic Simulation’, 

in Building Simulation Ninth International IBPSA Conference, Montreal: 397-402. 
Heim, D., 2010. ‘Isothermal storage of solar energy in building construction’, Renewable Energy, 35 (4): 788-796. 
Klimes, L., Charvat, P. and Ostry, M., 2012. ‘Challenges In The Computer Modeling Of Phase Change Materials’, Materials 

and technology, 46 (4): 335–338. 
MeeFS, 2012. Multifunctional Energy Efficient Facade System for Building Retrofitting. <http://www.meefs-

retrofitting.eu/> 
Mendes, N., Oliveira, G. H. and de Araujo, H. X., 2001. ‘Building thermal performance analysis by using 

MATLAB/SIMULINK’, in Building Simulation: 7th International IBPSA Conference, Rio de Janeiro: 473-480. 
Panayiotou, G.P., Kalogirou, S.A. and Tassou, S.A., 2016. ‘Evaluation of the application of Phase Change Materials (PCM) 

on the envelope of a typical dwelling in the Mediterranean region’, Renewable Energy, 97:24-32 
Peippo, K., Kauranen, P. and Lund, P., 1991. ‘A multicomponent PCM wall optimized for passive solar heating’, Energy 

and Buildings, 17 (4): 259-270. 
Pomianowski, M., Heiselberg, P. and Zhang, Y., 2013. ‘Review of thermal energy storage technologies based on PCM 

application in buildings’, Energy and Buildings, 67:56-69. 
Tyagi, V. V. and Buddhi, D., 2007. ‘PCM thermal storage in buildings: A state of art’, Renewable and Sustainable Energy 

Reviews, 11 (6): 1146-1166. 
Tyagi, V. V., Kaushik, S., Tyagi, S. and Akiyama, T., 2011. ‘Development of phase change materials based 

microencapsulated technology for buildings: A review’, Renewable and Sustainable Energy Reviews, 15 (2): 1373-1391. 
Weinläder, H., Beck, A. and Fricke, J., 2005. ‘PCM-facade-panel for daylighting and room heating’, Solar Energy, 78 (2): 

177–186. 
Weinläder, H., Koerner, W. and Heidenf, M., 2011. ‘Monitoring results of an interior sun protection system with integrated 

latent heat storage’. Energy and Buildings, 43 (9): 2468-2475. 
Whiffen, T. and Riffat, S., 2013. ‘A review of PCM technology for thermal energy storage in the built environment: Part II’. 

International Journal of Low-Carbon Technologies, 8(3): 159-164 
Yang, H. and He, Y., 2010. ‘Solving heat transfer problems with phase change via smoothed effective heat capacity and 

element-free Galerkin methods’. International Communications in Heat and Mass Transfer, 37 (4): 385-392. 

66



 
EinB2016 – 5th International Conference “ENERGY in BUILDINGS 2016”	

																			
	

Environmental Investigation of a 
Residential Central Heating Oil Burner 

Fuelled by Variable Concentration Light Oil 
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ABSTRACT 
The present paper presents the experimental emission analysis of a 34 kW residential boiler burner using various diesel oil - biodiesel 

blends of variable concentration. The percentage concentration of biodiesel in the fuel blend was gradually increased from zero to 7, 20, 50 and 
finally 100%. All five fuel cases have been tested under the same experimental conditions according to the European standard EN 303 and their 
emission analysis has been recorded concerning the major effluent pollutants of carbon dioxide (CO2), carbon monoxide (CO), nitric oxide (NO), 
nitrogen dioxide (NO2) and sulfur dioxide (SO2). Results have shown that biodiesel addition in the conventional Diesel oil fuel promotes a 
cleaner combustion and a dramatic reduction of CO, NOx and SO2 emissions. 

INTRODUCTION 

During the last century, the extensive utilization of fossil fuels such as petroleum, natural gas and coal has resulted the 
serious pollution of the environment and the major threat of global warming. Additionally, the world reserves of these non-
renewable energy sources are finite and various studies predict their threatening depletion in the foreseeable future. It has 
been widely reported that not less than ten major oil fields of the twenty largest word oil producers are currently 
experiencing reserve shortages and a steep decline in barrel supply. These realities have created a constant motivation 
behind the development and utilization of novel renewable fuels during the last decade. Modern biofuels are widely 
considered as promising long-term renewable energy alternatives capable to support national independence on fossil fuel 
imports and sustainable energy scenarios with near zero environmental emissions. Energy policies forcing the penetration 
of various biofuels on the national or regional energy sectors are currently promoted worldwide. 

In Europe, the major part of energy consumption takes place in the sector of the commercial and residential buildings. 
This is also a large contributor on the urban atmospheric pollution as it generates about 40% of the total CO2 emissions. To 
cope up against this environmental problem, the European Union has set the target that all new buildings must have near-
zero environmental footprint until 2020. As a result, endeavors are undertaken to increase the energy efficiency of the new 
buildings by bioclimatic architecture designs and innovative energy policies are suggested on the replacement of the 
conventional fossil energy sources by biofuels and renewable energy systems. These fuel substitution policies are easily 
applicable to both new and existing buildings and can dramatically improve both energy efficiency and pollution control.  

Biodiesel is a well known renewable alternative of the conventional petrodiesel oil for both internal combustion Diesel 
engines and building central heating systems. It consists of long chain alkyl (methyl, ethyl, or propyl) esters produced from 
vegetable oils or from animal fats when their lipids react chemically with an alcohol through the so-called transesterification 
process [1-3]. It has a similar physical behavior with the conventional petrodiesel but it provides significant advantages due 
to its renewable origin and some specific other properties such as the higher flash point which makes it safer during  
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Figure 1. Experimental apparatus of a 34 kW residential boiler burner 

handling and the higher lubricity. Biodiesel is rich in methyl esters having high cetane numbers and low molecular weights 
of the order of 280-300 g/mole, which are almost three times lower than the molecular weights of the petroleum oils. As a 
result, fatty acid methyl esters are more volatile and biodiesel has lower cloud and flow points and better fuel characteristics 
in cold conditions.  

As a renewable energy product biodiesel is clean, non-toxic and biodegradable. In contrast to fossil petrodiesel it has 
an almost zero sulfur content which minimizes the harmful sulfur oxide (SOX) emissions. Furthermore, it is an oxygenated 
fuel (containing about 10% wt oxygen) and it is therefore combusted less imperfectly reducing the emissions of partial 
oxidation products such as carbon monoxide (CO), unburned hydrocarbons (H/C) and carbon black (C). Finally, vegetable 
derived biodiesel does not increase the carbon dioxide level in the atmosphere (which is responsible for the greenhouse 
effect) since the amount of CO2 released during combustion is assimilated again by plants during the process of 
photosynthesis.  

Biodiesel can be used in pure form or may be blended with petroleum diesel at any concentration. Blends of 20% 
biodiesel and lower can be used in diesel equipment with no, or only minor modifications [4]. Laboratory experiments using 
pure biodiesel and biodiesel blends as a heating fuel in oil-fired boiler have been reported by Robertson [5]. The present 
work presents the emission analysis of an oil burner of a residential central heating boiler using variable concentration light 
petrodiesel oil and biodiesel fuel blends. The percentage concentration of biodiesel in the fuel mixture was gradually 
increased from zero up to 100% and its effect was recorded on the concentration of the main pollutants of carbon dioxide 
(CO2), carbon monoxide (CO), nitrogen oxides (NOx) and sulfur dioxide (SO2).  

EXPERIMENTAL METHOD 

A series of combustion experiments has been conducted in the 34 kW steel thermal power boiler burner shown in 
Figure 1. All experiments were carried out according to the European standard EN 303 "Test code for heating boilers for 
atomizing oil burners" [6, 7] in a suitably constructed control test centre [8]. Five variable concentration light oil - biodiesel 
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fuel blends have been tested and the effluent gas emission analysis was accomplished by an appropriately calibrated exhaust 
gas analyzer. The five light oil - biodiesel blends examined were the following: 

1) 7% Biodiesel- 93% light oil (B7) 
2) 20% Viodiesel- 80% light oil (B20) 
3) 50% Biodiesel- 50% light oil (B50) 
4) 100% Biodiesel- 0% light oil (B100) 
5) 0% Biodiesel- 100% light oil 

 
During all experiments the nominal power of the boiler was set at 100%. The thermal power of the boiler was 

measured indirectly through a connected heat exchanger by measuring the flow rate of its cold water supply and its 
temperature increment after heating. In all cases the hot water temperature was between 90 and 100oC and the average 
temperature difference between the leaving water and  the return water was between 15 and 25°C. For all experiments the 
boiler was brought at steady state operation after continuous work for at least one hour and the air feedstream temperature 
was about 32oC. Measurements were also taken of the air temperature in the combustion chamber and the exhaust gas 
temperature at the burner outlet.  

All emission measurements were conducted by a Madur GA-40 Plus exhaust gas analyzer equipped with six 
electrochemical sensors (O2, CO, CO2, NO, NOX, SO2, CxHy). All concentrations were measured directly by the 
electrochemical sensors but CO2 concentration was calculated theoretically based on the measured oxygen concentration 
O2meas and the CO2max parameter which is characteristic of each fuel used. CO2 calculation was then given in % vol. by the 
expression 

 

	
 

The concentrations of O2 and CO2 are expressed in % by volume concentration. The concentrations of the other gases are 
expressed in three forms: a) volume concentration in ppm, b) absolute mass concentration in mg/m3 and c) mass 
concentration relative to the oxygen content in mg/mg3.  

The available gas analyzer model was able to directly measure the concentration of nitric oxide NO but had not the 
nitrogen dioxide (NO2) sensor. NO2 concentration was therefore calculated indirectly through the concentration of NO. It 
is generally assumed that the nitric oxide NO contained in the burned gases makes up about 95% of the total amount of 
nitrogen oxides NOX. The gas analyser calculates the total concentration of the nitrogen oxides NOX according to the 
following formula 

 

 
 

and thus the calculation of NO2 is simple as follows  
 

 
      

The absolute mass concentration defines how many milligrams of a given gas are contained in cubic meter of burned gases 
at standard conditions (1atm, 0oC). The absolute concentration value is calculated from the corresponding concentration 
expressed in ppm using the correction factor Aco from the Table 1. In the case of carbon monoxide, as an example,  the 
absolute mass concentration is calculated as 
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Table 1. Factors to correct concentration in ppm 
into mass concentration in mg/m3 at standard conditions (1atm, 0oC). 

Gas Correction factor Aco (mg/m3ppm) 
Carbon monoxide (CO) 1.25 

Nitric oxide (NO) 1.34 
Sulfur dioxide (SO2) 2.86 

Nitrogen oxides (NO2, NOx) 2.056 
Hydrogen sulfide (H2S) 1.52 

Hydrogen (H2) 0.089 
 

 
 

where CO[mg/m3] is the absolute mass concentration of the CO at the standard conditions and CO (ppm) is the volume 
concentration of the CO in the burned gases as measured by the gas analyzer. 

The last combustion parameter calculated by the gas analyser is the excess air factor �. This factor expresses how 
many times the amount of air supplied to the boiler is larger than the minimum amount which is necessary to burn the fuel 
completely. The system calculates the � factor on the basis of the known CO2max  value for the given fuel and the calculated 
concentration of CO2 in the combustion gases using the formula 

 

 
 

By expressing the concentration of CO2 as a function of CO2max  and O2meas the above formula may be rewritten in the form 
 

	

RESULTS AND DISCUSSION 

The five blends of light oil and biodiesel have been tested in the boiler burner experimental apparatus discussed 
earlier. Pure petrodiesel combustion has provided burned gases at  233.3oC with the composition of 3.58 vol. % O2, 12.77% 
vol. CO2, 37.06 ppm CO, 71.28 ppp NO, 3.75 ppm NO2 and 42.61 ppm SO2. In the second blend 7% biodiesel was added 
and burned gases were taken at 247.4oC with the composition of  3.99 vol. % O2, 12.47% vol. CO2, 32.72 ppm CO, 66.44 
ppm NO, 3.49 ppm NO2 and 22.06 ppm SO2. In the third blend 20% biodiesel was added resulting at a temperature of 
247.8oC with a composition of 3.78 vol. % O2, 12.62% vol. CO2, 32.50 ppm CO, 66.22 ppm NO, 3.48 ppm NO2 and 14.17 
ppm SO2. In the fourth blend 50% biodiesel was added resulting at a temperature of 248.1oC with a composition of 3.96 
vol. % O2, 12.50% vol. CO2, 31.28 ppm CO, 65.39 ppm NO, 3.44 ppm NO2 and 14.56 ppm SO2. Finally, a 100% biodiesel 
test has provided flue gases at 248.4oC with 3.69 vol. % O2, 12.68% vol. CO2, 20.44 ppm CO, 57.83 ppm NO, 3.04 ppm 
NO2 and 3.39 ppm SO2.  

A comparative analysis of the concentration of each pollutant for the five fuel cases is given in the diagrams of the 
Figures 2 to 6. As shown in Figures 2 and 3, an increment of the biodiesel percentage in the fuel mixture generally results 
in cleaner combustion with higher CO2 and lower CO emissions. This is expected since biodiesel has a higher oxygen 
content that impedes combustion imperfection. Moreover, an increase of the biodiesel percentage in the fuel blend results 
in a slight reduction of the harmful emissions like NOx, as shown in Figures 4 and 5. These are lowered since an 
oxygenated fuel requires less air and accompanying nitrogen in the burner flame. As can be observed, NOx emissions fall  
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Figure 2. Comparative analysis of the CO2 emissions for the five fuel cases. 
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Figure 3. Comparative analysis of the CO emissions for the five fuel cases. 
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Figure 4. Comparative analysis of the CO emissions for the five fuel cases. 
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Figure 5. Comparative analysis of the NOx emissions for the five fuel cases. 
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Figure 6. Comparative analysis of the SO2 emissions for the five fuel cases. 
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Figure 7. Comparative analysis of the SO2 emissions for the five fuel cases in terms of absolute mass concentration. 
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Table 2.   Emissions change per pollutant for the 
 four biodiesel fuel cases in comparison to the pure light oil case. 

Pollutant 7% Biodiesel blend 20% Biodiesel blend 50% Biodiesel blend 100% Biodiesel 
CO -11.71% -12.30% -15.59% -44.88% 
CO2 -2.34% -1.17% -2.11% -1% 
NOx -6.60% -6.90% -8.03% -18.35% 
NO -6.79% -7.1% -8.26% -18.86% 
SO2 -48.23% -66.74% -65.83% -92% 

from about 75 ppm in the case of the pure light oil to about 69 ppm in the case of 20% biodiesel blend and to about 61 
ppm in the case of pure biodiesel fuel.  

The most dramatic influence of biodiesel utilization is on the emissions of SO2. Biodiesel is practically free of sulfur 
and the greater the biodiesel percentage in the fuel blend the lower are the emissions of SO2 as shown in Figure 5. SO2 
emissions are at about 42.61 ppm in the case of pure light oil and can reduce at almost the half with only 7% biodiesel 
addition. 20% biodiesel blends reduce these emissions to only 14.17% and pure biodiesel utilization drops SO2 emissions at 
the negligible amount of 3.39%. The same behaviour is also shown in Figure 7 in terms of the SO2 absolute mass 
concentration in mg/m3.  

A comparative summary of the emission profile from the combustion of pure biodiesel and various blends with 
conventional diesel is given also in Table 2 using as reference the emissions from the combustion of the pure petroleum 
diesel. The table reveals again the significant decrease in the concentration of all measured pollutants. 

CONCLUSION 

In the present work pure Diesel oil, pure biodiesel and three Diesel oil - biodiesel blends of variable concentration 
have been tested as fuels in a 34 kW residential boiler burner. The emission analysis of all fuel cases was undertaken and 
revealed a clear environmental incentive for diesel oil substitution by renewable biodiesel even in small blend 
concentrations. Results have shown that biodiesel addition in the conventional Diesel oil fuel promotes a cleaner 
combustion and a significant reduction of CO, NOx and SO2 emissions. A 7% biodiesel - light oil blend can reduce CO 
emissions by about 11%, NOx by about 6.6% and SO2 by approximately 48.23%. Richer biodiesel blends can provide even 
better results and may lead to a dramatic reduction of the urban pollution from the central heating systems of the 
commercial and residential buildings. 
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ABSTRACT 
This paper focuses on the Indoor Environmental Quality (IEQ) of school buildings and its impact on the health and well-being of the 

building’s occupants (students and teachers). Determining the levels of IEQ is a rather complex and partly subjective process, which involves 
setting and measuring a number of environmental parameters (such as temperature, humidity, light intensity and ventilation), as well as evaluating 
the related perceptions of all stakeholders. The effects of IEQ on human health are significant, ranging from minor distractions and performance 
decrease, to major diseases and health deterioration (Bertollini et al, 2010). Unfortunately, these issues are not well-known, especially in school 
buildings in Greece. However, in order to have a clear and documented idea of IEQ, it is necessary to implement scientific methodologies, based on 
measurements and questionnaires.  

To determine and test the theoretical background of this paper, a selected and well-defined methodology for determining the IEQ has been 
applied to three school complexes within the Filothei – Psychiko Municipality in the greater area of Athens. The evaluation process consists of two 
parts: measurement of IEQ parameters in the classrooms and having the students, their parents and their teachers complete questionnaires 
regarding their perception of IEQ in the school environment, based on the EN 15251:2008 Standard. The results reveal a number of problems 
concerning Indoor Air Quality, Glare and Thermal Comfort, especially during the warmer months. A comparison of the results of each 
methodology is also made, leading to conclusions on methodological issues. 

Conclusions are also drown on the insufficiency of the existing regulatory framework and scientific research on IEQ, both of which need to 
be developed and enriched. Furthermore, it is suggested that immediate action should be taken in order to improve the indoor environment of 
buildings (especially those which accommodate vulnerable population groups, such as children), by training and educating their users and 
redesigning and reforming their management.   

INTRODUCTION 

Indoor Environmental Quality has been an issue of discussion since antiquity; Hippocrates observed that when air is 
polluted, people become sick (Hippocrates, 1992). Indoor Environmental Quality (IEQ) is an important aspect of people’s 
health and well-being, especially in schools, where vulnerable groups of the population spend much of their time.  In the 
instance of European schools, poor Indoor Environmental Quality and especially air pollution has been associated to 
absenteeism, DNA stand breaks, eye irritation, asthma, sick-building syndrome, sensitisation and trigeminal stimulation, 
among other (WHO, 2010). Regarding indoor air pollution, high carbon dioxide concentration is the most common 
indicator for inadequate ventilation that has been traced in European schools (HESE, 2012). In this paper, the results of a 
research which has been made on Indoor Environmental Quality in Greek schools which are found in the greater area of 
Athens are presented. This research has focused on measurements of carbon dioxide concentration and estimation of 
thermal and visual comfort. Questionnaires have been distributed to students, parents and teachers, so as to be able to 
compare the results of different methodological approaches to Indoor Environmental Quality, according to existing 
standards. 
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INDOOR ENVIRONMENTAL QUALITY ESSENTIALS 

The importance of Indoor Environmental Quality for building occupants 

The effects of the indoor environment on human health and performance has been researched and documented 
internationally by the World Health Organization (WHO) and its regional branches. At a European level, various EU 
projects (SINPHONIE, HEALTHVENT) have collected and analysed continent-wide data. A drawback for obtaining 
more and better information on the subject is that it spans across three major scientific fields: engineering, biology 
(physiology) and medicine. Unless these disciplines collaborate, scientific research information ends up incomplete. 

A number of the most solid evidence from the WHO (2015) on the effects of IEQ on building occupants are 
presented in Table 1. 

School children –and particularly younger ones- are more sensitive to poor IEQ than adults, because their bodies are 
still growing and developing (Bellia et al., 2010). Poor indoor quality can affect both their learning ability (lack of 
concentration and attention, poor performance, frequent absenteeism) and, more importantly, their health (asthma, 
allergens, visual underdevelopment) (WHO, 2015). This is the reason why creating and maintaining a high quality indoor 
environment is so important. 

Table 1.   Effects of IEQ Parameters on Building Occupants (WHO, 2015) 
Thermal Comfort Visual Comfort Acoustic Comfort Indoor Air Quality 

Attention distraction Eye irritation Reduction in 
concentration Lack of concentration 

Lack of concentration Neck and shoulder 
problems Temporary hearing loss Dizziness 

Reduction of manual 
dexterity Fatigue Acoustic trauma Nausea 

Reduction of 
performance Headache Effects on speech 

intelligibility Headache 

Dizziness Seasonal Affective 
Disorder (SAD) Poor performance Fatigue 

Fatigue   Asthma 
Headache   Irritation 

   Lung diseases 
   Cardiovascular diseases 
   Lung cancer 
   Suffocation 

 

Parameters that affect Indoor Environmental Quality 

According to major international Standards (ASHRAE 55-2010, EN 15251:2007, ISO 7730:2005), building IEQ is 
determined by three Comfort factors (Thermal, Visual, Acoustic) and the Indoor Air Quality (IAQ). The parameters of 
these factors according to EN 15251:2007 and ISO 7730:2005, are summarised in the following figure. 

The European Norm EN15251:2007 describes high building IEQ as a safe, healthy environment, which occupants 
find convenient enough to perform their expected tasks. It also classifies IEQ into four categories from I (highest) to IV 
(acceptable for occasional occupancy). Four methods to estimate a building’s IEQ level are described: 

1. Criteria used for energy calculations (for new buildings). 
2. Whole year computer simulations of the indoor environment and energy performance (for new and existing 

buildings). 
3. Long term measurement of selected parameters for the indoor environment (for existing buildings). 
4. Subjective responses from occupants (for existing buildings). 
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Figure 1 Indoor Environmental Quality parameters according to Standards EN 15251:2007 and ISO 7730:2005 

CASE STUDY – SCHOOL BUILDINGS 

Methodology and Description 

The methodology selected so as to assess the IEQ in school buildings in the broader area of Athens has been a 
combination of IEQ parameters on-site measurements and the use of questionnaires for subjective evaluation, according to 
Standards ISO 7726:1998 and EN 15251:2007. Four primary school buildings1 have been selected within the wider Athens 
city area, all built between 1975 and 1985. Their basic characteristics are: 

• Located in suburban areas with adequate green spaces. 

• Low to medium traffic on surrounding streets. 

• Concrete frame structures with brick walls and inadequate thermal insulation. 

• Large, openable windows with high thermal conductivity. 

• Classroom size: 30 to 40 m2. Rectangular class geometry with openings from one side (external wall). 

• Gas-boiler with radiators for heating. 

• No available cooling method (air-conditioning, ceiling fans). 

• Naturally ventilated. 

																																																													
1 For more details on the characteristics of the monitored schools, one could look into Karapetsis (2016).  
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• Fluorescent lighting installations. 
Measurements were taken during both the heating and the cooling seasons of the academic years 2014-15 (spring 

period) and 2015-16 (winter period). Their duration was approximately five minutes per classroom during class time. 
Windows were partly open irrespectively of the season, since winters in Athens tend to be mild. The following parameters 
were measured according to Standards EN 15251:2007 and ISO 7726:1998: 

1. Air temperature (oC) 
2. Mean radiant temperature (oC) 
3. Relative humidity (%) 
4. Air velocity (m/s) 
5. Carbon dioxide concentration (ppm) 
6. Light intensity (lux) 
7. Sound level (db) 
Anonymous questionnaires were handed out to students, parents and teachers. Following the methodology suggested 

by Standard EN 15251:2007, members from each group were asked to rate major IEQ characteristics on a scale from 
“Poor” to “Very Good”. Some extra multiple choice questions were added to provide a broader understanding. 

Results and Discussion 

The measurement results are summed in Figures 2-5. Figures 2 and 3 illustrate the thermal comfort measurements (air 
temperature and humidity), taken in each classroom, during the heating and cooling seasons, relative to the thermal comfort 
categories defined by Standard EN 15251:2007. As can be observed in Figure 2, two schools range from Category I to 
Category III, while one of the schools fails to reach Category I and its IEQ goes beyond the fairly acceptable level of 
Category III, regarding thermal comfort during the cooling season. During the heating season, the same school becomes 
“cold” (Figure 3), again not reaching Category I, while the other two schools range from Category I to Category III. 

Figure 4 shows the average light intensity (in lux) measured in each classroom, relevant to the intensity suggested by 
both Standard EN 15251:2007 and the Greek TOTEE 20701-1:2012 Standard (300 lux). It can be observed that there is a 
great discrepancy in light intensity, from too dark for a classroom to too high, which is attributed to the natural lighting of 
the classrooms, with windows at only one side of the class, with clear glasses. In this way, fluctuations in external light 
intensity have a direct effect on the quality of the light intensity inside the classroom, as artificial lighting is not connected 
through sensors with natural light. 

Finally, Figure 5 presents the CO2 measured average concentration in each classroom, compared to the suggested 
category levels of Standard EN 15251:2007 (750 ppm for Category I, 900 ppm for Category II and 1200 ppm for Category 
III). It can be noticed that most measurements are beyond the acceptable levels of Category II (reaching a maximum of 
3,790ppm). Only 13.8% of the measured CO2 concentrations are within Category II limits and none within Category I 
limits. In other words, Indoor Air Quality is very poor in all classrooms that have been examined. As ventilation occurs 
only through window opening and this happens mostly during class intervals, air quality tends to degrade during the class, 
due to inadequate ventilation. 

The subjective data from the questionnaires are presented in Figure 6. In this diagram, the six most important factors 
affecting IEQ (glare, visual comfort, summer thermal comfort, winter thermal comfort, summer IAQ and winter IAQ), in 
the opinion of the respondents, are ranked. The students, teachers and parents that were questioned found glare as the 
most dissatisfying factor in the classrooms, while winter IAQ (when classrooms tend to be less ventilated and thus higher 
CO2 concentrations occur) has been voted as the less dissatisfying factor. 
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Figures 2-5 Summarised results of the IEQ classroom measurements, according to EN 15251:2007 
 

 

Figure 6 Most notable IEQ parameters that cause dissatisfaction, according to the completed questionnaires 
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Analysis of results 

A number of useful conclusions can be derived from the analysis of the results: 
1. Measured thermal comfort is generally acceptable; in winter, measured air temperatures vary from 18.1oC to 

24.9oC, while for schools 20-24oC are set from Standard EN 15251:2007. In spring, air temperatures vary from 
22.6 to 28.3 oC, while Standard EN 15251:2007 suggests 23-26oC. Relative humidity varies from 41.9% to 67.3% 
in winter and from 31.9% to 72.4% in spring, while 25% and 60%, respectively, is suggested by Standard EN 
15251:2007. 

2. The measured light intensity is much higher than the suggested value for classrooms of 300 lux, according to EN 
15251:2007, ranging from 145 lux to 1500 lux. 

3. IAQ is very poor. Carbon dioxide levels are unacceptable. CO2 concentrations have been measured from 485 
ppm to 3790 ppm, with an average value of 1493 ppm. According to Standard EN 15251:2007, values for schools 
(maximum Category II), should not exceed outdoor concentration (400 ppm), plus 500 ppm, i.e. 900 ppm. 

4. Respondents consider glare and summer thermal comfort as the two major causes of dissatisfaction (64% and 
54%, respectively).  

5. Interestingly enough, respondents do not consider inadequate IAQ. Measured and subjective IEQ classification 
data differ considerably, despite the fact that they have derived from the methodology from the same standard 
(EN15251:2007). 

In international scientific bibliography (ASHRAE 55-2010, ISO 7730:2005 among others), it is most commonly noted 
that IEQ, excluding harmful environments and extreme conditions, is essentially subjective. This principle could explain the 
differences presented above. For example, occupants tend to adapt to high levels of carbon dioxide, even if these cause 
minor distractions (e.g. headaches). However, the effect of glare –caused mainly by solar radiation, which is probably also 
the reason for high light intensity values, cannot be overlooked. As vision is the most important sense in humans, visual 
comfort is one of the most important subjective factors for IEQ, as can be observed from this research. Moreover, thermal 
comfort is often dependant on the ability of the occupants to control the room’s environment, mainly through air-
conditioning (Chatzidiakou et al., 2014). When they are unable to do so, they feel unjustifiably more uncomfortable. 

CONCLUSIONS  

The current study used one of the most widely used European Standards, namely the EN 15251:2007, to estimate the 
levels of IEQ for four operational school buildings in Athens, Greece. Two of the four methodologies suggested by the 
Standard were used: on-site measurements and subjective responses. From the selection of the Standard to the results 
derived from the analyses, a number of useful conclusions have been extracted: 

• Objective measurements and subjective responses often provide much different perspectives to the IEQ 
problems. This presents a more holistic view to the researcher, but could be confusing when one needs to rank 
the appropriate solutions. As vision is important to humans, people tend to overestimate visual comfort and 
declare to be satisfied with air quality that might be hazardous for them; an assessment of IEQ based only on 
questionnaires and not on measurements could lead to very confusing and unreliable results. 

• Sensitive population groups, such as children, need to be housed in safe and healthy environments. The State and 
Interstate organisations must find a way to ensure that. Sensors measuring air pollutants as well as CO2 
concentrations would be beneficial for school classrooms. 

• It is still perceived that the IEQ is shaped primarily on the design stage of a building, if conditions described in 
Standard and Regulations are met. However, as Standards evolve and buildings remain operational, measured 
practice indicates that IEQ does not meet required levels. It is suggested that a building ought to be treated more 
as a living ecosystem, frequently reviewed and engaging stakeholders and users into the optimal (to the extent of 
their capabilities) IEQ management.  
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• In the increasingly complex man-made environments, collaboration is required between scientific disciplines in 
order to tackle the serious problems than arise. Engineering, physiology and medicine are the three major sectors 
needed to effectively manage buildings’ IEQ. 

• IEQ is a dynamic scientific area where much further research has to be made in order to obtain solid and reliable 
data. An obvious drawback is that new emerging factors and threats (e.g. electromagnetic radiation, new 
chemicals) increase the complexity of such projects, which have to be taken into consideration, especially in 
buildings such as schools, where vulnerable groups of the population are accommodated. 
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ABSTRACT 
Over the last 6 years, EU legislations were established for energy performance requirements and certificates for constructing, selling or 

renting of new, renovated or retrofitted buildings. This work concerns the synthesis of a panel consisting of two layers based on the requirements of 
EU directives, offering insulating and structural properties. 

The insulation layer is an aeroclay and its formation involves the mixing of clay, water and reinforcement agent, the freezing of the 
suspension and the freeze drying of the frozen gel. The final product is nontoxic, fire-resisting, easy to be produced and has a thermal conductivity 
around 0.04 W/mK which is similar to this of other commercial products. The structural layer is a geopolymer (also called inorganic polymer). Its 
formation involves a chemical reaction between an aluminosilicate material and a silicate solution in an alkaline environment and leads to a 
construction material with rapid strength development and improved durability.  In this work, a geopolymer of reduced density (1.05 g/cm3) is 
synthesized and used as a lightweight, durable, inflammable and structural element.    

Finally, the structural and the insulation layers are integrated in one compact layer in order to facilitate the assemblage of the panels. The 
procedure includes the casting of the geopolymer on the top of a prefabricated insulation layer. As it was found, the thermal properties and the 
performance of each individual layer were not affected by the integration process. 

INTRODUCTION 

Buildings are responsible for 40% of energy consumption and 36% of CO2 emissions in the EU. In order to reduce 
these values, the Energy Performance of Building Directive – EPBD (2010) and the Energy Efficiency Directive - EEC 
(2012) were legislated. According the EPBD, energy performance certificates are requisite for selling or renting and energy 
performance requirements were established for retrofitting building elements (roofs, walls etc.). According to EEC, EU 
countries must introduce a National Energy Efficiency Action Plan, reporting the minimum energy performance 
requirements for new and renovated buildings. 

These standards can be easily satisfied in new buildings but the refurbishment-projects of old buildings require a 
bigger effort. The energy efficiency of old buildings can be drastically improved by exterior wall panel installation. 
Considering that about 35% of the EU’s buildings are over 50 years old, and that by improving the energy efficiency of 
buildings, total EU energy consumption can be reduced by 5% to 6% and lower CO2 emissions by about 5%, a retrofit 
panel should offer both insulation and structural properties. 

While silica aerogels are well-known materials, over the past 20 years, for their low density, high porosity and 
insulatiing properties, clay aerogels gain ground recently [Bandi et al, 2005; Gawryla et al, 2009]. Clay is a promising 
constituent, a chemically benign and abundantly available material that can provide attractive thermal properties [Hostler et 
al, 2009]. Smectite clays, such as sodium montmorillonite, are preferred because of their swelling properties, high cation 
exchange capacities, high aspect ratios and large surface areas [Wang et al, 2013a]. Clay Aerogels can be prepared by freeze-
drying of clay water gels. The gel is frozen and the frozen liquid is removed by sublimation in a vacuum at freezing 
temperatures [Van Olphen, 1967; Wang et al, 2013]. The conversion of a clay to clay aerogel through freeze-drying, results 
in a rearrangement of clay sheets, creating a lightweight, fabric-like material [Bandi et al, 2005; Madyan et al, 2016b]. 
Individual clay particles link edge-to-face in a manner akin to a “house of cards”. Although the structure of aerogel, derived 
from a solution of montmorillonite clay and water alone, is stable, its mechanical strength is low [Hostler et al, 2009]. The 
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addition of a polymer during processing improves the mechanical rigidity [Somlai et al, 2006; Madyan et al, 2016a]. 
Conforming to EU directives, geopolymer is a building material with very low embodied energy and CO2 footprint 

compared to conventional [Van Devender et al, 2012; Weizsacker et al, 2014], while their greatest advantage is that, based 
on the choice of the raw materials and the design of the processing, geopolymers can meet a variety of requirements. This 
flexibility of geopolymer synthesis is of great importance when products with specific properties are required.  

Geopolymers are inorganic materials, synthesized by the reaction of an alkaline solution with an aluminosilicate source 
at ambient or slightly elevated temperature [Provis, 2013; Davidovits,, 2008; Duxson, 2008]. This synthesis involves the 
exploitation of natural minerals or industrial by-products as aluminosilicate source, as long as silicon and aluminum ions are 
located in amorphous phases. Fly ash, a hazardous material, which is produced by the coal fired thermal plants shows a 
great geopolymerization potential and, therefore, its exploitation to the geopolymer technology leads to the drastic 
reduction of soil, water and air pollution by producing high added value products. [Swanepoel et al, 2002; Provis et al, 2012; 
Nguyen et al, 2016; Jang et al, 2016].  

In order to reduce the overall weight and cost of a construction, lightweight elements with sufficient mechanical 
strength can be applied. A way to produce such geopolymeric elements, is by the introduction of lightweight materials 
(expanded polystyrene, perlite, etc.) into the geopolymeric matrix [Patcharapol et al, 2015; Rashad, 2016]. In multilayered 
panel, the assemblage of the layers are major problem. In this paper the optimum synthesis of insulation and structural 
layer, as well as the integration of clay aerogel – insulation layer – and lightweight geopolymer – structural layer – in one 
compact layer is presented. 

INSULATION LAYER 

Clay aerogel consist the part of the compact layer with the insulation properties, the target of this project was to 
construct a material with low thermal conductivity and satisfactory rigidity.  

Although clay can produce porous materials with insulation properties, the use of reinforcing agent was mandatory in 
order to improve its mechanical properties. Sodium motnmorillonite clay (Na-MMT, commercial product, S&B) and 
polyvinyl alcohol (PVA, 98-99% hydrolyzed with Mw=31,000-50,000, Acros Organics) were used as received. PVA solution 
was prepared by dissolving PVA in water at ~80oC until complete dissolution. Na-MMT was mixed in water under stirring 
and then the solution of PVA was added in the clay gel. The stirring was continued for almost 1 h until fully 
homogenization. The PVA/MMT suspension was transferred into aluminum trays and placed in freezer at -40oC for 24 h. 
The frozen sample was then placed in a freeze-dryer (Scientz 50ND) and was subjected to very high vacuum ~1Pa, for the 
ice to sublime. 

Different batches of MMT, organoclays, various reinforcement agents, freezing temperature and alternative freeze-
drying processes (initial temperature, temperature rate, process duration) were investigated. It was concluded, from previous 
publication [Skaropoulou et al, 2014], that the content of reagents in the starting solution strongly affects the density of the 
aeroclay, PVA as reinforcement agent attaches lamellar structure and enhanced rigidity compared to others and that the 
PVA content is the most important parameter as far as the density of aeroclays is concerned. 

The density of samples were calculated based on mass and volume measurements. The thermal conductivity was 
determined by neans of the Heat Flow method, on a Netzsch HFM 436 lamda Heat Flow Meter, which meets the EN 
12667 and ASTM C518 requirements. The mean temperature was set at 10o, with 10 degrees temperature difference and 
once the system reaches equilibrium, the built-in PC determines the thermal resistance of the sample. Resistance to fire was 
measured by two flammability tests. FAR test method determines the resistance of materials to flame when tested according 
to the 60-second and 12-second Vertical Bunsen Burner Tests specified in Federal Aviation Regulation 25.853 and 25.855. 
DIN 4102 is a, reaction to fire, test which measures the ignitability of building products subjected to direct impingement of 
flame. 

In order to reduce the density of clay aerogel, Na-MMT and PVA in the range of 3-5% were examined and found that 
the lower percentage of raw materials leads to lower values of density and thermal conductivity (Figure 1). The rigidity of 
the samples were also observed, and lessen as the content of the reagents reduced. The samples with 3% MMT and 3% 
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PVA (3MMT3PVA) was considered as the optimum synthesis of clay aerogel, exhibit 0.048 g/cm3 density and 0.038 
W/mK thermal conductivity. It had marginally accepted rigidity and thermal conductivity similar to other commercial 
insulation materials. Clay aerogel sample of optimized synthesis was subjected to two different flammability tests (Figure 2). 
Passes both test, DIN 4102 test – a milder technique, suitable for construction products - and FAR – hardest, characterizes 
aircraft materials. 
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Figure 1 Density and thermal conductivity of aeroclay samples. 
 

 

a      b     c 
Figure 2 Photos of clay aerogel (a) subjected to flammability test FAR (b) and DIN 4102 (c). 

 

STRUCTURAL LAYER 

Geopolymer is the structural element of the retrofit panel, providing sufficient compressive strength, low density and 
fire protection of the component. 

The fly ash used for the geopolymer comes from the power station of Megalopolis in Greece. This material can be 
classified as Type F according to ASTM C 618, as the sum of the oxides SiO2 + Al2O3 + Fe2O3 is greater than 70%. Fly ash 
was previously ground and its mean particle size (d50) was approximately 20 �m. This is a typical fineness of fly ash when 
used in construction technology as main constituent in blended cements. The chemical composition of fly ash is presented 
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in Table 1. 
Table 1.   Chemical composition of fly ash (%w/w) 

SiO2 Al2O3 Fe2O3 CaO MgO K2O Na2O SO3 L.O.I. 
45.52 22.13 8.99 14.75 2.84 1.55 0.72 1.69 1.49 
 
Solid Si in form of waterglass (3.34SiO2.Na2O or 3.34SiO2.K2O, commercial products, Multiplass) and NaOH (CAS 

No. 1310-73-2)/KOH (CAS No.1310-58-3) constitute the activation solution and provide the alkaline environment for the 
activation of the geopolymerization reaction. In order to prepare lightweight geopolymers, expanded polystyrene (EPS) was 
used. The synthesis of lightweight geopolymers includes the preparation of activation solution, the mixing of the raw 
materials (fly ash and expanded polystyrene) with activation solution and the molding and curing of the specimens.  

The effect of curing conditions (temperature and time), silicon to aluminum (Si/Al) and alkali to aluminum (R/Al, R: 
Na or K) molar ratios in the starting mixture, alkali selection (Na/(Na+K)) in the activation solution and solid to liquid 
mass ratio (s/l) of the initial mixture were investigated, applying a multifactorial experimental designing model (Taguchi 
method). This method allows the investigation of these parameters, reducing the experiments to minimum. The variation 
level of examined parameters and their optimum values in terms of lightweight geopolymer's compression strength are 
presented in Table 2. 

Table 2.  Range and optimum values of examined parameters 
Examined parameters Value range Optimum value 

Curing temperature 25-90oC 70oC 
Curing time 24-72h 48h 

Si/Al 1.75-4.50 2.40 
R/Al 0.50-1.20 0.85 

Na/(Na+K) 0.00-1.00 1.00 
s/l 2.80-3.40 3.20 

EPS content 0.50-3.00%w/w 3.00% w/w 
 
Compression tests on geopolymer were carried out on a Toni-technik uniaxial compression testing machine, 7 days 

after preparation (loading rate 1.5 kN/s according to the EN 196-1 requirements). Density and thermal conductivity was 
also measured according to methods, mentioned in insulation layer description. 

The durable layer exhibit 11 MPa compressive strength and 2 MPa tensile strength, 1.05 g/cm3 apparent density and 
0.163 W/mK thermal conductivity. The sample pass the flammability test FAR-25 standard (§25.853 (a) and Appendix F, 
Part I, para (a) (1) (ii), AITM 2.0002 B) (Figure 3). 

 

 

Figure 3 Photo of durable layer before and after flammability test. 
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COMPACT LAYER 

In construction section, major problem consists in the coherence of various layers of different structure and 
properties. The main target of this paper is the assemblage of the insulation and structural layer, without disintegrating their 
properties. The construction of the compact layer comprises the synthesis of aeroclay as mentioned in above chapter. After 
the completion of freezed drying process, raw materials of lightweight geopolymer were mixed, molded onto aeroclay layer 
and placed in the oven at 70oC for 48h (Figure 4). The two-component layer is presented in Figure 5. Nor chemical 
additives, neither curing temperature of the geopolymerization affect clay aerogels’ properties. No cracks or other surface 
crumbling was observed in geopolymer layer. The density and the thermal conductivity of compact layer were measured 
and found 0.43 g/cm3 and 0.068 W/mK respectively.  

 

 

 

 

Figure 4 Geopolymer molded onto clay aerogel and placed in the oven. 
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Figure 5 Photos of clay aerogel and geopolymer layers constructed as one. 

CONCLUSION 

• A highly porous material, inflammable and with low thermal conductivity was produced. The optimum 
synthesis of clay aerogel, insulation layer, is considered to be the one with 3% sodium montmorillonite 
(MMT) and 3% polyvinyl alcohol (PVA).  

• The production of the structural layer was investigated and the values of the optimum synthesis of 
geopolymer are: Si/Al=2.40, R/Al=0.85, Na/(Na+K)=1.00, s/l=3.20, EPS content=3.00% w/w, curing 
temperature=70oC, curing time:48h. 

• Two-component layer was construct by molding geopolymer onto aeroclay layer, no deterioration in surface 
and properties was observed in both layers. The compact layer had density 0.43 g/cm3 and thermal 
conductivity 0.068 W/mK. 
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ABSTRACT 
Alkali activated foams (geopolymer foams) constitute promising materials for thermal insulation, fire protection and sound proofing 

applications. In this study, geopolymer foams were synthesized by using coal fly ash as the aluminosilicate source and metallic powders 
(Aluminum, Silicon and Zinc) as the foaming agents. A comparison between the foaming agents demonstrated that Al is the most drastic 
element. The application of the Taguchi multifactorial designing model revealed the effect of the synthetic factors (foaming agent concentration, 
alkalinity and alkali selection) upon the Al foams properties (compressive strength and apparent density). The most influential factor was the 
foaming agent content while the alkalinity (R/Al) followed in significance. The alkali selection (Na/Na+K) had limited effect. The optimal 
synthesis conditions for achieving the highest strength (20.5 MPa) are: Al% w/w = 0.010, R/Al = 1.2 and Na/(Na + K) = 0.65 while 
those for the lowest density (0.65 g/cm3) are: Al% w/w = 0.100, R/Al = 0.8 and Na/(Na + K) = 0.65. The physicochemical 
characterization included techniques such as XRD, FTIR, SEM and optical microscopy. Optical microscopy showed that the pore size is majorly 
affected by the foaming agent content while the pore shape by the alkalinity. Lightweight geopolymers in a wide range of compressive strength (S) 
and apparent density (d) values were prepared (S = 1.64-22.05 �Pa and d = 0.59-1.56 g/cm3). Thermal conductivity measurements showed 
that the alkali activated foams can be used as insulating materials. The samples containing 0.035 and 0.100% w/w Al exhibited thermal 
conductivity values of 0.17 and 0.09 W/mK.  

INTRODUCTION 

The use of thermal insulating and soundproofing materials aims at energy saving and noise pollution reduction which 
consist major issues of building industry. In most cases, the materials used for such purposes are flammable and / or toxic 
and thus researchers have turned their interest in new approaches. A class of inorganic materials that could find application 
in the production of thermal insulators are the alkali activated aluminosilicate binders (also called geopolymers) [Hung et al., 
2014]. The major advantages of the geopolymer technology is the exploitation of wastes and industrial by-products as well 
as the very low embodied energy and CO2 footprint compared to conventional building materials (e.g. Portland cement).  

The lightweight geopolymers (or geopolymeric foams) are materials which exhibit high extent of porosity, low density 
(0.4 – 1.2 g/cm3) and thermal conductivity (<0.22 W/mK) values [Rickard et al., 2014]. The preparation of lightweight 
geopolymers can be occurred by the use of surfactants [Masi et al., 2014], foaming agents (metallic powders, H2O2, silica 
fume etc.) [Masi et al., 2014; Prud’homme et al., 2012], lightweight materials (expanded polystyrene, perlite etc.) [Vaou et al., 
2010] or gel casting technology [Strozi et al., 2014]. In the case of foaming with metallic powders (Al, Si or Zn), the 
porogent mechanism is based on the reaction of the metallic powders in the alkaline environment of the slurry which 
releases gases, responsible for pore formation: xH2O + Me (Si or Al or Zn) � 0.5xH2 + Me(OH)x 

The size, shape and distribution of pores play important role upon the foams’ properties and their potential 
applications. Thus, the foaming agent concentration along with the parameters of geopolymer synthesis have to be adjusted 
in order to produce foams of the desired properties. 

This study regards the preparation of fly ash geopolymeric foams by the introduction of three kinds of metallic 
powders (Al, Si and Zn). The comparison between the agents was evaluated by their foaming effect upon samples 
properties. Then, the major synthetic factors (such as the foaming agent content, the alkalinity and the alkali selection) were 
optimized by the use of the Taguchi experimental designing model according to compressive strength and apparent density 
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results. The characterization of the products was conducted by means of XRD, FTIR, SEM and optical microscopy. The 
insulating properties were evaluated by thermal conductivity measurements.  

EXPERIMENTAL 

For the geopolymer synthesis, Type F fly ash (Megalopolis, Greece) was used as the aluminosilicate source (Table 1). 
Fly ash was ground prior to use and its mean particle size (d50) was approximately 20 �m. As foaming agents, aluminum 
(CAS No. 7429-90-5), silicon (CAS No. 7440-21-3) and zinc (CAS No. 7440-66-6) powders were applied.  

Table 1. Chemical composition of fly ash 
SiO2 Al2O3 Fe2O3 CaO MgO K2O Na2O SO3 L.O.I. 

0.10 46.96 21.00 9.83 13.74 2.20 1.36 0.16 2.42 

The synthesis of the foamed geopolymers includes the following steps: a) the preparation of the activation solution which 
contains alkali silicates (3.34SiO2.Na2O or 3.05SiO2.K2O/commercial products) and alkali hydroxides (�a��, CAS No. 
1310-73-2 and ���, CAS No. 1310-58-3), b) the mixing of the raw materials (fly ash and foaming agent blends) along with 
the activation solution and the casting of the produced slurries in cubic molds and c) the curing of the specimens (T=80oC 
for 24h). Their compressive strength was measured after 7 days and their structure was examined using XRD, FTIR, SEM 
and optical microscopy. X-ray powder diffraction patterns were obtained using a Siemens D-5000 diffractometer, CuKa1 
radiation (�=1.5405 Å), operating at 40 kV, 30 mA. FTIR measurements were carried out using a Fourier Transform IR 
spectrophotometer (Jasco 4200 Type A). The FTIR spectra were obtained by the KBr pellet technique, in the wavenumber 
range from 400 to 4000 cm-1 and resolution 4 cm-1. The microstructure of the samples was studied using a JEOL JMS-5600 
SEM and an OXFORD LINK ISIS 300 micro-analyzer. The macrostructure of the products was investigated by a Zeiss 
Stemi 2000 C stereo-microscope equipped with an Axio Cam ErcS5 digital camera. The thermal conductivity of the samples 
was determined on a Netzsch HFM 436 lamda Heat Flow Meter, which meets the EN12667 and ASTM C518 
requirements. 

The first part of the experimental evolves the preparation of geopolymer foams with different foaming agents (Al, Si 
or Zn) and the evaluation of the foaming effect upon compressive strength and apparent density. All materials were 
synthesized with the same synthetic parameters except the foaming agent content (Si/Al=2.4, Na/Al=0.8 and s/l=2.8 
[Panagiotopoulou et al., 2015]). The incorporation levels of Al, Si and Zn powders were kept to 0.010-0.100, 0.050-0.350 
and 0.100-0.600% w/w in fly ash basis, respectively.   

The optimization of Al foams synthesis took place by designing a multifactorial model based on the Taguchi method. 
The factors selected to be investigated were: i) the foaming agent concentration (Al% w/w based on fly ash) ii) the alkali to 
aluminum molar ratio (R/Al, R: Na or K) which associates the alkali quantity in activation solution with aluminum content 
of the raw material and c) the Na/Na+K ratio which is related to the alkali species of the activation solution. The variation 
levels of the selected factors are presented in Table 2. After conducting the experimental designing model, the collected 
data is analyzed by means of ANOVA (ANalysis Of VAriance) in order to determine the percent contribution of each 
factor on the chosen quality performance characteristic of the product. In this work the studied quality performance 
characteristics are the compressive strength and apparent density of the produced geopolymers.  

Table 2. Parameters and their variation levels for Al foams investigation 
Parameters Level 1 Level 2 Level 3 Level 4 

Al % w/w 0.010 0.035 0.065 0.100 
R/Al 0.8 1.2 1.6 2.0 

Na/(Na + K) 0.00 0.35 0.65 1.00 
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RESULTS AND DISCUSSION 

Foaming agent comparison 

Figure 1 shows the effect of the applied foaming agent (Al, Si or Zn powder) upon the compressive strength (a) and 
the apparent density (b) of the produced geopolymers. In ether foaming method, the progressive introduction of metallic 
powder leads to an ongoing decrease of the apparent density values. However, the increase of products’ porosity has, 
simultaneously, a negative effect on the compressive strength of the specimens. Indicatively, in the case of Al foaming the 
introduction of 0.100% w/w Al powder led to an overall reduction of strength and density of 96% and 64%, respectively.  
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(b) 
Figure 1 Compressive strength (a) and apparent density (b) versus foaming agent content.    

 
It is obvious (Figure 1) that comparing the three foaming agents, metallic Al is the most drastic agent leading in the 

production of high porous materials. Metallic Si follows Al agent behaviour while Zn is the less reactive element. To be 
more descriptive, the density (0.64 g/cm3) of the product containing 0.100% w/w Al is at about two times smaller than 
those of the corresponding Si (1.05 g/cm3) and Zn (1.31 g/cm3) products. 

In this study we managed to fabricate geopolymer foams with a variety of compressive strength and density values. 
More specifically, the products exhibit compressive strength and density values of 1.64-22.05 MPa and 0.59-1.56 g/cm3, 
respectively. The above results reveal the flexibility of geopolymer synthesis in producing materials with varied properties 
depending each time on a specific application.   

Synthesis Optimization 

Figure 2 presents the effect and quantitative contribution of each of the examined synthetic factors (agent content, 
alkalinity and alkali selection) upon the properties of the Al foams. The synthetic factor with the greatest impact upon 
compressive strength (66.3%) and apparent density (58.3%) is the foaming agent content. The progressive Al introduction 
in the fresh geopolymer mixtures has as an effect the drastic reduction of both properties values. The second most 
influential factor is R/Al molar ratio. Geopolymer pastes of high alkalinity (R/Al>0.8) produce foams of increased density. 
This is due the fact that enhanced alkali content creates mixing problems between fly ash and activation solutions, leading 
in the drastic coagulation of the geopolymeric pastes and therefore the limited action of the foaming agent. Alkali species 
contribution upon compressive strength (14.3%) and density (7.1%) is limited. Nevertheless, sodium selection seems to 
favor the production of lightweight product. 
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 The optimal synthesis conditions for achieving the highest strength (20.52 MPa) are: Al% w/w = 0.010, R/Al = 1.2 
and Na/(Na + K) = 0.65 while those for the lowest density (0.65 g/cm3) are: Al% w/w = 0.100, R/Al = 0.8 and Na/(Na + 
K) = 0.65. The above results show that there is not a unique synthesis that can produce geopolymers with identical 
performance in both studied properties (strength and density). Synthesis parameters should be adjusted so that the 
produced geopolymers exhibit satisfactory properties depending on the application. It is recommended to evaluate the 
geopolymers’ synthesis using multi-criteria analysis and introducing appropriate weighting factors for the various criteria 
(strength and density in our case), depending on the application. 
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Figure 2 Effect of the studied parameters on the development of the compressive strength and apparent density. 
(The percentages refer to the contribution of each parameter on the measured properties). 

Characterization of foams 

Figure 3 presents the XRD patterns (a) and FTIR spectra (b) of the fly ash and fly ash based geopolymers. The 
geopolymer matrix is mainly amorphous and the only indication of its formation in the XRD is the increased background 
between between angles (2�) of 25� and 35o. Feldspars and anhydrite have completely reacted during geopolymerization, 
while quartz, maghemite and gehlenite are not significantly affected. Foams with high alkali contents (R/Al = 2.0) favor the 
formation of zeolite and carbonate phases which downgrade the quality of the products. The gradual incorporation of 
foaming agent does not affect the crystallographic phases. In the FTIR spectra, the broad band at around 800-1300 cm-1 
(Si-O-T bond vibrations, T: tetrahedral Si or Al) is the main feature in both fly ash and geopolymeric materials. In the case 
of the geopolymers, this band becomes sharper and shifts to lower wavenumbers. This shift is the result of a major network 
reorganization and points out the substitution of Si by Al which occurs in the geopolymers formation.    

 SEM photos of the reference geopolymer (a, b) and the 0.100% w/w Al foam (c, d) are presented in Figure 4. The 
reference geopolymer is very compact material with good microstructure homogeneity. The cenospheres of fly ash are easily 
distinct. The white dots inside the cenospheres point out the evolution of the fly ash destruction in aid of 
geopolymerization reaction. The Al foam exhibit high porous structure with the size of the pores being in the level of mm 
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(≤ 2mm). The photos of higher magnification (Figure 4 b and d) show that the coherence of the geopolymeric matrix is 
looser connected in relation to the reference material. In any case, the sample exhibit homogenous structure while the shape 
of pores is regular. 
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Figure 3 XRD patterns (a) and FTIR spectra (b) of selected Al foams. (1: Quartz, 2: Feldspars, 3: Anhydrite, 4: 
Maghemite, 5: Gehlenite, 6: Cristobalite, 7: Zeolites and 8: Carbonates) 
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Figure 4 SEM photos of the reference geopolymer (a, b) and the 0.100% w/w Al foam (c, d). 

 
The morphological characteristics of Al foams were also examined in terms of optical microscopy. Figure 5 represents 

photos of Al foams prepared with varying metallic Al content for two different values of R/Al molar ratio (a to c 
correspond to R/Al=0.8 and d to f to R/Al=2.0).  

 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

 

(e) 

 

(f) 
Figure 5 Optical microscope photos of Al foams. (a) R/Al=0.8 and 0.010% w/w Al, (b) R/Al=0.8 and 0.065% 
w/w Al, (c) R/Al=0.8 and 0.100% w/w Al, (d) R/Al=2.0 and 0.010% w/w Al, (e) R/Al=2.0 and 0.065% w/w, (f) 
R/Al=2.0 and 0.100% w/w. 
 

The progressive introduction of metallic Al leads to products of high porosity. This trend is followed for all R/Al ratio 
values. This observation copes well with the results of the synthesis optimization where the increased Al content resulted in 
foams of low density and strength values. Increasing the alkalinity (R/Al) of the samples, an alteration in the morphology of 
the pores is emerged. Particularly, low R/Al values (R/Al=0.8) favor the production of regular shaped pores while higher 
alkalinity (R/Al>0.8) transforms the shape of the pores to spherical. Furthermore, foams prepared in weak alkaline 
environments (R/Al=0.8) and high foaming agent contents (>0.065%) tend to exhibit the phenomenon of pores 
coalescence. It seems that the drastic action of metallic Al to the soft geopolymeric matrix destroys the initial small pores in 
the favor of larger regular pores. An increase in the alkalinity of the sample tends to promote the pores uniformity. 

The pore size was estimated with the use of a specialized software (Zen blue) and the exported data was analyzed by 
means of ANOVA. Figure 6 shows the weighted effect of each synthetic parameter upon pore diameter for Al foams. The 
foaming agent content is the most influential factor (72.1%). In particular, a diameter increase from 0.8 to 1.9 mm is 
observed with the enhancement of foaming agent introduction. The other two factors show marginal effect upon pores 
size. Alkalinity (R/Al) does not provide a standard trend considering that the highest values were measured for samples 
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with R/Al =1.2 and 2.0. Despite the marginal effect of alkali selection, the potassium seems to favor the production of wide 
pores.  
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Figure 6 Weighted effect of synthetic parameters upon pore diameter size of Al foams. 

Thermal Conductivity 

Figure 7 shows the variation of thermal conductivity and pore diameter in relation to the foaming agent content in Al 
foamed geopolymers. The values of thermal conductivity, drastically, decrease with the increase of the foaming agent 
content. Considering that the incorporation of Al powder produces structures of high porosity, the skeleton volume that 
can accumulate heat is reduced and so does the conductivity. In particular, the thermal conductivity values of the reference 
material (0% Al w/w), the sample with 0.035% w/w Al and 0.100% w/w Al were measured 0.30, 0.17 and 0.09 W/mK, 
respectively. Obviously, the incorporation of 0.035% Al reduces the conductivity to the half while the introduction of 
0.100% Al w/w leads to a further decrease of 20%. Figure 6, also, presents the relation between thermal conductivity and 
pores size and an increase of the pores diameter from 0.21 to 1.58, results in the reduction of the thermal conductivity, 
from 0.30 to 0.09 w/mK, respectively. 
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Figure 7 Thermal conductivity and pore diameter in relation to the foaming agent content in Al foamed 
geopolymers. 

The aforementioned results reveal the capability of geopolymer’s technology to produce insulating materials which 
exhibit enhanced thermal properties combined with sufficient mechanical strength values. 

CONCLUSION 

Fly ash was successfully applied for the production of foamed geopolymers. For chemical foaming, metal powders 
(Al, Si and Zn) were introduced in the starting mixtures in a wide range of incorporation levels (0.010-0.600% w/w fly ash 
based). In any case the foaming agent addition led to the reduction of the apparent density by 50-65% while the reduction 
of the compressive strength was even higher. Al powder is the most effective foaming agent. Lightweight geopolymers with 
compressive strength of 1.64-22.05 MPa and apparent density of 0.59-1.56 g/cm3 were produced. 

Synthesis optimization, based on Taguchi method, revealed the effect of the major synthetic parameters (Al content, 
alkalinity and alkali selection) upon the compressive strength and density of Al foamed geopolymers. Foaming agent 
content (Al% w/w) is the most influential factor with the contribution to compressive strength and density values being 63 
and 58%, respectively. Alkalinity of the samples (R/Al) is the second significant factor. The enhancement of alkali content 
inhibits both geopolymerization and foaming agent action leading to compact products of poor strength. Alkali selection 
(Na or K) has a marginal effect to the foams properties, however, the sodium ions favor the development of porosity.  The 
optimal synthesis conditions for achieving the highest strength (20.52 MPa) are: Al% w/w = 0.010, R/Al = 1.2 and 
Na/(Na + K) = 0.65 while those for the lowest density (0.65 g/cm3) are: Al% w/w = 0.100, R/Al = 0.8 and Na/(Na + K) 
= 0.65. 

The foaming agent content affects the pore size while the alkalinity the pore shape. Samples with high Al content 
exhibit the phenomenon of pore coalescence. High alkalinity lead to the production of more uniform and spherical pores. 
In this study foams with a wide range of pore diameters was produced (0.7-1.9 mm). 

Finally, the incorporation of 0.100% w/w Al into the geopolymeric matrix led to the production of a material with 
enhanced insulation properties. The thermal conductivity (0.09 W/mK) of this product is 3 times lower than the reference 
material (0.30 W/mK).   
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ABSTRACT 

Energy consumption for lighting constitutes a sizable portion of the overall energy consumption of commercial office buildings. Many smart 

lighting control products are already available in the market, but their penetration has been limited and even installed systems have had limited 

use. One of the main reasons is that they tend to control lighting based on universal set-points which are agnostic to the individual preferences of the 

occupants thus hampering their comfort. The paper will present an automated lighting control framework which dynamically learns the lighting 

preferences of each user, models his visual comfort and controls the light dimming in a truly personalized manner so as to always control the 

comfort vs. energy efficiency trade-off. This approach effectively removes the single most important complaint of occupants when using such systems, 

loss of comfort, and paves the way for their wide scale adoption in order to untap the energy reduction potential of commercial lighting. 

INTRODUCTION  

Lighting constitutes one of the major electricity end-uses in office buildings accounting for over 30% of total 

electricity usage (US Department of Energy, 2013). Thus, significant cost savings are possible using intelligent lighting 

control systems. Such systems have been available for a number of years already, albeit with limited success in massively 

penetrating the commercial building stock. The main barrier has been the acceptance of building occupants. Existing 

commercially available systems tend to be intrusive and to adjust indoor luminance to pre-defined set-points for “optimal” 

lighting levels. This fails to take into account the diversity and heterogeneity of visual comfort zones of individual building 

occupants, hence leading to complaints about the lighting adequacy, manual bypassing of automated controls and ultimately 

abandonment of automated lighting control systems’ operation. 

To effectively leverage the untapped potential for reduction of lighting-related energy consumption, the visual 

comfort of affected occupants should be treated as a main optimization parameter. This paper presents a framework for 

automated lighting control in commercial buildings. Its application in real-life pilot trials has verified that it is possible to 

tightly control occupant visual comfort. Even further it demonstrates that combined gains in energy efficiency and visual 

comfort can be achieved compared to a conventional set-up whereby occupants dim their lights manually using a wall-

mounted dimming switch. The framework senses the prevailing ambient conditions and the corrective actions (or lack 

thereof) of the occupant in a non-intrusive manner to infer a stochastic visual comfort model of each occupant. Combining 

the model with the ambient lighting conditions sensed in real-time, the framework identifies opportunities for energy 

reduction that affect visual comfort in a controlled manner. The trade-off between minimum allowable occupant comfort 

and energy reduction gives rise to alternative control strategies that can steer the automated lighting control.  

STATE OF THE ART ANALYSIS 

Currently available models and technological solutions in commercial environments fail to adequately capture the 

underlying relationship between energy efficiency and occupants’ comfort, eventually translated into enterprise productivity. 

The concept of productivity is thoroughly studied in literature providing evidence of how workplace conditions can 

significantly affect productivity. As far as modern building management practice is concerned there are no modelling tools 

that sufficiently deal with occupant activities and personal preferences (Robinson, 2006). The most frequently used form of 
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models are diversity profiles (Abushakra et al., 2001), which represent a stochastic estimate of combined behaviour of all 

occupants. Diversity profiles however have failed to sufficiently capture dependencies of occupancy patterns with overall 

environmental conditions (Bourgeois, 2005) or temporal variations (Page, 2007), eventually leading to poor assumptions 

and predictions about average user preferences and behaviours, (Clevenger et al, 2006).  

(Shen et al, 2014) provide a comprehensive overview of integrated lighting control techniques that have been 

proposed and evaluated in the literature in the past years. Personalization in lighting control is synonymous to lighting set-

points according to policy recommendations for office/computer work. This highlights the lack of true personalization 

according to user preferences in the recent literature. Some works have introduced limited occupancy or user profiling to 

improve on energy efficiency, especially in the domain of Building Management Systems. Both (Singhvi, 2005) and (Wen, 

2008) track occupants’ location and try to balance occupants’ lighting preferences and energy consumption levels. In a 

similar approach, (Chen, 2009) proposes a building control system that is able to manage real-time location in an office and 

retrieve personal preferences of lighting, cooling, and heating. In (Dong, 2009), the authors use the total number of building 

occupants to define the power demand of the building and thus the extraction of building occupancy is a significant 

variable which increases the model accuracy. Therefore, the incorporation of a user profiling framework is very important 

in order to clearly define the preferences of users that further set constrains to the automation mechanism. 

The main differentiator of the approach presented in this paper is the true personalization of lighting control, even 

when individual occupants cannot quantitatively express their visual comfort preferences. Instead of working with the 

assumption of a given set-point for the target luminance (either an average for all occupants or even a set-point per 

occupant), the proposed framework utilises occupant profiling techniques to infer and quantify the individual occupant 

preferences. This allows lighting control that is truly personalized to the preferences of each user, while minimizing 

calibration and commissioning effort and cost since set-up effort is significantly reduced. 

A USER CENTRIC LIGHTING MANAGEMENT FRAMEWORK 

Visual (dis)comfort of occupants is an obscure concept due to the multiplicity of variables affecting it and the 

difficulty of reconciling aesthetic and physiological elements. Even the discovery of a "perfect" common model and metrics 

of visual discomfort would not make modelling and control universally accepted because different occupants perceive light 

in very different ways. Thus, only a fully adaptive control approach which adapts to individual occupants can provide the 

necessary flexibility to satisfy their divergent preferences. Our work aims at establishing dynamic user profiles that reflect 

and more specifically quantify the visual discomfort of occupants based on the analysis of evidence captured exclusively 

from the observation of users' control actions under specific luminance conditions.  

The framework utilizes a multiplicity of sensor configurations to sense ambient conditions. The sensing layer, 

continuously processes asynchronous events captured in live information streams towards generating dynamic occupant 

behavioural profiles. These occupant behavioural profiles constitute the point of reference of the control framework, 

defining and quantifying in real-time the “boundaries” and “cost” of visual comfort. Three types of events are analysed by 

the framework, namely: a) occupancy events b) luminance events and finally c) control action events triggered by the 

occupants when acting on the operational status of lighting. The ambient profiling engine appropriately analyses both 

actions and lack of (re)-actions of occupants under specific environmental conditions, in a completely implicit and 

transparent way. A high level view on the formalism of the Bayesian Approach as addressed in the framework is presented: 

Pr(D│En)=w*Pr(En│D)/[w*Pr(En│D)+(1-w)*Pr(En│C)]      (1) 

Where: 

 w : Weight factor  
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 Pr(D│En) : Discomfort level given the luminance conditions 

 Pr(En│D) : Luminance state probability given the discomfort level as explicitly indicated by the occupant 

 Pr(En│C) : Luminance state probability given comfort level as explicitly and implicitly indicated by the occupant 

The formula estimates the probability that the occupant is uncomfortable in the current ambient conditions, given the 

probabilities of environmental conditions where he feels comfort or discomfort. These probabilities can be calculated either 

on-the-fly upon usage of the system or from historical data. The former corresponds to a real deployment scenario; the 

latter corresponds to the experimental setup we have used in this paper whereby luminance information is collected from 

the user premises in order to monitor his actions to adjust lighting levels. 

It is important to highlight the distinction between the definitions of explicit and implicit comfort. Explicit 

(Dis)Comfort refers to the occupant (dis)comfort as it can be extracted from the physical actions he undertakes in order to 

customize the lighting settings to his liking. When a user intentionally and consciously adapts the ambient luminance, two 

conclusions can be inferred: he is uncomfortable with the current conditions and the target conditions make him 

comfortable. Both set-points (current and target) provide valuable information regarding the user preferences and are a 

trustworthy estimation of his visual comfort. Implicit Comfort, on the other hand, refers to the occupant comfort as it can 

be inferred through the lack of his actions. If the occupant is present and not reacting to current luminance, we infer 

important information regarding his comfort levels. This information is valuable because it is used to understand his 

tolerance to luminance variations, a metric that is hard to capture directly. The weight factor (w) in the previous formula is a 

dynamically adjusted factor which balances the importance of explicit vs implicit information when quantifying the 

discomfort probability. Implicit information is generally more difficult to collect and interpret appropriately in the context 

of each user. So, this factor initially assigns more weight to the discomfort component (which includes only explicit 

information) and gradually shifts toward the comfort component as time passes and the system better learns the user 

preferences. 

VISUAL COMFORT MODELLING FRAMEWORK 

Live data streams were collected, pre-processed, normalized and analysed for a period of 12 months (November 2014 

to November 2015) from various types of pilot premises involving different types of spaces (single occupant offices, 

multiple occupants spaces, meeting rooms, etc.). A day sample of the collected luminance data and the user’s manual 

control actions is illustrated (Fig. 1). Appropriate clustering techniques were applied to robustly identify the boundaries 

(luminance levels) of user control actions (both preferred and unfavourable luminance states).  

 

Figure 1 (Indoor Luminance Levels (volatile line) vs Manual Control Actions (step-wise line). 
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Two core indicators are dynamically inferred by the profiling engine: a) a weighted comfort indicator and b) a 

weighted discomfort indicator (Fig. 2), reflecting the amount of occupant comfort and discomfort under different 

luminance levels. As mentioned earlier, subsequent clustering techniques of neighbouring luminance levels, with high and 

low comfort values, reveal major comfort and discomfort zones, highlighted.  

      

Figure 2 Weighted Comfort & Discomfort Indicator 

The comfort and discomfort indicators calculation process is based on a Hidden Semi-Markov Model (HSMM), a 

doubly stochastic process that can estimate the occupant comfort and discomfort with respect to the time that she stays in 

the same conditions of luminance. According to the adapted model, a state transition probability depends on the current 

state duration and the explicitly observed transitions from the current state, due to the occupant reactions. The combination 

of all the separate probabilities determines the final calculated comfort and discomfort indicator as a function of the 

luminance level and time.  

 

Figure 3 Temporal weighted discomfort indicator (the three lines represent occupant discomfort after 2, 5, 10 

minutes at the given luminance). 

Figure 3 indicates an example of how discomfort changes while the occupant is under a given luminance state. The 

discomfort indicator increases with time as she stays under the same unpleasant conditions.  

In real building installations, cases exist where a set of light fixtures can be commonly controlled by more than one 

light dimmer. All the collected explicit and implicit data are always correlated with the occupant(s) using the specific light 

dimmer. When two or more occupants can control common fixtures, the framework performs a real-time negotiation by 

extracting the intersection of occupant profiles Zone using a Sweep Line algorithm in order to find the common ground 

that satisfies the preferences of all occupants to the maximum possible extent.  
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AUTOMATED PERSONALIZED CONTROL STRATEGIES FOR OFFICES & HOMES 

The key strength of the proposed framework is that it leverages the coarse granularity of typical lighting control 

actions of humans, who are unlikely to fine-tune the light dimming to an accurate level that exactly matches their comfort 

zone. The framework analyses real-time events and ambient information while it utilizes user/occupant profiles to deliver 

personalized, human centric management services. The user profile models continuously adapt to real-time events and are 

utilized within different automated lighting control strategies aiming at maximum comfort, energy efficiency or 

compromises of the two. The framework delivers timely, non-intrusive, multi-modal and personalized ambient services that 

discretely follow building occupants, learn and subsequently safeguard their preferences under different control scenarios. 

Occupant profiling is implicit and performed in an entirely discrete and transparent manner. Different views, from simple 

and quick real-time hints to detailed historical analytics and data mining are provided. These views have proven effective in 

improving building energy efficiency strategies, while also increasing occupant awareness by triggering sustainable 

behaviours.  

 

Figure 4 Time - series Analytics View 

The system is designed to facilitate three different modes of operation: (i) comfort, (ii) wise and (iii) energy efficient. 

The three modes differ on the weight they give on the user comfort and the achievable energy reduction during the 

dimming optimization. More specifically, during the comfort operational mode, the system seeks for ways to reduce the 

total energy consumption, while ensuring maximum user comfort. During the wise operational mode the system operates in 

a similar mode, but is more sensitive to the noticed luminance changes to which it reacts more quickly and more accurately. 

Occupant comfort is again the highest priority in this mode, but it is achieved with more precise and less generous dimming 

actions. Finally, the energy efficient operational mode aims to minimize the energy consumption allowing to the system to 

sacrifice user comfort, albeit in a controlled manner. During energy efficient operational mode, the system may jeopardize 

the user’s comfort for small time periods if energy gains are significant, but never to the point where the user will 

experience discomfort. 

LIGHTING MANAGEMENT FRAMEWORK EVALUATION AND PRELIMINARY RESULTS 

The proposed framework has been trained, successfully validated and thoroughly evaluated on various tertiary 

premises (commercial offices and academic institutions) and different application scenarios within the context of EU co-

funded research project. The experiment reported in this paper illustrates the performance of the lighting control engine 
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after it has been trained using the data set mentioned in previous Section. The automated control actions were simulated on 

a selected test-bed of two single-occupant offices, the one facing south and the second north, from which actual luminance 

data was collected and for two days, a sunny and a cloudy day. Due to the fact that the office windows have a different 

orientation the acquired luminance profiles for the same day (sunny or cloudy) are different, albeit with a lot of similarities. 

Each of the two occupants has his own visual comfort preferences. Lighting was monitored for the time period between 

08.00 and 20.00 on working days to represent the time when office occupants would typically be active. Tables 1&2 depict 

the results of simulating several control strategies on the data collected during these two days.  

Table 1. Occupant 1 ("South" office) 

 

Table 2. Occupant 2 ("North" office) 

 

The characteristics of these profiles are summarized in Table 3 to provide a benchmark for comparison of the results. 

It is also interesting to note the differences between the lighting preferences of the two office occupants. 

Table 3. Ambient lighting conditions in the experiment offices (all values are in Lux) 

 
"South" office "North" office 

Average Std.Dev. Average Std.Dev. 

Sunny Day 419 332 377 201 
Cloudy Day 200 290 195 188 

 

 The preferred luminance levels of the South office occupant is about 450 lux and for the North office occupant 

about 400 lux. Moreover, the observed deadband, i.e. the luminance range where the user is unlikely to react and correct the 

light conditions, is about 550 lux to 390 lux for the South office occupant and 490 lux and 350 lux for the North office 

occupant. As it can be noticed, the North office occupant prefers lower luminance levels, but is more sensitive in the 

luminance changes happening in his environment. The “manual” entry in Tables 1&2 indicates the results that were 

collected in the absence of an automated lighting control system, therefore from the real users’ reactions. The occupants 

 Cloudy day - luminance profile Sunny day - luminance profile 

 

A
v
er

ag
e 

O
cc

u
p

an
t 

C
o

m
fo

rt
 

E
n

er
gy

 

S
av

in
gs

 

A
v
er

ag
e 

L
u
m

in
an

ce
 

A
v
er

ag
e 

D
im

m
in

g 
 

L
ev

el
 

A
v
er

ag
e 

O
cc

u
p

an
t 

C
o

m
fo

rt
 

E
n

er
gy

 

S
av

in
gs

 

A
v
er

ag
e 

L
u
m

in
an

ce
 

A
v
er

ag
e 

D
im

m
in

g 
 

L
ev

el
 

Comfort 91.35% 15.7% 419 Lux 45.7% 92.95% 11.5% 557.09 Lux 29.1 % 

Wise 82.56% 29.2% 369 Lux 35.5% 85.85% 22.1% 529.65 Lux 23.8 % 

Energy 
Efficient 

74.16% 44.4% 342 Lux 28.5% 77.64% 36.5% 504.32 Lux 18.4 % 

Manual 88.78% - 517 Lux 63.4% 94.19% - 588.83 Lux 35.3 % 
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Comfort 92.9% 17.4% 388 Lux 39.3% 94.08% 12.2 % 500.09 Lux 25.5 % 

Wise 84.7% 29.1% 344 Lux 30.9% 86.49% 23.4 % 473.41 Lux 20.3 % 

Energy 
Efficient 

75.9% 44.4% 307 Lux 23.2% 77.6% 40.6 % 450.23 Lux 15.4 % 

Manual 89.07% - 452 Lux 51.0% 94.59% - 526.84 Lux 30.6 % 
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were asked to control their lights manually in order to provide a baseline for comparing the performance of the lighting 

control engine and its strategies. The ambient conditions were meticulously recorded during the experiment. The automated 

control strategies’ results were obtained by simulating the strategies for two distinct days (cloudy & sunny). The ambient 

lighting conditions for the two offices and the two distinct days are depicted in Table 3. 

The average needed time for the learning algorithm to converge to accurate (dis)comfort indicator for the occupant 

ranges from one to two weeks according to the amount of data available. This assumes that the ambient luminance varies 

sufficiently so that the occupant performs enough explicit actions to adapt it according to this preferences. By the end of 

this time period the developed learning model can be over 90% accurate on the estimation of the correct comfort 

luminance level. Accuracy further increases as time passes; after two months average accuracy is about 96%. Furthermore, 

the likely seasonality of the generated user profiles is taken into account during the learning process by attaching greater 

weight to the most recent luminance and control events of the last 2 months. In this way, the learning mechanism is more 

versatile in both the seasonal light level changes and a possible change of the occupant in the office-room.  

The comfort strategies of Table 1&2 were developed to maximize the time when the occupant’s luminance experience 

lies in the high comfort zone, i.e. the range of luminance levels for which the occupant’s weighted comfort indicators is 

above 90%. The “wise” and even further the “energy efficient” strategy achieve smaller high comfort time periods. As 

indicated by the results, occupant comfort is slightly compromised in order to achieve energy savings. However, occupant 

comfort is always preserved above 70%, which is considered the boundary between comfortable and uncomfortable 

conditions. The results of applying the three control strategies (energy efficient, wise and comfort) are outlined in Table. 

Several conclusions can be deducted. In sunny days occupants are more likely to be comfortable due to the abundance of 

natural light and they use artificial lights much less, hence the potential energy efficiency gains are lower. Daylight limits the 

need for artificial lighting and the slack for energy optimization, so automated lighting control is bound to produce lower 

(absolute and relative) efficiency gains compared to “darker” days when artificial light is more heavily used. 

The results indicate that the subject occupants, when manually adjusting the dimming levels, were consistently keeping 

the lights at higher luminance levels compared to the boundary of their comfort zone. This slack between the manual 

setting and the minimum setting for the given comfort level is exploited by the automated control to produce energy 

efficiency gains. This is a natural human reaction and has been consistently observed in all collected measurements so far. A 

side-effect of this observation is that the “comfort” automated strategy performs consistently better than the manual user 

control, because it continuously tracks the ambient conditions and can rapidly respond based on the inferred user’s 

preferences.  

 

Figure 5 The "Wise" strategy applied in the "South" office on a cloudy day 
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The user himself is likely to tolerate some discomfort to avoid the inconvenience of going to the lighting switch to 

dim the lights (Fig. 5). The volatile line depicts the ambient luminance, the upper step-wise line represents the target 

dimming levels of the manual actions and the lower step-wise line represents the dimming levels set by the automated 

control. The area between the two step-wise lines is a proxy of the energy savings that can be reaped through automated 

control. As shown in results presentation, in this experiment 29.2% less energy is used by the “Wise” strategy for a 6.22% 

sacrifice in comfort of the occupant (from 88.78% to 82.56%). 

Furthermore, it is possible and practical to implement several control strategies which span the entire energy efficiency 

vs. occupancy comfort continuum. This enables the application of centralized lighting control strategies to improve 

building-level lighting energy efficiency with no or controlled sacrifice in user comfort. The latter has been the main entry 

barrier for the widespread uptake of automated lighting control solutions. Controlling user (dis)comfort allows the facility 

manager to gain some energy efficiency from day one without hampering occupant comfort – and potentially progressively 

further enhancing energy efficiency by trading off some comfort. The proposed framework allows automated lighting 

control systems to consistently improve occupant visual comfort and reduce lighting energy consumption compared to 

conventional lighting approaches whereby occupants manually control their lights. The two key enablers are: i) the learning 

algorithm that unambiguously quantifies personal visual comfort preferences thus improving the acceptance levels for 

automated lighting control strategies and, ii) the continuous monitoring of ambient conditions that provide the necessary 

stimuli to the automated lighting control. 

CONCLUSIONS 

This paper introduces an innovative framework for automated, personalized lighting control in commercial buildings 

based on an "event-driven” oriented architecture. The framework is structured around a dynamic occupant profiling 

mechanism constantly adapting to real-time events and ambient information. The core behavioural profiling engine is 

transparent and entirely implicit, requiring no direct occupant feedback. Integrated but flexible control strategies can reach 

high levels of savings and comfort.  

Pilot assessment indicated more than 10% savings retaining comfort levels above 90% or more than 35% savings 

retaining comfort levels above 75%. The thorough evaluation of the dynamic seasonal aspects of the proposed occupant 

profile models 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 with appropriate integrated building 

control strategies. 
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ABSTRACT 
Demand Response (DR) presents an abundantly available service with an unleashed capacity to mitigate some of the major problems of 

Power Grid Reliability. However, current DR practices heavily depend on continuous consumer interaction, thus exhibiting significant drawbacks 
in terms of mass applicability and response capacity addressing continuous grid needs. In this paper we are presenting a holistic framework for 
demand modelling, forecasting and control. Our framework delivers an "event-based” demand side architecture, evolving around an innovative 
consumer profiling framework adapting to real-time events and ambient information. Consumer flexibility profiles are used to deliver personalized, 
consumer centric demand management services in the scope of different business scenarios. 

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.  DR presents an 
abundantly available resource with an unleashed capacity to mitigate some of the major problems of Power Grid Reliability. 
Recent large scale pilots in the EU and the US have provided strong evidence on the potential benefits of DR, proving that 
under certain conditions, DR 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 manner that eliminates consumer interaction as well 
as consumer discomfort.  

In fact, policymakers viewed relative prices as the primary force driving energy demand. However, evidence suggests 
that current energy market operations and pricing schemes, have limited effect on actual demand, especially in the 
residential sector. The issue of electricity pricing for conservation and load shifting is thoroughly discussed in Orans et al. 
(2010), arguing that demand (price) elasticity has remained on the same levels over the past couple of decades, compared to 
studies performed in the 1980s. 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. 

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. Additionally, this can also limit spot prices volatility 
during critical peak periods. Faruqui and George (2005) examine how residential and small to medium commercial and 
industrial consumers effectively reduced peak energy demand following time-varying prices. Power Grid real time ancillary 
services, which are actually the more highly valued and rewarded services, necessitate for real-time load responses that 
cannot be achieved through typical price based mechanisms and/or human interaction. Demand flexibility must be viewed 

109



 
EinB2016 – 5th International Conference “ENERGY in BUILDINGS 2016”	

																			
	

in its full context, taking into account all real-time 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 real-
time 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 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 (instead of prices). Overall, energy use is 
influenced by energy-related behaviours which are distinguished between purchase, usage, and maintenance-related 
behaviours. While purchase-related behaviour pertains to a one-time investment in energy saving, energy efficient usage-
related behaviour involves the day-to-day energy conscious behaviour of setting thermostats, using ventilation systems, 
adapting lighting to the actual visual comfort needs, etc. This behaviour is strongly influenced by behavioural patterns and 
habits, and, in general, harder to change activities. As (Abrahamse et al. 2005) and (Delmas Et al. 2013) argue, effective and 
long lasting DSM strategies should continuously consolidate unconscious aspects of people’s every-day 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. 

We present in this paper  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.  

THE DEMAND SIDE MANAGEMENT FRAMEWORK REFERENCE ARCHITECTURE 

 The proposed framework delivers an "event-driven” service oriented architecture evolving around an innovative 
consumer profiling mechanism, which continuously analyses ambient information and derives dynamic models of 
consumer comfort & preferences adapting to real-time events. Moreover, an intelligent infusion engine collectively analyses 
various asynchronous events over different periods of time and correlates these events into causal relationships, thus 
detecting event patterns and event relationships that span over longer time periods (from seconds to months). The 
consumer flexibility profiles are subsequently used to deliver personalized, consumer centric demand side management 
services in the scope of different business scenarios (from portfolio analysis and consumer classification, to building 
automation and automated DR).  

As the main focus of the proposed framework is the provision of context based flexibility profiles in a DSM 
framework, we are selecting for the analysis lighting and HVAC devices which further constitute the most critical and 
challenging loads that should be sufficiently addressed by any DSM strategy mainly due to the following reasons:  

• Against common belief, evidence indicates that lighting and HVAC constitute the majority of both baseline and 
peak energy demand with small variations along different countries and consumer domains.  

• HVAC and lighting present complementary characteristics that could jointly offer the possibility for highly efficient 
control strategies. More specifically, HVAC presents a high degree of inertia allowing for more higher-volume load 
shifting strategies (like pre-cooling, or pre-warming) while lighting has a more linear and highly responsive 
character, best fitting faster and more short-term demand side management services (like frequency response).  

• Both loads are tightly linked to specific intrinsic aspects of occupant’s sense of comfort. Any control strategy 
addressing these loads should carefully consider the resulting cost in terms of occupant discomfort and handle this 
in an appropriate manner, taking into account occupants personal preferences. However, as a long list of studies in 
the past have shown, people present significant inherent flexibility both in terms of visual and thermal comfort. A 
recent detailed meta-analysis of energy savings in commercial building by Williams A. et. al. (2011), has shown that 
savings from intelligent lighting control systems range between 30 and 40% while most occupants will not detect a 
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gradual change in light level such as a 15%-20% decrease in light output, if this is to be performed appropriately, 
offering a huge potential for future DSM strategies.  

 
To this end, the core profiling engine evolved around the following major human aspects directly associated with the 

selected device types: Thermal Comfort as the condition of mind that expresses satisfaction with the thermal environment 
and is assessed by subjective evaluation. Occupants’ thermal comfort is influenced by several factors, including their 
metabolic rate resulting from their personal activities as well as the quality of indoor air. However, temperature and 
humidity still remain the most critical parameters of HVAC optimal control. Our thermal comfort models consider 
occupants as dynamically interacting entities within their environment through appropriately controlling their HVAC 
operations (operational mode and temperature settings), mainly driven by the combination indoor temperature and 
humidity.  Visual Comfort: Visual discomfort of occupants is an obscure concept because of the multiplicity of variables 
involved and the difficulty of reconciling aesthetic and physiological elements. EN 12464-1 takes into account many factors 
for visual comfort that their compliance is obligatory (UGR for glare, uniformity of light, color rendering index, vertical 
lighting limits, color temperature). Thouhg, differences between individual users' preferences with respect to preferred light 
settings make the modelling and control process difficult to be accepted by all users, unless a fully adaptive control was to 
be applied. To this end, our work aims at establishing dynamic user profiles that reflect and more specifically quantify the 
visual discomfort of occupants based on the analysis of evidence captured exclusively from the observation of users' control 
actions under specific lighting level conditions.  

The proposed framework is based on an innovative IT ecosystem connecting the physical building environment to an 
integrated profiling engine that offers non-intrusive and personalized services. Figure 1 presents the conceptual 
architecture, highlighting the different modules that consist of the proposed DSM framework. 

 

Smart Home Environment

Sub metering 
Smart plugs, Smart clamps & 

switches

Local Demand
HVAC, Lighting  & other 

appliances

Multi-Sensorial Cloud
 Light, 

Humidity, Temperature

Sensing & Control Layer

Interfaces with External Entities

Occupancy Profiling Service DER Modeling ServiceDemand Flexibility Service

Auto DSM Business Logic A-posteriori DSM Compensation

DSM Aggregator

 

Figure 1  DSM framework Conceptual Architecture 
The sensing layer, continuously and collectively processes various asynchronous events captured in live streams of 

information analysed by an intelligent infusion engine towards generating dynamic flexibility profiles. The profiles are:  
• “context-aware” in the sense that they relate device data and contextual conditions towards the extraction of 

device and comfort profiles 
• “dynamic” in the sense that they continuously adapt to information collected from the building sensors capturing 

seasonal patterns and churns  
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The DER modelling engine handle the libraries required for the management of the different DER types (DER 
models). More specifically, the module subscribes to receive real time contextual & environmental conditions and based on 
the dynamically updated DER models provides a semantic representation of the building environment. Special focus is 
delivered on the training process incorporated in this DER modelling framework, as the main objective is to provide 
dynamically adapted DER models that successfully simulate the actual operation of the physical devices. A non-parametric 
fitting process is considered for adapting actual operational conditions to the DER model parameters. The modelling 
process is linear for lighting devices, though this is not the case for the HVAC devices, where we have to incorporate 
complex thermal modelling parameters in the analytics process, as depicted in Figure 2. 

 

          

Figure 2  Lighting and HVAC DER modelling framework 
Occupant behavioural profiles, constitute the point of reference of the proposed framework, defining and quantifying 

in real-time the “boundaries” and “cost” of demand flexibility. Three types of events are analysed by the framework, and 
more specifically: a) occupancy events: sensor information signifying the presence of occupants b) environmental 
conditions events: w.r.t variations in the room lighting level, temperature and humidity levels and finally c) control action 
events: triggered by the occupants when acting on the operational status of lighting and HVAC. The ambient profiling 
engine appropriately analyses both actions and lack of (re)-actions of occupants under specific environmental conditions, in 
a completely implicit and transparent way. Its backbone consists in a powerful Bayesian Engine (Figure 3) that appropriately 
correlates all building event data towards generating personalized comfort and discomfort indicators eventually comprising 
the occupants’ dynamic profiles. 

 

Figure 3  Occupancy Behavioural Profile Engine  
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Real time DER modelling and occupant behavioural profiles are further incorporated towards the extraction of 
Demand Flexibility profiles. The main objective of this component is to estimate the amount of demand flexibility that each 
specific device may offer at a specific time period, fully preserving end users preferences and needs. By aggregating the 
amount of demand flexibility from the different sources, this can be further exploited at a DSM strategy. This is actually the 
role of the Auto DSM business layer, towards transforming high level DSM strategies triggered from external entities (e.g. 
Aggregators) to low level/device level control commands for exploiting the amount of available demand flexibility. On the 
other hand and following the implementation of control strategies, the a-posteriori evaluation of actul demand flexibility 
offered is calculated, to further enable the compensation of prosumers for participating in DR programmes.  

We have developed an "event-driven” service oriented framework (SOA 2.0) for adaptive and personalized building 
control (lighting and HVAC), evolving around an innovative consumer profiling mechanism. The framework analyzes real-
time events and ambient information while it utilizes user/occupant profiles to deliver personalized, human centric demand 
side management services, in the scope of different business scenarios (from portfolio analysis and consumer classification, 
to building automation and automated DR). Therefore, the proposed engine allows for the semi-automatic development 
and execution of adaptive and personalized building control strategies taking into account dynamic user profiles as well as 
building models generated dynamically based on building sensor data.   

SCENARIO DEMONSTRATION AND FINAL RESULTS PRESENTATION 

Live data streams were collected, pre-processed, normalized and analysed for a period of 2 months (Spring & Summer 
2016 ) from various types of devices in pilot premises (commercial offices & residential premises in Greece) involving 
different types of spaces (single occupant offices, multiple occupants spaces, etc). The HVAC unit in commercial premises 
is a Non-inverter duct type with an external unit, for cooling and heating. Ducted Air Conditioning units are not providing 
a common and standardized interface and thus the integration of HVAC units goes through brand specific protocols. 
Therefore, we have selected hardware modules which translates the proprietary protocol to an IP based web services 
framework. This hardware module exposes a REST API through which we ensure the integration of HVAC unit to the 
central gateway of the building. In addition, mono-split units (non-inverter & inverter type) in different residential premises 
were integrated, setting that way a mixed lab environment. The IR controllable A/C units were integrated via a custom 
made IR-blaster, receiving messages from the core engine and translating them to the IR code sets of the A/C units.  

Along with HVAC units’ integration, we are examining the impact of lighting devices. There are different types of 
lighting technologies but we are examining the case of fluorescent lights which is the dominant type with a significant 
demand flexibility potential. In pilot premises, fluorescent lights have been installed. Therefore, we have replaced the non 
dimmable ballasts with dimmable ballasts (0-10V) to enable controllability over the lighting loads. In addition, we replaced 
the existing 2-phase actuators with wireless dimmers that directly interface with the dimmable ballasts. Towards this 
direction, the control actions from the end users are reported in the central engine, setting that way the input parameters for 
the extraction of personalized preferences through visual comfort profiles.  

Finally, sub-metering components for energy consumption measurement were also considered as we need to 
incorporate energy measurements to the DER models and further provide accurate DR compensation to prosumers. Smart 
clamps were installed in the mains board to capture HVAC energy consumption data, wirelessly communicating with the 
gateway in premises, reporting data in a high level granularity (every 6 seconds).  Furthermore, smart plugs were also 
installed for monitoring the energy consumption of the pluggable (A/C) appliances also reporting the status of each device. 
In addition and for lighting devices, smart switches with metering capabilities were also installed.  The next figure presents 
the floorplan in commercial premises selected for the evaluation of the proposed framework along with the list of 
heterogeneous hardware devices considered for managing of the different device types. We have to point out that different 
wireless communication protocols were selected for the establishment of the lab environment, further incorporating the 
associated communication drivers in the central gateway of the building. 
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Figure 4 Commercial Premises floorplan and hardware equipment  
A sample of cleaned and normalized daily lighting level and temperature conditions associated with energy metering 

data from commercial premises is depicted in Figure 5.  The red line defines the values of the environmental conditions 
(temperature and illuminance respectively) while the blue line defines the power consumption of the associated device 
(expressed in terms of dimming for lighting devices). Further analytics process is performed over tuples of historical data 
towards the extraction of the DER profiles.      

       

Figure 5   HVAC and Lighting Time series Data  
In addition, an analytics process over contextual data (environmental conditions and device set points) is taking place 

towards the extraction of comfort profiles. Appropriate clustering techniques were applied to robustly identify the 
boundaries (temperature and lighting level levels respectively) of user control actions (both preferred and unfavourable 
states). The utility function is estimated through the Bayesian model defined above and is represented by the following type: 

 

	
 
As the probability of user discomfort as a function of environmental conditions. We have to point out that a 

normalization process was initially performed at the datasets retrieved from the different sensor point to meet constrains of 
the Bayesian nets. The seasonal character of the generated profiles was only partially examined due to the limited data 
collected so far. 
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Figure 6   Weighted thermal and visual discomfort indicator 
Two core indicators are dynamically inferred by the profiling engine: a) a weighted thermal discomfort indicator and 

b) a weighted visual discomfort indicator (Figure 6), reflecting the amount of occupant discomfort under certain 
environmental levels. This particular attribute proves to be a decisive factor when evaluating and eventually deploying 
alternative DR strategies, which consist of the optimal coordination of multiple local control actions. This way, appropriate 
combinations of demand management strategies can be designed, executed and continuously re-adjusted based on the 
cumulative discomfort caused at each point in time.  This is the next step of the process, through the incorporation of 
comfort profiles to DER models for the extraction of demand flexibility profiles. The proposed models are applied both 
retrospectively, to estimate cumulative the amount of potential demand flexibility at each point in time (Figure 7- in green), 
as well as to perform short/mid-term forecasting of expected demand flexibility for planned/intended future control 
actions.     

      

Figure 7   HVAC and Lighting Demand Flexibility Potential  
 
Subsequently, appropriate objective functions and domain specific constrains have been defined, for the deployment 

of specific control strategies in various premises, optimally balancing energy savings, business goals and resulting cost in 
terms of occupants discomfort. The efficiency and effectiveness of the proposed profile models were evaluated under 
different DR scenarios. In all cases, we utilized the proposed profiling models for the development of appropriate 
integrated control strategies for HVAC and lighting. Table 1, presents the results from the evaluation of different DSM 
alternatives. 

 
Table 1.   Alternative DSM Scenarios Evaluation 
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ID DSM 
Strategy 

HVAC 
(Wh) 

Lighting 
(Wh) 

DSM Success 
(%) 

Discomfort 
Level 

1 Low {70 Wh in 15 minutes} - 70 100.00% 19.58% 
2 High (150 Wh in 15 minutes} - 113.66 75.77% 20.58% 
3 Long (250 Wh in 30 minutes} - 207.77 83.11% 22.43% 
4 Low 70 - 100.00% 18.75% 
5 High 83.21 - 55.33% 22.00% 
6 Long 213.15 - 85.20% 20.64% 
7 Low 44.65 25.35 100.00% 15.85% 
8 High 85.53 64.47 100.00% 19.43% 
9 Long 147.48 102.52 100.00% 17.82% 
 
When dealing with HVAC we deal with the complex aspects of the thermal mass of the building and its enormous 

inertia, which constitutes both an advantage and at the same time a critical factor to consider when managing HVAC; there 
is a high latency between HVAC control commands, energy demand and actual environmental conditions. Instead, lighting 
is rather linear and can rapidly and accurately follow any control commands. As in the case of HVAC, the lack of inertia in 
lighting loads can be both an advantage for highly responsive control without even the need to compensate, while at the 
same time a challenge since any control action has an immediate effect on the building environment. Thus, it is the 
complementary nature of these two loads that render them such an attractive as well as challenging combination for future 
DR strategies implementation. 

CONCLUSIONS 

In this paper, we presented an innovative framework for integrated and personalized control of lighting and HVAC, 
based on an "event-driven” service oriented architecture (SOA 2.0). The framework evolves around a dynamic, transparent 
and entirely implicit occupant profiling mechanism adapting to real-time events and ambient information, requiring no 
direct feedback from the occupants. The innovative profiling framework is further incorporated to a dynamically adaptive 
DER modelling framework towards the estimation of the amount of demand flexibility of each specific DER and in total. 
The accurate estimation of demand flexibility potential will further enable prosumers successful participation in DSM 
programmes through flexible control strategies reaching that way high levels of savings and comfort. The thorough 
evaluation of the dynamic seasonal aspects of the proposed occupant profile models is still in progress.  The framework has 
been trained and evaluated within different premises (commercial & residential) Finally, our future research topics include 
the extension of scope of demand profile models, towards addressing all major commercial and residential loads (other than 
lighting or HVAC), along with appropriate integrated building control strategies. 
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NOMENCLATURE 

DSM =  Demand Side Management 
DR  = Demand Response  
HVAC = Heating, Ventilation & Air Conditioning  
DER =  Distributed Energy Resources 
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IR  = Infrared 
SOA =  Service Oriented Architecture 
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Parametric analysis of a solar cooling 
system designed for Athens climate 
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ABSTRACT 
In this work, a solar cooling system of a commercial building in Athens is investigated in dynamic basis. The 100kW solar cooling unit is 

air-cooled single staged water - Lithium Bromide absorption chiller. An algorithm is developed in Matlab that calculates the processes of the 
thermodynamic cycle and a parametric analysis of its elements is conducted. Furthermore, the heat exchange between external heat sources is 
examined by modelling the heat exchangers inside the elements of the generator and the evaporator, by developing appropriate algorithms. The final 
model provides two modes of operations. The first one alters the flow of hot water into the generator and keeps the generation temperature stable in 
order the generator to meet the required power. The second one alters the generation temperature and keeps the flow of hot water steady. The 
absorption chiller model is combined with solar system and the total system is simulated in TRNSYS. The absorption chiller is fed with hot water 
from a thermal storage tank which is heated by evacuated tube solar collectors. An auxiliary heater has been placed between the tank and the hot 
water inlet of the absorption chiller. The ventilation system mixes fresh air with recycled air from the thermal zone. The air mix is then cooled by a 
cooling coil which is supplied with chilled water from the absorption chiller. The fresh air is preconditioned in an air to air heat recovery device 
before mixing with the recycled air stream. The optimization of the solar coverage degree set the optimum volume of the thermal storage tank at 50 
m3 and the optimum total area of the evacuated tube solar collectors at 300 m2. The final results proved that the solar coverage is about 90% for 
the examined period (May to September) and the average COP is close to 0.87, while the mean solar filed thermal efficiency is 33%. Moreover, 
the total consumption of auxiliary energy is equal to32.45 GJ. 

1. INTRODUCTION  

The rapidly increasing demand of energy consumption during the last years has led to the gradual depletion of the 
conventional energy sources such as oil and coal. Therefore, the prices of these conventional fuels have been greatly 
increased and continue to increase. Also the environmental impact from the exploitation of these energy sources is a major 
concern worldwide as the environmental pollution has reached a new high. In response to this major problem comes the 
exploitation of the renewable energy resources like solar energy, geothermal energy, wind energy, biomass etc. which have 
approximately zero negative environmental impact. Solar cooling and heating systems harness the endless power of solar 
radiation in order to minimize the demand of electricity and conventional fuels (Anand, et al., 2013). Especially in industry 
and commercial applications, where the energy demands for cooling and heating are high, the energy savings by 
implementing the various solar cooling methods available are of the most importance. Nowadays solar cooling is used in 
50% of the commercial applications worldwide (Herold, 1995). 

Balaras et al. (Balaras, et al., 2007) examined many different solar cooling systems over Europe and the Mediterranean 
concluding that the accomplished energy savings through solar cooling were about 50%. Regarding the absorption cooling 
technology especially, Ghafoor and Munir (Ghafoor & Munir, 2015) determined via a worldwide research that the 
coefficient of performance for single-stage absorption machines ranges usually between 0.6 and 0.8 and the hot inlet 
temperature of the generator ranges usually between 70 OC and 100 OC. Hawlader et al. (Hawlader, et al., 1993) conducted 
experimental studies on a lithium bromide absorption cooling system powered by an 11 x 11 m collector-regenerator unit 
and their results showed that the regeneration efficiency varying between 38% and 67%, and the corresponding cooling 
capacities range from 31kW to 72 kW (8.8 to 20 tons). Hammad and Zurigat (Hammad & Zurigat, 1998) tested the 
performance of a 1.5 RT absorption unit driven by hot water from an array of 14 m2 flat plate solar collectors in Jordan. 
The maximum COP obtained was 0.75. Bellos et. al (Bellos, et al., 2016) simulated the performance of a single stage lithium 
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bromide absorption solar cooling system in Athens with 100kW cooling capacity. Flat plate collectors, evacuated tube 
collectors, compound parabolic and parabolic trough collectors were tested and the optimum settings were determined 
through energetic, exergetic and economic analysis. In these study cases the optimum aperture area of solar collectors 
ranged between 200 m2 and 330 m2 and the optimum thermal storage tank volume ranged between 7 m3 and 11 m3. The 
COP lied between 0.74 and 0.8 and the solar coverage fraction between 0.30 and 0.56. According to the results, evacuated 
tube collectors is the most suitable solution. Zinian and Ning (Zinian & Ning, 1999) studied a solar cooling lithium bromide 
absorption system using 540 m2 of evacuated tube solar collectors. The results showed thermal efficiencies of 40% for 
space cooling, 35% for space heating, and 50% for domestic water heating. 

In this work a solar cooling system of a commercial building is developed and the behavior of its components are 
studies through dynamic simulation. The solar cooling unit is a single-stage water - Lithium Bromide absorption chiller. The 
absorption cooling process is thermodynamically analyzed and the way of the cooler’s operation is defined. An algorithm in 
Matlab that calculates the processes of this thermodynamic cycle is developed and a parametric analysis of its elements is 
conducted. In particular, the effects of the generation temperature, the condensing temperature, the evaporative 
temperature, the absorption temperature and the solution’s heat exchanger’s effectiveness on the chiller’s Coefficient Of 
Performance (COP) are examined.  

Furthermore, the chiller’s interaction with the external high temperature heat source and the low temperature heat 
source of the cooling load was examined. The exchange of heat between these external heat sources was achieved by 
modelling heat exchangers inside the elements of the generator and the evaporator by developing appropriate algorithms in 
Matlab and inserting them in the COP calculating model. The final model allows the communication with the external heat 
sources and also provides the ability of changing these heat exchangers’ properties. Moreover, the final model provides two 
modes of operations. The first one alters the flow of hot water into the generator and keeps the generation temperature 
stable in order for the generator to meet the required power that derives from the multiplication of the cooling load with 
the COP. The second one alters the generation temperature and keeps the flow of hot water steady.  

The model of absorption chiller is combined with the solar cooling system that was designed in TRNSYS for dynamic 
simulation. The absorption chiller is supplied with hot water from a thermal storage tank which is heated by evacuated tube 
solar collectors. An auxiliary heater has been placed between the tank and the hot water inlet of the absorption chiller, and 
provides the required auxiliary heat for the hot water’s temperature to be raised to the desired value in case the hot water of 
the tank is not hot enough. The created model for TRNSYS includes both modes and can be used in any desirable scenario 
as it allows the alteration of its parameters and the selection of the mode of operation via the TRNYS interface. 

The commercial building is a theoretical two-floor exhibition space with 600 m2 of area per floor and a total volume of 
3600 m3 that is open daily from 08:00 to 22:00 and hosts 300 people. The ventilation system mixes fresh air with recycled 
air from the thermal zone.  The air mix is then cooled by a cooling coil which is supplied with chilled water from the 
absorption chiller. The fresh air is preconditioned in an air to air heat recovery device before mixing with the recycled air 
stream. The preconditioning is being achieved by exchanging heat and moisture with the exhaust air stream. The demanded 
auxiliary heating rate provided by the auxiliary heater is the main parameter that will be minimized in our study. Also, 
through parametric study of the system, the minimum inlet temperature of the hot water supply to the absorption chiller 
and the maximum permissible temperature, which is ensured by the auxiliary heat source and the transcendence of the 
maximum is prevented by bypassing the solar collectors’ water away from the tank, were determined. In this way the water 
in the tank can no longer be heated above the maximum temperature. The required flow rate of the recycled air resulted 
from the parametric study as well as the minimum air flowrate that can handle the required cooling load. The optimization 
of the solar coverage degree was accomplished via system simulations for summer period, May to September. Through 
these simulations, the optimum volume of the thermal storage tank was established, in order to minimize the required 
auxiliary heating rate. 

2.  EXAMINED SYSTEM AND METHOLOGY 

Single-stage Lithium Bromide – Water absorption chiller 

The schematic diagram of the developed absorption chiller model is shown in Figure 1. 
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Figure 1: Schematic diagram of the single-stage absorption chiller 

Absorption chiller’s COP algorithm 
The first step for the development of our model is to determine the proper functions that calculate the properties of 

the Lithium Bromide – water solution and will be used in an algorithm for both the weak (points 1, 12, 2 in Figure 1) and 
the strong (points 4, 45, 5 in Figure 1) solutions. The functions that calculate the solution’s concentration, for given 
saturation pressure and temperature, and enthalpy, for given concentration and temperature, were developed by Meshram 
(Meshram, 2013) and were modified in order to be called iteratively during the simulation. A function that calculates the 
solution’s temperature for given saturation pressure and concentration was also developed accordingly to the LiBr – �2� 
properties ASHRAE charts (ASHRAE, 2013). The properties of the refrigerant fluid (points 3, 6, 7, 8 in Figure 1), which in 
the case of LiBr-H2O absorption chillers is water, are calculated by appropriate equations developed by Holmgren in the 
Xsteam software (Holmgren, 2006).  

The basic algorithm, shown in Figure 2 calculates the COP of the absorption chiller using as inputs the generation 
temperature (Tg), the condensation temperature (Tc), the absorption temperature (Tabs), the evaporation temperature 
(Tev) and the solution’s heat exchanger effectiveness (�HEx). The energy and mass balance equations of Absorption System 
components and the solution heat exchanger effectiveness, as described in literature (Bellos, et al., 2016), (Kalogirou, 2009), 
were used to create the subsequent steps of the algorithm. The COP is given by equation (1) below: 
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Below, the assumptions of this study are given (Bellos, et al., 2016), (Kalogirou, 2009), (Anand, et al., 2013): 

• The refrigerant fluid is pure water. 

• Pressure drops in the piping are neglected and the pressure of the system changes only at the pump and the 
pressure-reducing valves. 

• At points 1 and 4 (Figure 1) the LiBr – H2O solution is saturated and at point 6 (Figure 1) the condensed 
water is at saturated liquid state. 

• The refrigerant water coming to the absorber after the evaporator at point 8 (Figure 1) is fully saturated 
vapor. 

• The pressure-reducing valves are isenthalpic and the pump is isentropic since the thermodynamic work 
required to pump a liquid is very small due to negligible change in specific volume of liquid. 

• The solution Heat Exchanger’s effectiveness is set to 0.7 and the evaporator temperature at 10 OC. 
 
 
 
1. Low system pressure Plow [bar]  = Water saturation pressure at temperature Tev [OC] 
2. High system pressure Phigh [bar] = Water saturation pressure at temperature Tc [OC] 
3. T1 [OC] = Tabs [OC] 
4. T6 [OC] = Tc [OC] 
5. T7 [OC] = Water saturation temperature Plow [bar] 

6. T8 [OC] = Tev [OC] 

7. Weak solution’s concentration Xw [%] = LiBr – H2O concentration at temperature Tabs [OC] and 
saturation temperature Plow [kPa = 100*bar] 

8. Strong solution’s concentration Xs [%] = LiBr – H2O concentration at temperature Tg [OC] and saturation 
temperature Phigh [kPa = 100*bar] 

9. h1 [kJ/kg] = LiBr – H2O enthalpy at temperature Tabs [OC]  and concentration Xw [%] 
10. h12 [kJ/kg] = h1 [kJ/kg] 
11. h4 [kJ/kg] =  LiBr – H2O enthalpy at temperature Tg [OC]  and concentration Xs [%] 
12. T3 [OC]  = LiBr – H2O temperature at saturation pressure Phigh [kPa = 100*bar]  and concentration Xw 

[%] 
13. h3 [kJ/kg] = Water enthalpy at pressure Phigh [bar] and temperature T3 [OC]   
14. h6 [kJ/kg] = Saturated liquid water enthalpy at temperature T6 [OC]   
15. h7 [kJ/kg]  = h6 [kJ/kg] 
16. h8 [kJ/kg] = Saturated water vapor at pressure Plow [bar] 

17. w
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Figure 2: Absorption Chiller's COP basic algorithm 

Tg //  Tc // Tabs // Tev // ηHEx 
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External heat sources 
The generator is powered by hot water which heats the LiBr-H2O solution and the steam is separated. This step is the 

start of the refrigeration cycle (point 3 in Figure 1). Likewise, the evaporator is supplied with chilled water from which heat 
is removed to vaporize the condensed water (point 7 in Figure 1). Therefore, these elements behave like shell and tube heat 
exchangers with two liquid streams exchanging heat. While the external heat source stream’s temperature reduces in the 
chiller element, the temperature of the element remains stable as shown in Figure 3. In order to model this function, two 
different heat exchanger calculation methods, LMTD and NTU (Kakatsios, 2006) were combined in equations (2) - (5). 

Equation (5) is used to determine the outlet temperature of the source stream for preset element temperature. This 
temperature change depends on the factor NTU which describes the design characteristics of the heat exchangers. However 
a transformation of NTU to constant effectiveness � was made for simplicity reasons. Users of the model are able to 
change this parameter for both the generator and evaporator in equations (6) and (7). 

In this study, reference conditions were assumed in order to determine the values of �g for the generator and �ev for 
the evaporator that were used. For the generator, the reference conditions are Thino = 100 OC, Thouto = Thino-10 OC, Tgo 
= Thino-10 OC = 90 OC and for the evaporator Tcino=18 OC, Tcouto=Tcino-5, Tev = 10 OC. The results are NTUev = 
0.9808, NTUg = 1.2040 and �ev = 0.7, �g = 0.625. These values of absorption chiller’s elements internal heat exchangers 
are acceptable according to the literature (Kakatsios, 2006). 

 

Figure 3: Streams temperature change in absorption chiller 
elements heat exchangers 

The heat exchange between the two streams 
is given below: 

lmQ U A= ⋅ ⋅ΔΤ  (2) 
Also: 
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and 
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By substituting equations (3) and (4) in equation (2), equation 5 is created as: 
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For the calculation of absorption chiller’s elements’ heating rates, flowrates of the weak and strong solutions and 
flowrate of the refrigerant water, equations (11) to (16) were used ( (Bellos, et al., 2016), (Kalogirou, 2009)) with the user-
defined nominal cooling capacity of the absorption chiller Qevo to be an input of the algorithm.  

In equation (5), the outlet chilled water temperature is not depended on the flowrate of chilled water stream. If the 
cooling demand is lower than the nominal cooling capacity, the temperature difference Tcin-Tcout would decrease and the 
flowrate of the chilled water stream would increase greatly in order for equation (8) to meet the nominal cooling load. As 
this cannot happen in reality, a condition that the maximum flowrate of chilled water will not exceed a maximum value 
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given by equation (9) was added. The real cooling rate of the chiller is redefined by equation (10). 

 (8) 
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5 8 1abs I r aQ m h m h m h= ⋅ + ⋅ − ⋅
 

(14) 
 

(15) 
 

(16)	

The flowrate of hot heat source stream (ms) that powers the generator is the variable in our model that defines the 
mode of operation. If it is not defined by the user, the flowrate will be calculated by equation (3) through the generator’s 
heating load (equation (14)) and the inlet and outlet temperatures by equation (5). This is the variable heat source flowrate 
model as it alters the flowrate in order for the heat exchange between the hot water stream and the generator to meet the 
heating load demanded by the generator. The generation temperature in this mode is stable at 10 OC below Thin. On the 
contrary if the hot stream flowrate is defined by the user then the model alters the generation temperature for the same 
purpose. This is accomplished by the convergence of the COP given by equation (1) with the one given by equation (17) 
through testing different values of Tg and finally determining the one that makes these COP equal. 

	
 
 
 
 
 

START
Thin // Tcin // Tamb // Tev // Qevo // 
Cp // hen // ηHEx // ηg // ηev // ms

NTU calculation 
(equation 6)

ms>0
Variable generation 
temperature mode

Tg calculation 
(convergence of equations 

1 and 17)

Variable heat source 
flowrate mode

Tg = Tsin –!10 °C 

NTU calculation (equation 6)
Thout (equation 5)
Tcout (equation 5)

COP calculation with basic algorithm (figure 4)
mw (equations 8 and 9)
Qev,real (equation 10) 

Qg (equation 14) 
Qc (equation 15)

Qabs (equation 16)
ms (equation 3 if Variable heat source flowrate mode selected)

YES NO

COP // Qev.real // 
Thout // Tcout // 

Qg // Qc // 
Qabs // ms // 

mw  // Tg

END

 
Figure 4: Algorithm of the single stage lithium bromide absorption chiller’s final model 
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The final algorithm of the single stage lithium bromide absorption chiller is shown in Figure 4. As the chiller is air-
cooled, the assumption that the condensation temperature is equal to the ambient temperature plus 7 OC is made (Bellos, et 
al., 2016). Also as described in Figure 8 the absorption temperature is set equal to the condensation temperature. Another 
assumption in this study is that the condensation and absorption temperature cannot be below 30 OC, which can be easily 
achieved in reality by reducing or stopping the cooling stream when is needed, in order to define a smaller condensation 
temperature range and a more stable model. 

Solar cooling system 

The schematic diagram of the solar cooling system is shown in Figure 5.  The minimum possible condensation 
temperature is 30 OC as described previously and the usual maximum ambient temperature in Athens is 38 OC 
(Antonopoulos, 2011), therefore Tcmax = Tabsmax = 45 OC. The conclusion from Figure 7 is that the allowed range of 
generation temperature is 85OC < Tg < 98OC for the chiller to work without any problems for this condensation 
temperature range. Therefore, the desired hot inlet temperature to the chiller was set to 100 OC at the auxiliary heater as the 
temperature difference between these temperatures will be approximately 10 OC for the selected generator’s internal heat 
exchanger reference conditions. Moreover, in order to prevent the overheating of the thermal storage tank’s water, the tank 
thermostat is set at 105 OC. This thermostat bypasses the solar collectors’ hot water away from the tank via the tank bypass 
valve.  

 

Figure 5: Solar cooling system of a commercial building 

Evacuated tube solar collectors were selected based due to their indicative temperature range 50 OC – 200 OC 
(Kalogirou, 2004). The characteristics of the solar system (Kalogirou, 2004), (Antonopoulos, 2011) are shown in Table 1. 
The radiation thermostat starts the solar water pump at the time of the day that incidence radiation (Gt) to the solar 
collectors exceeds 300 W/m2 for which value the solar efficiency cannot take negative values for any temperature difference 
Tin-Tamb as shown in Figure 6 which correspond to the characteristics specified. The ETC, absorption chiller and air heat 
exchanger where connected to TRNSYS weather data types (TRNSYS 16, 2005) which provide solar radiations and 
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ambient temperature and moisture for Athens climate. 
The ventilation system connects with a cooling coil which is provided with chilled water by the absorption chiller. The 

fresh air flowrate demanded for commercial buildings is 25 m3/hr/person (ASHRAE, 2013), leading a total of 9030 kg/hr 
(300 people). The fresh air is preconditioned in the air heat exchanger by the exhaust air stream of equal flowrate. The air 
heat exchanger thermostat enables the exchange of heat and moisture between the two air streams when the ambient 
temperature is higher than the indoor air temperature because, otherwise, the fresh air temperature would increase and as a 
consequence the cooling loads. 

The recycle air flowrate is demanded in order to handle the cooling loads for the minimum indoor comfort 
temperature of 24 OC (ASHRAE, 2013), was determined to be 11000 kg/hr after testing simulations for the summer period. 
The Zone Thermostat is set to 26 OC for the period May to September. The cooling control switch turns on the absorption 
chiller and the recycle air pump when cooling is needed and enables the operation of the auxiliary heater if needed during 
the hours of operation of the commercial building (8:00 – 22:00). The exhaust air pump operates continuously during the 
opening hours. 

3. RESULTS 

The results of the absorption chiller’s parametric study are shown in Figure 7 and Figure 8. In Figure 7 the curves 
correspond to different condensation temperatures. As generation temperature increases the COP increases as well. On the 
contrary, COP increases as condensation temperature decreases. Also, for each condensation temperature there is an upper 
and lower limit for the generation temperature. Outside this range the chiller will not work because of the restrictions in 
LiBr–H2O solution properties (ASHRAE, 2013). Regarding the temperature difference between the absorber and the 
condenser as the condensation temperature increases the increase in temperature difference affects more the COP. The 
cooling stream, as shown in Figure 1 and described in literature (Eicker, 2001) (Kalogirou, 2009), cools in sequence the 
absorber first and the condenser second. However, it is common to consider these temperatures equal ( (Bellos, et al., 2016) 
(ASHRAE, 2013) (Kalogirou, 2009) (Eicker, 2001)) which is confirmed by Figure 8, as for condensation temperatures up to 
40 OC the effect on the COP is negligible for temperature difference below 5 OC. 

The comparison of absorption chiller’s two operation modes was made through simulations for a constant cooling 
rate of 100 kW during June and July. The constant heat source flowrate for the variable generation temperature mode was 
set to 5 kg/s. The differences between the two modes are negligible as expected due to the identical system conditions. 

 

Figure 6: Theoretical ETC efficiency as a function of inlet water 
temperature for different totals incidence radiations 

Table 1: Solar collectors system 
characteristics 

Parameter Value 
�: optimum collectors slope 

for summer period 25O 

ao: intercept efficiency 0.82 
a1: negative of the first-order 

coefficient of the 
efficiency [ W/m2 K] 

0.014  

a2: negative of the second-
order coefficient of the 
efficiency [ W/m2 K2] 

0.005  

mtest: flow rate per unit area at 
test conditions [ kg/s m2] 0.014 
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However the variable generation temperature mode demands much more computational resources due to the convergence 
process for the determination of the generation temperature as described. Therefore, the variable heat source flowrate 
mode was used in the final simulation. 

 

Figure 7: Absorption chiller's COP as a function of generation 
temperature (Tg) and condensation temperature (Tc). 

The absorption temperature is Tabs = Tc 

 

Figure 8: Absorption chiller's COP as a function of condensation 
temperature (Tc) and the difference between the absorption 

and the condensation temperature (Tabs – Tc). The 
generation temperature is Tg = 95 OC 

 

The volume of the thermal storage tank (V) and the total solar collectors’ aperture area (Ac) were determined through 
simulations tests for the whole summer period May to September. The optimization parameter for this analysis is the solar 
coverage fraction described in equation (18), where Qload is the amount of heat provided from the thermal storage tank to 
the absorption chiller.  

load load
solar

total load aux

Q Q
f

Q Q Q
= =

+
∑ ∑
∑ ∑ ∑

 (18) 

The results of this analysis are shown in Figure 9, where the optimum aperture area is 300 m2 and the optimum thermal 
storage tank volume is 300/6 = 50 m3. Moreover, as the collectors’ aperture area decreases, the optimum thermal storage 
tank volume to solar collectors' aperture area and the solar collectors' aperture area ratio increases, following an 
approximately linear form. Specifically, the optimum ratios are 6 for 300m2, 8 for 250m2, 10 for 200m2 and 14 for 150 m2. 

In Figure 10 for each aperture area as the volume of the tank decreases, collectors’ efficiency decreases as well. This 
was expected because the mass of the tank’s water is smaller and its temperature increases faster and at higher values, 
leading the inlet water temperature to the collectors to be increased as well and the collectors’ efficiency decreasing as 
shown is Figure 6. Moreover, collectors’ efficiency decrease as the aperture area increases because the useful heat gain 

Table 2: Absorption chiller's modes comparison for 100 kW constant cooling rate June-July 

Operation mode Qauxiliary  
[GJ] 

�collectors 

[%] 
fsollar 

[%] 
COP 
[%] 

Qevaporator 
[GJ] 

Variable heat source 
flowrate mode 

442 40.3 27.7 85.9 536 

Variable generation 
temperature mode 

443 39.7 27.3 86.3 536 
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increases leading also to higher solar water temperature. The simulation efficiency rates achieved during the simulation 
period are shown in Figure 11 where the red points stand for the time that the solar collectors’ water heated the thermal 
storage tank and the purple when it bypassed the tank in order to keep its maximum temperature at 105 OC. As it was 
expected during the bypass the water temperature increases greatly, reducing, therefore, the efficiency of the solar 
collectors. However the useful load transferred to the tank (Q solar useful) compared to the total load transferred to 
collectors’ water (Q solar) during the simulation is negligibly higher as shown in Figure 14. The total energy wasted in the 
summer period by this technique is 0.924 GJ according to Table 3, which corresponds only to 0.0025% of the total solar 
energy harnessed. Moreover, the proper function of the radiation thermostat is validated because there are no operation 
values for incidence radiation below 300 W/m2. 

 

Figure 9: Solar coverage fraction as a function of thermal storage tank 
volume to solar collectors' aperture area ratio and the 

solar collectors' aperture area (May – September) 

 

Figure 10: Solar collectors’ efficiency as a function of thermal storage 
tank volume to solar collectors' aperture area ratio and the 

solar collectors' aperture area (May – September) 

 

Figure 11: Simulation collectors’ efficiency versus theoretical 
curves. 

 

Figure 12: Daily COP and mean ambient temperature 

Absorption chiller’s COP follows an opposite profile of ambient temperature profile as shown in Figure 12 which is 
justified by Figure 7, in which as the condensation temperature increases, COP reduces. The mean COP during the 
simulation period is 0.866 as shown in Table 3. The flowrate of absorption chiller’s hot source water varies approximately 
between 2 and 3 kg/s as shown in Figure 13.  The real maximum cooling rate required is 80 kW and the minimum is 55 
kW. Generator’s heating rate ranges between 60 kW and 95 kW and the auxiliary heating rate required is 112 kW at its peak 
value. Moreover, Figure 13 shows that the bypass valve is used when the required cooling rate is at its low points, which is 
expected because, as consequence, the required generator load decreases leading also to reduced energy rate to tank’s load. 
Therefore, the temperature in the tank increases and transcends the maximum of 105 OC.  
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Figure 13: Heat transfer rates and flowrates of the absorption chiller 
 

 

Figure 14: Daily cooling, auxiliary solar and useful solar  loads 

 

Figure 15: Daily solar coverage, solar collectors' efficiency and total 
incidence radiation (HT) 

The daily cooling load during the summer follows the profile of ambient temperature as shown in Figure 14, since the 
internal loads of the building are considered to be stable every day. The daily auxiliary heating load peaks when the solar 
heating load decreases during days that the total incidence radiation (HT) decreases as well. The same behavior is presented, 
as expected, by the daily solar collector’s efficiency rate and the solar coverage ratio (Figure 14 and Figure 15). The average 
solar collector’s efficiency for the summer period is 32.99% and the average solar coverage ratio is 89.85%, as shown in 

Table 3: Monthly loads and efficiency rates of the solar cooling system 

Month HT 
[GJ/m2] 

Qsol  
[GJ] 

Qsol 
useful 
[GJ] 

Qload 
[GJ] 

QAux 
[GJ] 

Qev 
[GJ] 

�coll 
[%] 

COP fsolar 

[%] 

May 0.653 58.169 57.887 43.168 7.754 44.920 29.69 0.882 84.77 
June 0.696 65.706 65.574 54.993 7.484 54.273 31.48 0.868 88.02 
July 0.754 78.853 78.793 67.217 4.486 61.315 34.86 0.854 93.74 

August 0.755 80.648 80.400 69.276 2.477 61.664 35.63 0.859 96.55 
September 0.646 63.273 63.070 52.664 10.254 55.073 32.67 0.875 83.70 

Totals 3.503 346.648 345.724 287.319 32.454 277.244 32.99 0.866 89.85 
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Table 3. The maximum values of both sizes are observed in August. 

4. CONCLUSION 

Through this parametric study we managed to optimize the solar coverage ratio up to 89.85%, which leads to 
extremely important energy savings for an average sized commercial building. An absorption chiller of 80 kW cooling 
capacity should be selected. The most important parameters of this solar cooling system, which should always be 
considered, are the maximum hot source temperature as it can lead to malfunction of the chiller, the total solar collectors’ 
aperture area and the thermal storage tank volume for which two the solar coverage should be optimized and the required 
recycle air flowrate to cover building’s cooling loads. Between the two developed operation modes of the absorption chiller, 
the variable generation temperature mode corresponds more to real absorption chillers, as the external streams flowrates are 
constant and specified by the manufacturers. The variable flowrate mode can be utilized with a variable flowrate pump 
which is more expensive and therefore is avoided. Absorption chiller’s cooling air stream was not modeled with internal 
heat exchangers in this work and can be a future case of study.  
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ABSTRACT  
 In this study, we seek to determine the factors that govern the trends in electricity consumption for various regions in and around Athens. We 
present the time series of diurnal, daily, monthly and yearly variations of energy consumption for each of the selected sites. For this reason, seasonal 
variation indexes, introduced by Valor et al. (2001) and Psiloglou et al. (2009), were incorporated in our analysis. 

More specifically, we have gathered electricity consumption data for several locations around Athens and compare the behavior of yearly, monthly, 
daily and hourly electricity consumption in relation to inner Athens. In this way, we identify whether locations around Athens that Athenians use 
as “weekend” or “short break” or even “summer holidays” destinations, present increases in their levels of consumption during weekend/short 
holidays. These increases coincide with the periods that inner Athens consumption levels present substantial decreases. 

We have used eight locations around Athens and determine which of these locations present increased load demand during weekend/short break. 
In Athens and towns around, energy demand peaks in winter are associated with low temperatures while the summer peaks are mainly linked to 
higher air temperatures due to the use of air-conditioning devices. �he summer peak is also connected to the increase in the number of people 
residing in some  areas close to the sea for holidays.  

Regarding daily variations, most locations, including Athens center, exhibit lower electricity consumption levels during weekends (especially 
Sundays), with the exception of those areas where extra weekend visitors arrive.  

The hourly variation of electricity consumption levels has two maxima in all locations around midday and around evening, presenting some 
differences when studying it in different seasons, most notably summer and winter. 

The combined characteristics of consumption for all these locations should be taken into account during energy conservation planning as it would be 
erroneous to consider that Athens consumption levels fall during weekends/holidays without taking into account the additional demand required 
and the electric infrastructure of all those locations around Athens. The consideration of aggregated demand curves can provide useful information 
for forming effective energy efficiency policies, but as well as smart energy tariffs. 

INTRODUCTION 

Many economic activities are exposed to weather fluctuations. One of the most sensitive is the electricity market, 
because power demand is linked to several weather variables, mainly air temperature. Consumption of electricity is 
particularly sensitive to weather, since large amounts of electricity cannot be stored. This fact implies that produced 
electricity must be instantly consumed, so that a good model to predict future consumption is needed. 

Recent studies have investigated the influence of ambient air temperature, sometimes represented by heating and 
cooling degree days, on electrical energy consumption (Henley and Peirson 1997; Valor et al. 2001; Sailor 2001; Pardo et al. 
2002; Giannakopoulos and Psiloglou 2006; Matzarakis and Balafoutis 2004; Amato et al. 2005; Thatcher 2007; Xiao et al. 
2007; Cancelo et al. 2008; Psiloglou et al. 2009; Molnár 2011; Psiloglou et al. 2012). Other primitive independent variables, 
such as relative humidity, clearness index and wind speed (Sailor and Muñoz 1997; Bard and Nasr 2001; Lam et al. 2008a, 
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2008b; Ihara et al. 2008; Akil and Miyauchi 2010; Hernández et al. 2012; Bašta and Helman, 2013), and derived variables 
including latent enthalpy-days, cooling radiation-days and clothing insulation units ‘clo’ (Lam 1998; Yan 1998; Howden and 
Crimp 2000; Thatcher 2007; Beccali et al. 2008; Apadula et al. 2012) have been used by other researchers for the 
development of statistical models for energy consumption. 

In many cases, modelling of electric energy consumption is multivariate, consisting in a mix between climate and other 
important economic factors. The main constituents of these economic factors are energy prices, income and energy 
demand index (Arsenault et al. 1995; Polemis and Dagoumas 2013; Eltony and Al-Mutairi 1995; Zarniko 1997; Lam 1998; 
Nasr et al. 2000; Mohamed and Bodger 2005; Ozturk and Ceylan 2005; Mirasgedis et al 2007; Klein et al. 2013; Blázquez et 
al. 2013). Co-integration techniques for establishing long- and short-term energy demand relationships with climate factors 
have also been performed (Bard and Nasr 2001; Mirasgedis et al. 2007). W�odarczyk and Zawada (2010) proposed a model 
of energy consumption in one of the regions of the Southern Poland, expressed in logarithms, based on air temperature and 
wind speed data, including also dummy variables, whose task was to describe a weekly periodicity, annual seasonality and 
holiday effect in the shaping of demand for energy, similarly to Moral-Carcedo and Vicéns-Otero (2005) and Pardo et al. 
(2002). 

This study aims to provide a comparative analysis of electricity consumption levels between the Attica main basin and 
eight locations around Athens, by presenting the time series of diurnal, daily, monthly and yearly variations for each of the 
selected sites. We try to identify whether locations around Athens that Athenians use as “weekend” or “short break” or 
even ‘summer holiday’ destinations, present any increases in their levels of consumption during weekend holidays. These 
increases coincide with the periods that inner Athens consumption levels present substantial decreases. The consideration 
of aggregated demand curves can provide useful information for forming effective energy efficiency policies, but as well as 
smart energy tariffs. 

 

 

Figure 1.  The selected eight locations around Athens, Greece, that Athenians usually use as weekend or short break destinations                      
(the base map was taken from Google Earth). 
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DATA DESCRIPTION 

Hourly electricity consumption data were made available by the Hellenic Electricity Transmission System  Operator 
S.A. for eight selected locations around Athens. These data refer to total hourly residential and commercial electricity 
consumption, expreesed in kWh, spanning the period from 2005 through 2011. 

The map of Figure 1 presents the selected locations for thiw study, which can principally be divided into two sectors: 
(i) those located to the South and the West of the Greater Athens area (Megara, Korinthos, Xylokastro and Salamina island) 
and (ii) those located to the North and the East of the Greater Athens area (Nea Makri, Ag. Stefanos, Kalamos, Chalkida). 

These locations were selected primarily because they are located close to Athens and they serve as weekend/short 
break destinations for the citizens of the city (Korinthos, Xylokastro, Kalamos, Chalkida). Some of them have even turned 
into permanent residence locations for Athens citizens (Megara, Nea Makri, Ag. Stefanos, Salamina). 

Additionally, hourly electricity consumption data were made available by the Transmission System Operator S.A. for the 
Greater Athens area, covering also the residential and commercial sector, expressed also in kWh, spanning the period from 
1997 through 2001. 

ELECTRICITY CONSUMPTION VARIABILITY 

In this section we seek to determine the time periodicity in the energy load data. More specifically, we investigate 
whether electricity consumption has a monthly, diurnal or hourly cycle. Such a cycle can be appropriately studied using 
seasonal variation indexes. 

Monthly Seasonal Variation Index 

The monthly seasonal variation index (MSVI) can be defined as (Valor et al. 2001; Giannakopoulos and Psiloglou 
2006; Psiloglou et al. 2009): 

 MSVI(b,a) = ME(b,a) / ME(a) (1) 
 
where MSVI(b,a)  represents the index value for month  b  in year  a,  ME(b,a)  is the monthly electricity consumption for 
month b  in year  a, and  ME(a)  is the monthly average consumption for year  a (mean of 12 values of  E(b,a) for year  a). 

 

  
Figure 2. Mean monthly seasonal variation index (MSVI) of electricity consumption, for Athens, Greece, and eight locations around,        

for the period 2005-2011. 
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The value of MSVI yields the relative behaviour throughout the months of the year. Figure 2 depicts the monthly 
seasonal profile of MSVI for energy load from 2005 through 2011, for the eight selected locations around Athens, Greece. 
For the greater Athens area, the behavior of MSVI is also included for comparison (Giannakopoulos and Psiloglou 2006).  

The seasonal pattern of electricity consumption is closely linked with the typical seasonal trend of air temperature, 
where maximum energy load values correlate with the extreme values of air temperature (maximum or minimum). The 
behaviour of MSVI shows an increased consumption of electricity in January, which gradually decreases until May, which 
follows the decrease in demand for heating. As we move into summer, there is, as expected, an increasing tendency, mainly 
due to extensive air-conditioning use and increase in the number of people residing at the locations near the sea where 
many country houses of Athens citizens exist.  

The link between hot weather and increased electricity demand is also evident in other cities worldwide, where the use 
of air-conditioners has increased (Lam 1998). The tendency continues throughout the summer until September, with the 
exception of August only for Athens and Ag. Stefanos, when a significant fall in demand is evident, due to the fact that the 
major part of the population of the greater Athens area is on summer vacation during this month. Ag. Stefanos, having 
similar MSVI characteristics with Athens, turns to be more a location of permanent residence rather than a location for 
weekend/holiday destination. 

Electricity demand also slightly falls in the autumn (October), which is representative of a transient season from 
summer to winter and gradually increases again in the coming months to reach a maximum in December. The load values 
in December are even higher than those in January and February (which are colder months than December) due to the 
increased energy needs during the Christmas festive period.  

Daily Seasonal Variation Index 

To explore the daily fluctuation of energy load, the daily variation index (DSVI) is defined as (Valor et al. 2001; 
Giannakopoulos and Psiloglou 2006; Psiloglou et al. 2009): 

 DSVI(d,c,a) = DE(d,c,a) / DE(c,a) (2) 
 

where DSVI(d,c,a)  represents the index value for day  d  of week c of year  a,  DE(d,c,a)  is the electricity consumption for 
the particular day  d  in weak  c  in year  a, and  DE(c,a)  is the mean daily electricity consumption for week  c  of the year  a. 

 

  
Figure 3. Daily seasonal variation index (DSVI) of electricity consumption, for Athens, Greece, and eight locations around, for the    

period 2005-2011. 
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Figure 3 depicts the variation of DSVI according to the day of the week. It is clear in most areas that electricity 
consumption is significantly lower during the weekends (especially on Sundays) due to the reduced economic activities this 
period. Lower levels of consumption are also present on Mondays compared to the other days of the week because of the 
inertia caused by the reduced economic activities during the weekends. Moreover, Figure 3 indicates that in the cases of 
Salamina, Kalamos and Xylokastro, electricity consumption increases during weekends with a peak in electricity 
consumption on Saturdays. This reflects the fact that an additional number of people visit the location from other areas, 
hence increasing the electricity demand on this day. 

Hourly Seasonal Variation Index 

Given that for the eight selected locations, our database includes fine electricity consumption data (hourly values), the 
hourly seasonal variation index (HSVI) was also calculated for all these locations, which shows the diurnal variation of 
electricity consumption. From the hourly values, we calculated the average diurnal variation for each month (24 average 
hourly values each month). In this way, an average 24-hour period is available for each month, so for each year 12 such 24-
hours periods are present. HSVI is therefore defined as (Giannakopoulos and Psiloglou 2006; Psiloglou et al. 2009): 

 HSVI(e,b,a) = HE(e,b,a) / HE(b,a) (3) 
 

where HSVI(e,b,a)  the index value for hour  e  of the average 24-hours period of month  b  in year  a,  HE(e,b,a)  the 
electricity consumption for a certain hour  e  in month  b  in year a, and  HE(b,a)  the mean monthly electricity consumption 
for month  b  in year a. 

 

  
Figure 4. Hourly seasonal variation index (HSVI) of electricity consumption, for Athens, Greece, and eight locations around, for the 

period 2005-2011. 

In Figure 4, the hourly variation during a 24-hour period is plotted for the eight selected locations. For the greater 
Athens area, the behaviour of HSVI is also included for comparison (Giannakopoulos and Psiloglou 2006). It is clear that in 
all cases two maxima can be observed. The first maximum close to midday is due to the extensive use of electricity both for 
household (heating, cooking) and business (office heating, server and PC usage) needs during the working hours of the day. 
The second maximum is due to the use of lighting and heating/cooling using additional heaters or air-conditioners during 
the late afternoon and early evening hours. 
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(a) (b) 

  
(c) (d) 

  
Figure 5. Hourly seasonal variation index (HSVI) of electricity consumption, for Athens, Greece, and eight locations around, for the 

period 2005-2011, for January and July. 

It is worth noting the differences in HSVI when studying it in different seasons, most notably summer and winter. As 
a characteristic example we also present in Figures 5a-c, the months of January and July. During January (Figures 5a, 5b), 
there are two distinct maxima in energy demand, one close to midday (due to heating, cooking or office needs) and another 
in the evening. The evening maximum reflects needs for extra heating and home entertainment (e.g. television) as most 
people stay indoors. The pattern in July is different (Figures 5c, 5d). Apart from the midday maximum, which occurs 
approximately at the same hours as the January one and is greater, the evening maximum occurs much later and is much 
less pronounced than the January one. Moreover, in the late afternoon/early evening hours, there is a decrease in demand 
which reflects the fact that most people like to stay outdoors for a dinner or other recreational activities and return home 
later. 

CONCLUSION 

This work presents a comparative study of electricity consumption, and its diurnal, daily and monthly variations for 
eight locations around Athens, Greece and Athens center, seeking to identify which of these locations present increases in 
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their electricity consumption levels during weekend and short break holidays, when inner Athens consumption levels 
present substantial decreases. 

For all areas, Athens and towns around, energy demand peaks in winter, which is associated with low temperatures 
while the summer peak is mainly linked to higher air temperatures requiring the use of air-conditioning. The summer peak 
in towns around Athens (Athens centre and Ag. Stefanos excluded) is also associated with the increase in the number of 
people residing in these areas close to the sea for holidays. 

Regarding daily variations, most locations, including Athens center, exhibit lower energy demand levels during 
weekends (especially Sundays), with the exception of Salamina, Kalamos and Xylokastro where electricity levels increase on 
Saturday signaling the arrival of extra weekend visitors. 

The hourly variation of energy demand levels has two maxima in all locations around midday and around evening, 
presenting some differences when studying it in different seasons, most notably summer (July) and winter (January). During 
January, there are two distinct maxima in energy demand, while during July the midday maximum occurs approximately at 
the same hours as the January one but the evening maximum occurs much later and is much less pronounced than the 
January one. In the late afternoon/early evening hours, there is a decrease in demand which reflects the fact that most 
people like to stay outdoors. 

The combined characteristics of electricity consumption levels for all these locations should be taken into account 
during electricity conservation planning as it would be erroneous to consider that Athens consumption levels fall during 
weekends/holidays without taking into account the additional demand required for locations around Athens. The 
consideration of aggregated demand curves can provide useful information for forming effective energy efficiency policies, 
but as well as smart energy tariffs. 

NOMENCLATURE 

MSVI =  the monthly seasonal variation index 

MSVI(b,a) =  the index MSVI value for month  b  in year  a 

ME(b,a) = the monthly electricity consumption for month b  in year  a  

ME(a) = the monthly average consumption for year  a 

DSVI =  the daily seasonal variation index 

DSVI(d,c,a) = the index DSVI value for day  d  of week c of year  a 

DE(d,c,a) = the electricity consumption for the particular day  d  in weak  c  in year  a 

DE(c,a)  = the mean daily electricity consumption for week  c  of the year  a 

HSVI =  the hourly seasonal variation index 

HSVI(e,b,a) = the index HSVI value for hour  e  of the average 24-hours period of month  b  in year  a 

HE(e,b,a) = the electricity consumption for a certain hour  e  in month  b  in year a 

HE(b,a)  = the mean monthly electricity consumption for month  b  in year a 

Subscripts 

a =  the year 
b =  the month of the year 
c =  the week of the year 
d =  the day of the week or month 
e =  the hour of the average 24-hours period 
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ABSTRACT 

The Regulatory Authority for Energy (“RAE”) building is the first in Greece to have an ISO 50001 standard installed, based on verification 

procedure for the energy savings, dated Feb. 2013. The building is located in Piraeus Avenue in the center of Athens. It is a seven floor office 

building with a total area of 9.283 m2. It is connected with the local natural gas network and had an increased electricity and natural gas 

consumption until 2012. Since then, a number of energy saving interventions took place which resulted to a significant decrease in the building’s 

energy use and consumption. It should be mentioned that the interventions included low cost tunings and managerial measures based on TAB, 

RD and MTB techniques.  To measure the building performance, the PMP guide was applied, while the role of the existing BMS was proved 

significant, since we operated continuous monitoring to optimize the above tunings. In order to verify the savings from the above techniques, the 

IPMVP methodology was adopted in the building within an ISO 50001 system, pursuant the established baselines with data taken from the 

utility bills after implementing a consistent M&V plan. The cumulative total energy savings for the year period from 24/07/2012 to 

29/8/2013 was 300.655,30 kWhel+th or energy consumption savings up to 25,76%, compared to the normalized baseline data. 

INTRODUCTION 

Aim and objectives of the publication 

The aim of this publication is to highlight the impact of the systematic energy management particularly in public 
buildings and show the optimization of this impact using customized mixture of energy services such as end use energy 
audits, engineering techniques (TAB, RD and MTB) and holistic Energy Management with targets & commitments. The 
publication shows further whether the EPCs potential market in buildings can walk on low cost interventions and be 
operated on existing commercially applied methodologies of verification of the energy savings so that billing of these 
savings could be edited fairly and undoubtedly third part. 

The publication will permit to reach the following objectives:  

1. To localize the type of interventions in the building, subject to give increased energy savings 
2. To depict the tunings done in terms of retro-commissioning, redesigns, adjustments and measurements 
3. To run verification baselines for each of the various energy sources and for each of their tariff levels 
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DESCRIPTION OF BUILDING 

The headquarters of RAE is located at the center of Athens, at Piraeus Avenue 132.  
The surface area of the building is: 

• 5.411 m² (from the 1st to the 7th floor) 
• 2.319 m² (2 basement levels)  
• 84,60 m² (ground floor) 

The RAE building has AC needs (heating and cooling), which are related to an area equal to 5.495,60 m².                        
It comprises: 

1. Heating (hydronic network feeding 251 FCUs and heated by two natural gas burners, 543 kW each) 
2. AC-Air conditioning (hydronic network fed by two chillers, 451 kW each) 
3. Ventilation (pre-climatised air with 32.315 m3/h total fresh air volume, supplied by two AHUs) 
4. Lightning  
5. IP-Data Center   
6. Devices  

ENERGY RELATED INTERVENTIONS IN THE BUILDING 

A number of interventions were built that presented a particularly increased energy related impact. These 
interventions can be classified into two categories, as per the Table 1 list: 

Table 1. List of interventions built in the building to attain energy savings 

   Title of intervention Date of commissioning 

To Reduce the Natural Gas  
Ventilation Reduction: Redesign ventilation in 2 fresh air AHU 4/10/2012 
Adjustments in automation to introduce free and night cooling in 2 fresh air AHU 4/10/2012 
Improvement in the boilers’ and chillers’ automation sequence 12/11/2012 
Geothermal use of phreatic well for fresh air preheating, reduction of water flow 11/07/2015 
To Reduce the Electricity  
Change in the schedule of the building’s facilities: Lightning, Ventilation, Air handlers 4/11/2012 
Intervention in the closed control unit plenary CCU-S18 in the plenary room 19/06/2012 
Intervention in the electric boards of the stairwells 05/07/2012 
Intervention in the lighting of the -5 basement garage, with control via motion 
detectors 29/07/2012 

Ventilation Reduction: Redesign ventilation in 2 fresh air Air handlers 10/10/2012 

During the same period a number of occurrences happened that influences the energy impact of the interventions and 
make the use of verification procedure indispensable. These facts can be classified into two categories. 

• For natural gas savings 
1. Alteration of HDDs: 27,7% reduction from the reference to the application period of the natural gas 

baselines. 
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2. Change in the building’s staff number, who increased by 25. 
• For electricity savings 

1. Alteration of CDDs: 32,2% reduction from the reference period to the application period of the electricity 
baselines. 

2. Change in the building’s staff number, who increased by 25. 

INTERVENTION WITH VENTILATION REDUCTION 

The existing two fresh air AHUs in the building, AHU1 and AHU2, had respectively air flows 20.355m3/h and  
11.960 m3/h. For the calculation of the necessary amount of fresh air, ELOT ΕΝ15251:2007 and 3661/2010 (ΚΕΝΑΚ) 
regulations have been adopted. In order to calculate the needs of ventilation in energy efficiency studies of the buildings, 
the two criteria below are followed: 

• to ensure air quality conditions for users (m3/h/people), and 
• to have minimum air renewal based on building plan area (m3/h/m2) and on the type of the building 

Methodology of the intervention with ventilation reduction 

In order to apply a rational management of the ventilation in the building, the following methodology was followed: 
 

1. Assessment of the ventilation system in the building in terms of: 
• the actual situation of the ventilation   
• the operating hours of the AHUs 
• the current way of the AHUs’ operation  
• the optimized mode of operation of the AHUs   
• the recommended way of operation with free-cooling in the AHUs 

2. Investigation of the energy saving potential by the application of volume reduction, since  ventilation rates are 
oversized in the building 

3. Examination of the possibility of the air duct network to still support the air distribution for the said reduced 
ventilation 

 
The air-conditioned surface of the RAE building is 5.647m2 (from the ground floor to the 7th floor without the 

stairwells). The active population in the year 2013 was 120 people. The surface corresponding per person excluding parking 
spaces and stairwells is 47,05 m2 while in the year 2012 the active population was 111 people and then the ratio was 50,87 
m2/person. This low population in the building proves the potential for a dramatic reduction of the ventilation compared 
with the initial one designed, down to a value of 30%. Nevertheless, the air duct network can only support the air 
distribution for a moderate reduction down to 65%. Thus, regarding AHU01, the air volume has decreased by 7.124 m3/h, 
from 20.355 m3/h to 13.231 m3/h, i.e. down to 65%. Same is applied to AHU 02 where ventilation will decrease from 
11.960 m3/h to 7.774 m3/h, i.e. also down to 65%.  

 
In order to achieve the proposed reduced ventilation, a redesign of the speed of the supply and return fans has been 

done. In Figure 1, there is the diagram of the air supply of AHU01. We can observe that the current air supply of 20.355 
m3/h corresponds to 764 RPM, to 7,94 kW of absorbed power and to 11,00 kW (η=67%) of motor power. The new status 
of the air supply of 13.231 m3/h corresponds to 480 RPM, to 2 kW of absorbed power and to 3,1 kW (η=67%) of motor 
power. The corresponding ventilation reduction is then 35%. 
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Figure 1: Chart that shows the redesign of the air supply fan for the AHU01. 

Results from the intervention with ventilation reduction 

The cost of the adjustment of the ventilation volume using 4 inverters and of the required programming of the BMS 
was approximately 12.500 €. 

 It is obvious that the ventilation reduction offers energy savings in both absorbed electric power of the fan and 
heating and cooling of the supplied air.  

Using our calculations, we estimated that the savings are of 63.986 kWhel/year (for the fans operation), 6.040 
kWhth/winter (for the boiler operation) and 3.840 kWhel/summer (for the compressor operation). 

Overall, the ventilation reduction offered decrease of the thermal and electric consumption of about 73.866 
kWhth+el/year, i.e. of a total cost of 10.657 €/year. 

INTERVENTION WITH ADJUSTMENTS FOR THE INTRODUCTION OF FREE AND NIGHT COOLING   

The free cooling technique concerns the circulation of the exterior fresh air when, for example, the bioclimatic shell 
causes the overheating of the building in spring or autumn while at the current time, the building is planned with the winter 
heating mode. It was confirmed that: 

1. The two air AHUs do have bypass dampers (see Figure 2) 
2. The automation system still offers sufficient outputs to monitor the ambient and room temperature, so that 

to control four ventilation fans with a particular menu 
 

The adjustments undertaken were: 

1. Set the minimum air flow supply temperature at 12 oC 
2. Set differential between the ambient air  and the room, for the free cooling, at -2Κ 
3. Set the ratio between the shell load and the total building load at 20% 
4. Set the mean ambient temperature for the start/end of the heating period at T<14oC, of the end of heating 
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spring day at JD=89 and of the start of the heating autumn day at JD=329 
5. Set the mean ambient temperature for the start/end of the cooling period at T>26oC, of the start/end of the 

cooling period days respectively at JD=176 and at JD=243 
 
The figures in the points 4 and 5 have been detected throughout the running of the simulation software ECOTECT.  

 

 
Figure 2: Plan of a standard preconditioned AHU. There is a bypass damper (Α) while the automation system has sufficient outputs. 

Results from the intervention to introduce free and night cooling technique 

The cost of the extension of the BEMS programming was approximately 3.000 €. It is obvious that the free and night 
cooling technique offers space comfort conditions and saves the energy that consumes the air-conditioning system if it was 
operating. Using our calculations, there has been simulated that the savings are in the order of 8.966  kWhel/summer (for 
the compressors’ operation) and of a cost of 1.345 €/summer.   

INTERVENTION WITH IMPROVEMENT IN THE AUTOMATION SEQUENCE  

Three main points are worked out: 
• Application of soft starting for the boiler cut-ins. 
• Change of the automation sequence of the two boilers, 543 kW each, from parallel mode into series mode (in 

base load and peak load status, the peak load condition is found to occur only during February). 
• Workout an extensive program of testing for the combustion quality showed an optimal length of 1,8 m for 

the flame and flue gas suction tuned down to an optimal value of -12 Pa, from the initial value of -50 Pa, 
since high rise chimney. 

VARIOUS REMAINING INTERVENTIONS OF THE TABLE 1  

Two main points are worked out: 
• Reduction of the oversized water flow rates of the pumps, based on ΔΤ optimal values, i.e. adjustment to the 

study optimal settings ΔT=2,5 K of the geothermal plant water flow,  taking into consideration the role of 
the geothermal HX that was proved crucial. 
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• Installation of 8 electric switches in the electric boards of the stairwells, touch operated. 

VERIFICATION OF THE ENERGY SAVINGS FROM THE TAB INTERVENTIONS 

To verify the energy savings, the natural gas and electricity consumptions are listed below in terms of invoice data 
before and after the interventions. 

The consumption of natural gas in the building is collected from the GU invoices (Table 1). 
 

Table 1. Heating Degree Days (HDD18,77) and natural gas consumption 

Period 
Index Starting Date Ending Date Number of 

Days 

Total 
HDD 
(Kd) 

Average HDD 
(Kd/Day) 

Total 
Consumption 

(kWh) 

Average 
Consumption 
(kWh/Day) 

P1 24/9/2011 23/11/2011 61 145,83 2,39 67.212,65 1.101,85 
P2 24/11/2011 25/1/2012 63 412,74 6,55 157.676,06 2.502,79 
P3 26/1/2012 23/3/2012 58 446,23 7,69 169.617,54 2.924,44 
P4 24/3/2012 23/5/2012 61 78,17 1,28 36.710,92 601,82 
P5 24/5/2012 23/7/2012 61 0,00 0,00 0,00 0,00 
P6 24/7/2012 24/9/2012 63 0,00 0,00 0,00 0,00 

SUM    1082,97  431.217,17  
P7 25/9/2012 22/11/2012 59 27,70 0,47 13.559,69 229,83 
P8 23/11/2012 23/1/2013 62 319,78 5,16 93.064,15 1.501,03 
P9 24/1/2013 22/2/2013 30 185,31 6,18 44.741,65 1.491,39 
P10 23/2/2013 26/3/2013 32 161,78 5,06 32.932,46 1.029,14 
P11 27/3/2013 22/4/2013 27 84,30 3,12 11.891,94 440,44 
P12 23/4/2013 22/5/2013 30 4,51 0,15 379,09 12,64 
P13 23/5/2013 24/7/2013 63 0,00 0,00 0,00 0,00 
P14 25/7/2013 28/8/2013 35 0,00 0,00 0,00 0,00 
P15 29/8/2013 25/9/2013 28 0,00 0,00 0,00 0,00 

SUM    783,38  196.568,97  
DIFF    -27,7%  -54,4%  

 
The natural gas consumption reduction by 54,4%, is explained in a significant part (24,8%, see foot of Table 3) by the 

weather change expressed from the decrease in the HDDs (by 27,7%). The remaining part (29,6%) is caused by the energy 
interventions made in the building.  

 
The invoiced electricity consumption in the building has two parts: the high priced zone and the low priced zone. In 

this article, we analyze only the high priced zone consumption but we present results from both zones. The high priced 
zone consumption is shown in Table 2 (source: EU invoices). 

 
The high price electricity consumption reduction by 11,6%, is explained later in a significant part (8,82%) by the 

energy interventions made in the building, while the remaining part is due to the weather impact. 
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Table 2. Cooling Degree Days (CDD20,73) and electricity consumption (high priced zone) 
Period 
Index Starting Date Ending Date Number 

of Days 
Total CDD 

(Kd) Total Consumption (kWh) 

P1 1/10/2011 31/10/2011 31 12,9 40.825 
P2 1/11/2011 30/11/2011 30 0 44.856 
P3 1/12/2011 31/12/2011 31 0 42.196 
P4 1/1/2012 31/1/2012 31 0 43.918 
P5 1/2/2012 29/2/2012 29 0 41.572 
P6 1/3/2012 31/3/2012 31 0 42.421 
P7 1/4/2012 30/4/2012 30 0,82 36.169 
P8 1/5/2012 31/5/2012 31 42,94 49.041 
P9 1/6/2012 30/6/2012 30 203,94 60.805 
P10 1/7/2012 31/7/2012 31 302,23 72.667 
P11 1/8/2012 31/8/2012 31 278,16 66.656 
P12 1/9/2012 30/9/2012 30 153,77 53.545 

SUM    994,76 594.671 
P13 1/10/2012 31/10/2012 31 64,69 53.722 
P14 1/11/2012 30/11/2012 30 4,29 41.178 
P15 1/12/2012 31/12/2012 31 0 32.709 
P16 1/1/2013 31/1/2013 31 0 39.879 
P17 1/2/2013 28/2/2013 28 0 35.933 
P18 1/3/2013 31/3/2013 31 0 34.352 
P19 1/4/2013 30/4/2013 30 0 36.981 
P20 1/5/2013 31/5/2013 31 20 42.353 
P21 1/6/2013 30/6/2013 30 96,36 46.872 
P22 1/7/2013 31/7/2013 31 178,47 60.911 
P23 1/8/2013 31/8/2013 31 187,08 52.136 
P24 1/9/2013 30/9/2013 30 123,22 48.665 

SUM    674,11 525.691 
DIFF    -32,2% -11,6% 

THE BASELINE ANALYSIS RESULTS 

To verify the energy savings the baseline analysis is the forecasting technique used here based on billing data analysis. 
A linear base line forecasting model is assessed while the design basics are included in IPMVP 2012 and the Guideline 
ASHRAE 14 -2002.  

The baseline related to the natural gas is assessed on mean daily values (for a twelve month period) and is detected 
throughout the reference period since no energy interventions occurred in the building and given by the equation:  

 y = 354,6 x +194,2  (1) 
 
Where: y = average natural gas consumption (kWh/day) 

       x = average heating degree days (Kd/day) 
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Using the baseline we predict the natural gas consumption for the period of application next to reference period. 
Following the standards IPMVP 2012 and ASHRAE 2014, the selection of the baseline period in a facility that operates on 
an annual cycle in response to weather should have a baseline period of a full year. Since for the application period, energy 
interventions did occur in the building, it is easy to compare the actual consumption for the application period with the 
predicted one for the same application period in order to calculate the real energy savings due to these interventions. 

Moreover, both summer and winter is consolidated in the base line model for evaluating further the model confidence 
indices. As shown in Figure 3, the values and the plot trend for the application period are lower than that of the baseline 
and this is due to the savings in natural gas consumption for the application, when energy interventions occurred. The 
application period (or post-retrofit period) according basic theory of the baseline) is not modeled. 

 

 

Figure 3:  Graphic representation of daily natural gas consumption against average heating degree days for the reference (linear) and the 

application (plots) period. 

Furthermore, a CUSUM chart is elaborated with the help of which we can track the time that the real natural gas 
consumption savings start. In the Table 3, we observe that the real savings are equal to 127.833,6 kWh/y equivalent to 
29,6% (= 54,4% - 24,8%) of the reference natural gas consumption. The related Figure 4 shows that a large part of the 
energy savings starts in period 7 (October 2012). In this month the TAB tunings occurred that are described in the initial 
paragraphs. 

 
Table 3. CUSUM Analysis of  Natural Gas savings 

Period 
Index 

Total 
Consumption 

(kWh) 

Total Modeled 
Consumption 

(kWh) 

Savings 
(kWh) 

Cumulative savings 
(kWh) 

P1 67.212,65 67.212,65 0,00 0,00 
P2 157.676,06 157.676,06 0,00 0,00 
P3 169.617,54 169.617,54 0,00 0,00 
P4 36.710,92 36.710,92 0,00 0,00 
P5 0,00 0,00 0,00 0,00 
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P6 0,00 0,00 0,00 0,00 
SUM 431.217,17 431.217,17   

P7 13.559,69 212.83,74 -7.724,05 -7.724,05 
P8 93.064,15 125.435,36 -2.371,21 -40.095,26 
P9 44.741,65 71.537,11 26.795,45 -66.890,72 
P10 32.932,46 63.582,12 -30.649,66 -97.540,37 
P11 11.891,94 35.137,12 -3.245,18 -120.785,56 
P12 379,09 7.427,13 -7.048,04 -127.833,59 
P13 0,00 0,00 0,00 -127.833,59 
P14 0,00 0,00 0,00 -127.833,59 
P15 0,00 0,00 0,00 -127.833,59 

SUM 196.568,97 324.402,57 -127.833,59  
DIFF -54,4 % -24,8%   

 

 

 

Figure 4: CUSUM analysis of the natural gas energy savings before and after TAB intervention (kWh). 

To work on electricity evaluations, the total consumption has been split into two categories: consumption at high 
price and at low price.  

The baselines for the above two electricity zones as well as the verification procedure in terms of confidential level 
and uncertainty has been fully analyzed for the same building and period by M. Karagiorgas in the EinB2014. 

Using for the electricity the two said base lines and working out tables similar to the Table 3, we succeeded the 
correspondent figures that have been calculated equal to:  

• Real savings of 83.929,3 kWh/y that represents a saving percentage of 8,82% for the high price zone. 
• Real savings of 88.892,1 kWh/y that represents a saving percentage of 13,9% for the low price zone. 
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CONCLUSIONS 

The engineering techniques TAB, RD and MTB as well as the holistic Energy Management can give important energy 
savings. To succeed the savings analyzed above, a number of low cost interventions have been implemented in the building, 
with an indicative payback period lower than one year.   

The said savings are verified pursuant the IPMVP tool and attain the figures as follows: 

¾ Real savings of the natural gas equal to 127.833,6 kWh/y that represent a saving percentage of 29,6%.  

¾ Real savings of electricity equal to 83.929,3 kWh/y that represent a saving percentage of 8,82% for the high 
price zone. Real savings for the low price zone equal to 88.892,1 kWh/y that represent a saving percentage of 
13,9%.   

According to M. Karagiorgas, EinB2014, the statistic criteria of the verification procedure used with scope to prove 
the announced energy savings give excellent results since all criteria are highly satisfied. Moreover, the publication showed 
that the EPCs potential market in buildings can walk on low cost interventions and operate on existing commercially energy 
saving methodologies as well as on verification procedures of the energy savings so that billing of these savings could be 
edited fairly and undoubtedly third part for the said TAB techniques. 

NOMENCLATURE 

RAE =   Regulatory Authority for Energy 
TAB =   Testing Adjusting Balancing 
RD  =   Re-Design 
MTB =   Measuring, Targeting and Benchmarking 
PMP =   Performance Measuring Protocol, a Best Practice Guide 
BMS =   Building Management System 
CUSUM =   CUmulative SUM 
IPMVP =   International Performance & Measurement Verification Protocol, M&V = Measurement & Verification 
NZEΒ =   Net Zero Energy Building 
EPC =   Energy Performance Contact 
HDD =   Heating Degree Days, Kd 
CDD =   Cooling Degree Days, Kd 
FCU =   Fan Coil Unit 
AHU =   Air Handling Unit 
EU  =   Electric Utility 
GU  =   Gas Utility 
AC  =   Air Conditioning,  
IP  =  Information Power (of the data centers) 
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ABSTRACT 
During the last decade, steel framed/drywall lightweight buildings became increasingly widespread due to their 

economic efficiency and ecological performance. One of the main issues that affect the energy performance of such 
buildings is related to the heat losses/gains through their envelope due to the strong thermal bridges introduced by the steel 
skeleton. An effective way to increase the insulation level and minimize the thermal bridges of load bearing drywall 
assemblies is the use of a new generation of insulation materials – vacuum insulation panels (VIPs). 

In this paper, we study the impact of VIPs on the thermal bridges, the insulation level and the energy consumption of 
drywall constructions by means of simulation and numerical approaches. The individual walls and the whole envelope 
assembly of a two-storey steel framed/drywall modular lightweight building insulated with VIPs are examined. All types of 
thermal bridges (repeated and geometrical) are calculated using dedicated numerical tools and standardized techniques. 
Their contribution to the overall thermal transmittance (U-value) of the building shell is determined and improvements on 
the current insulation practices are proposed. The energy performance of the building is then investigated for various 
climatic conditions. 

The results showed that at the building level, the additional layer of the VIP at the external walls can reduce the total 
annual energy consumption by approximately 21.5% for all climatic conditions. For the examined building, this value can be 
translated into energy savings up to 34.2 kWhr/m2 annually for the climatic conditions of Northern Europe. Finally, the 
proposed improvements on the current insulation practices can additionally reduce the energy consumption up to 9%, for 
the examined envelope. 

INTRODUCTION 

The building sector is responsible for the 40% of the total energy consumption and the 36% of the total CO2 
emissions in the EU (https://ec.europa.eu/energy). More than the one third of this consumption is due to the 
heating/cooling demands of the buildings (Ürge-Vorsatz et al., 2015). The thermal performance of the building envelope 
affects in a critical way the total energy consumption for heating and cooling, since it is strongly influenced by the insulation 
level of the incorporated materials. 

In this context, innovative insulation materials are investigated for building applications. The vacuum insulation panel 
(VIP) is such an insulation, which reaches thermal conductivity values less than 0.007 W/(m.K). The use VIPs in the 
building sector has been investigated for more than a decade (Alam et al, 2011). So far, most of the studies concerning the 
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VIP technology for buildings have focused on the development and optimization of insulation systems at the material-
component level. 

Recently, the number of lightweight steel framed drywall residential buildings has been increasing providing 
substantial advantages in terms of, low construction time, seismic resistance, recyclability and the reduction of load and 
costs on bearing structures. (Naji et al., 2014). In lightweight steel framed buildings, walls are made of drywall materials 
anchored on a lightweight steel frame structure. Thus, a crucial factor which affects the energy efficiency of this type of 
building envelope is the thermal bridges introduced by the metal skeleton of the building. In order to increase the energy 
efficiency of the building, VIPs can be used for the thermal insulation of the walls.  

Crucial areas of the building envelope, where the otherwise uniform thermal resistance is greatly changed by materials 
with a different thermal conductivity and/or a change in thickness of the elements, establish the thermal bridges. 
Multidimensional heat flows are generated at these regions, reducing the insulation performance of the envelope and 
resulting to a negative impact on the structure and the indoor environment quality. Thermal bridges can increase the energy 
demands up to 30% at a typical building in Greece (Theodosiou and Papadopoulos, 2008). Neglecting the thermal bridges 
from the calculation of the energy demands of a building can underestimate the total heating and cooling needs.  

The purpose of this study is the investigation of the use of VIPs at the inner side of the external walls of a lightweight 
building envelope in terms of the total annual energy demands for heating and cooling. The energy demands at two test 
cases buildings (with and without the VIPs at the external walls) are calculated using the commercial software EnergyPlus 
taking into account for four different climate conditions. The effect of the overall thermal bridges on the thermal 
performance of the building envelope is presented. The contribution of different factors of the building envelope on the 
total energy consumption is calculated and the improvement of the energy efficiency of the envelope with the use of VIPs 
is investigated. Finally, two improvements on the current insulation practices are proposed in order to reduce the impact of 
the most significant thermal bridges. 

DESCRIPTION OF THE BUILDING 

In order to assess the impact of the VIPs on the energy efficiency of the construction, a two storey building is 
analyzed (Figure 1). It is a lightweight steel framed construction based on a cavity wall system. The metal skeleton is 
founded on a cement base and the drywall system envelope is anchored on the steel skeleton. The overall dimensions of the 
building are 4.5 m × 2.5 m × 5.5 m. 

The materials of the building elements are anchored on three different types of metal studs, C, CW and I type. An 
additional layer of VIPs is placed at the internal side of the external walls (EW). The layers of the floor (FL) and the roof 
(RF) elements are anchored on I-type studs, 200mm in width. Regarding the floor, a 180mm thick mineral wool layer is 
placed inside the cavity, while a 150mm thick foundation concrete slab and 500mm of soil were assumed for the 
simulations. The configuration of the ceiling (CL) (i.e. the element between the 1st and the 2nd floor) is similar to that of the 
floor excluding the slab and concrete layer. The internal wall (IW) consists of double layer gypsum boards on each side of 
the wall, with mineral wool (120mm) and an air cavity (30mm) between them, resulting to a total thickness of 207mm. The 
properties of the materials are summarized in Table 1. For the VIPs’ thermal conductivity an effective thermal conductivity 
is utilized including the additional thermal bridges due to the edge effect (Ghazi Wakili et al, 2004). The schematic diagram 
of each building element is depicted in Figure 1. 
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Figure 1 Schematic diagram of the configuration of the building elements 

Table 1.   The design thermal properties of the materials. 

Material 
Density 

ρ 
[kg/m3] 

Thermal Conductivity 
k 

 [W/(m·K)] 

Heat Capacity 
Cp 

 [J/(kg·K)] 
Steel stud 7854 60.5 434 

VIP  195 0.0078* 800 
Mineral Wool  23 0.035 850 
Gypsum board 1033 0.27 990 
Cement board 1150 0.35 1000 

Floor panel 1500 0.44 1000 
Sound insulation 250 0.07 2100 

Roof sealing 1000 0.2 1000 
Floor covering 2000 1.5 1000 

Concrete 2300 1.95 900 
Soil 100 2.0 1000 

*keff 

153



 
EinB2016 – 5th International Conference “ENERGY in BUILDINGS 2016” 

                   
 

METHODOLOGY 

The energy efficiency of the building envelope is assessed by the total annual energy heating and cooling demands. 
The total energy consumption is calculated from the simulation of the building’s energy performance using the commercial 
software EnergyPlus. The EnergyPlus 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. However, the heat flow at the area of thermal bridges is multi-dimensional. Thus, the impact of the thermal bridges is 
introduced to the EnergyPlus by modifying the thermal properties of the incorporated materials. 

Calculation of thermal bridges contribution 

The main concept of the methodology is the calculation of an equivalent thermal transmittance for each element of 
the building envelope taking into account the impact of all the thermal bridges. The procedure for the calculation of the 
thermal bridges is based on ISO 10211 (ISO 10211, 2007). Numerical simulations are performed for the calculation of the 
thermal transmittance of each configuration. According to this approach, the thermal bridges are separated into repeating 
and non-repeating. The repeating thermal bridges appear on the metal studs at the middle part of the building elements. 
The non-repeating thermal bridges occur at the 2-D and 3-D junctions between the building elements (e.g. external wall and 
roof, external wall and inside wall and ceiling etc.), including the steel studs of the junction. Figure 12 presents schematically 
the different types of thermal bridges.  

 

Figure 2 a) Partitioning of building into 1-D, 2-D and 3-D geometrical models and b) schematic diagram of the repeating and non-

repeating thermal bridges of the lightweight building envelope 

After the calculation of all the individual thermal bridges, the equivalent thermal transmittance, Ueq,i for each element i 
of the building envelope, is calculated by the following equation: 
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where Ai is the area of element i of the building envelope, Uclear,i is the thermal transmittance of element i of the 
building (center of wall and not including the steel studs), fj is the factor of temperature correction of the linear thermal 
bridge j, lj is the length of linear thermal bridges j, Ψj is the linear thermal transmittance of linear thermal bridges j, fk is the 
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factor of temperature correction of the point thermal bridge k and χk is the point thermal transmittance of the point 
thermal bridge k. According to Equation (1), in order to calculate the equivalent thermal transmittance for each element of 
the building envelope, the individual thermal transmittances of each geometrical model are determined by means of CFD 
simulations. The thermal transmittance of the clear component, Uclear, at each element, is calculated according to ISO 6946 
(ISO 6946, 2007) taking into account the physical properties (thermal conductivity and thickness) of the materials. 

The linear thermal transmittance, Ψ [W/(m·K)], concerns the 2D geometries, i.e. the repeatable thermal bridges 
caused by the steel studs and the non-repeatable 2D junctions between two components. The Ψ-value is calculated 
according to: 

 � �¦
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where, L2D is the thermal coupling coefficient obtained by 2-D numerical simulations of the component separating the 
two environments considered.  

The point thermal transmittance, χ, concerns the 3D geometries, i.e. the non-repeatable 3D junctions at the corners of 
the building envelope. The χ-value is calculated according to: 
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where, L3D is the thermal coupling coefficient obtained by 3-D numerical simulations of the corner separating the two 
environments considered. 

The 2D and 3D thermal coupling coefficients, L2D [W/(m2K)] and L3D [W/K], were numerically determined for every 
type of thermal bridge. A commercial CFD package (ANSYS CFX) was used to simulate all the configurations and the 
types of thermal bridges. Regarding the boundary conditions at the inner side of the walls, the ambient temperature and the 
heat transfer coefficient were assumed to be Tin=20oC and hin=7.69W/(m2K), respectively, while at the outside 
environment the respective values were Tout=-10oC and hout=20W/(m2K). In case where ground soil existed, the soil’s 
temperature was considered to be constant and equal to Tsoil=-10oC. 

The thermal properties of the materials were assumed to be constant while the ventilated air cavities were assumed to 
be “stagnant air” with an effective thermal conductivity calculated according to ISO 6946 (ISO 6946, 2007) taking into 
account the convection-radiation phenomena. 

The total heat flow, Φ, through each configuration was calculated by the software. Hence, either the thermal coupling 
coefficient L3D of the 3D component, or the ones of the 2D was computed by the following equation: 

 
outin TT

L
�
)

  (4) 

where Φ is the total heat flow expressed in [W/(mK)] for the 2D thermal coupling coefficient and in [W/K] for the 
3D thermal coupling coefficient. Overall, 4 cases concerning the impact of repeatable metal studs, 14 bi-dimensional 
intersections and 12 three-dimensional junctions between the building’s elements were analyzed. More details about the 
investigation of thermal bridges are in the work of Kontogeorgos et al. (Kontogeorgos et al., 2016). 

Incorporation of thermal bridges into EnergyPlus 

The effect of thermal bridges was incorporated into the EnergyPlus model by modifying the properties of the 
materials. The modified properties resulted to an equivalent thermal transmittance of each component i (wall, roof and 
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floor), Ueq,i, as calculated from the equation (1). The equivalent thermal resistance for every layer of each component i, 
Rlayer,eq,i , is calculated by the equation: 

 ieq
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where Rlayer,clear,i is the initial (before the modification of the properties) thermal resistance of the layer of component i, 
Req,i is the equivalent thermal resistance of the component i and Rclear,i is the initial thermal resistance of the component i. 
The thickness, dlayer, of each layer at the initial and the equivalent component was kept the same. Thus, the equivalent 
thermal conductivity for each layer of the component i, klayer,eq,i , is calculated by the following equation: 
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In the same line, the additional thermal capacity caused by the repeatable metal studs was included to equivalent 
mineral wool layers, since the present of the studs is appeared only at the mineral wool layers for each component. The 
equivalent density, ρMW,eq,i and specific heat, CpMW,eq,i are calculated by the following equations: 

 MWiMWsteelistudsieqMW ww UUU ,,,, �  (7) 

 MWiMWsteelistudseqMW CpwCpwiCp ,,, , �  (8) 

where wstuds,i and wMW,i is the mass ratio between the studs and the mineral wool, respectively, at the layer of each 
component i. 

Assumptions of the model 

The whole building was simulated with the use of the EnergyPlus software. A unique thermal zone was considered for 
the whole building without any internal thermal load. The internal temperature was set equal to 20 oC during winter and 24 
oC during summer season. The infiltration of the building elements was calculated according to ASHRAE (ASHRAE, 
2005). The windows were considered as three-glazed glasses and the door as a typical door with thermal transmittance equal 
to 1 W/m2K. The meteorological data were obtained from the EnergyPlus database. 

RESULTS 

The building was simulated both in the case without and with the VIP layer at the external walls. The energy efficiency 
of the building envelope is evaluated by the total energy consumption for heating and cooling. Figure 3 shows the heating 
and cooling demands of the building in the case without and with VIP for four different climate conditions: Athens, 
Frankfurt, Stockholm and Hong Kong. As it is shown, the additional insulation layer of VIPs reduces the total energy 
consumption for heating and cooling by 21.1% up to 21.8% for all the examined climate conditions. This reduction is 
significant at the cities with cold climate, since the additional insulation layer saves 770 kWhr annually, at the climatic 
conditions of Stockholm. 
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Figure 3 Total energy consumption for the cases without and with the VIP layer in four climate conditions 

The contribution of each part of the building envelope on the energy demands of the building with and without VIP 
is depicted in Figure 4. The results are similar for the four different climate conditions. As it is shown, the thermal bridges 
(repeatable and non-repeatable) account for the largest part of the total energy demands (30 – 38%) both in the case 
without and with VIPs, while the clear building envelope (walls, roof and floor) accounts for 32% of the total energy losses 
in both cases. The openings increase the total energy demands by 20 - 27%, while the air movement due to infiltration or 
ventilation causes 9 – 11.5% increase of the total energy demands. The installation of the VIPs reduces the contribution of 
the thermal bridges, since the thermal bridges increase the heating/cooling demands by 38% in the case without VIP and 
30% in the case with VIP. The VIPs also reduces the contribution of repeating thermal bridges due to metal studs by 3% 
and the contribution of 2D/3D junctions by 5%. 

 

Figure 4 Allocation of the energy losses from the building envelope for the cases without and with VIP. 

DESIGN MODIFICATIONS 

The present study proposes two improvements on the current insulation practices concerning the most severe thermal 
bridges on the examined building envelope. The first improvement proposes the installation of a VIP layer inside the 

157



 
EinB2016 – 5th International Conference “ENERGY in BUILDINGS 2016” 

                   
 

ventilated part of the external wall which covers the junction between the external wall and the ceiling, as shown in Figure 
5a. For the additional insulation, two different thicknesses i.e. 10mm and 15mm, and five different lengths, i.e. 308mm, 
338.8mm, 369.6mm, 462mm and 616mm, were assumed. The second improvement concerns the junction between the 
external and the internal wall and proposes the total separation of the two walls, as shown in Figure 5b. The new 
configuration results to the extension of the VIP layer at the whole length of the external wall. Applying the improvements, 
new thermal transmittances of the building elements and equivalent thermal properties of materials were calculated 
according to the above mentioned methodology. 

 

Figure 5 The proposed improvements a) at the junction between external walls and the ceiling and b) at the junction between the 

external and internal walls 

 

Figure 6 The energy consumption applying the proposed improvements a) at the junction between external wall and ceiling and b) at 

the junction between the external and internal wall. 
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The reduction of the energy consumption caused by the proposed improvements is presented in Figure 6. Concerning 
the first improvement, the reduction of the energy consumption varies between 2.1% up to 4.4%, depending on the 
thickness and the length of the additional VIP. When the thickness and the length increases, the energy consumption 
decreases. In the second proposed improvement, where the VIP layer is not interrupted at the junction with the internal 
wall, the energy demands are reduced by 4.2%. 

CONCLUSIONS 

The present work examined the impact of a VIP layer at the inner side of the external wall on the energy efficiency of 
a steel framed lightweight drywall building envelope. The efficiency of the envelope was evaluated in terms of the annually 
energy consumption for heating and cooling. The EnergyPlus software was used in order to simulate the energy 
performance of the examined building without and with the VIP layer, taking into account all the thermal bridges (repeating 
and non-repeating) occurring due to the steel skeleton. The study presented a methodology for incorporating the effects of 
the thermal bridges into the 1D heat transfer equation solved by the EnergyPlus software. 

The results showed that the VIP layer reduces by ca. 21.5% the annual consumption at the four examined climate 
conditions. For the examined lightweight building, this reduction can be translated into an energy saving up to 
770kWhr/year in cold climatic conditions (Stockholm conditions). The analysis of the building envelope indicated that the 
largest amount of heat losses was caused by the thermal bridges. The installation of the VIPs at the external walls reduced 
the impact of thermal bridges by ca. 8%. This reduction concerns both the repeating and non-repeating thermal bridges. 

Two interventions on the current installation practices, concerning the most severe thermal bridges, were proposed 
for the further improvement of the building’s energy performance. The first improvement was the installation of an 
additional VIP at the junction between the external wall and the ceiling. The reduction of the energy consumption was 
between 2 to 4% depending on the thickness of the panel and its length. The second improvement concerned the 
decoupling of the metal skeleton at the junction between the external and the internal wall. This intervention was found to 
save approximately 4% of the annual energy consumption. 
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ABSTRACT 
According to the latest official data, for the majority of countries, approximately 40% of the national energy 

consumption is attributed to the building sector. Worldwide, buildings are responsible for almost a third of the final 
energy consumption, while being an equally important source of CO2 emissions. Considering the energy consumption 
potential of the building sector along with the technological progress met in many fields of construction and design, drastic 
energy reduction in the building sector is both realistic and of great importance so as to tackle climate change, promote 
energy security and preserve the scarce nonrenewable energy sources of our planet. In this context, the building sector has 
the potential to contribute in reducing the environmental degradation by minimizing energy consumption in existing and 
newly designed buildings. The prediction of building’s energy consumption requires, among others, detailed logging of 
weather data in the area of the installment. The most commonly used weather datasets in models, simulating the energy 
balance of the buildings with at least an hourly time step, are Typical Meteorological Years (TMYs). TMYs, being 
based upon real weather data, are able to represent the long-term climate of a specific location. The present work is 
bound to contribute to the investigation of the thermal energy consumption of the building sector. As a case study, a 
Greek residential building’s energy consumption was simulated in each one of the four local Climatic Zones, for a period 
spanning from October to April. In an effort to quantify the differences upon utilizing real weather data versus TMYs 
produced through the implementation of a fifteen-year period real weather data, simulations were conducted using both 
methods. The results suggested that the thermal energy consumption was slightly overestimated when using TMY whether 
datasets accompanied by a slight deviation varying according to the four Climatic Zones investigated.  

INTRODUCTION 

The overall global increase in energy consumption during the last decades, has raised concerns 
regarding our ability to securely and uninterruptedly supply the necessary amounts of energy to the 
consumers as long as the environmental, geopolitical and economic implications that energy research, 
extraction, transportation and consumption present. The residential and commercial buildings’ energy 
consumption, in developed countries, rapidly increases at rates surpassing every other major 
economic activity such as the industrial and transportation sector. The population growth and 
urbanization, the increasing demand for building services and comfort toghether with the rise in time 
spent indoors are indicatives of the belief that energy demand will only continue to upsurge in the 
forthcoming decades. Therefore, building sector’s energy consumption should not be disregarded 
when forming international energy policies. The recent European Energy Performance of Buildings 
Directive (EPBD) introduced norms assistive to the design of more energy efficient buildings, while 
encouraging EU countries to embody them into their building regulations.  

Estimation of a building’s energy consumption is quite a painstaking process due to 
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uncertainties rising from the availability of different energy resources and carries, climatic data, 
distribution systems, peak load values, load profiles and total energy demand. Juodis et al. (2009) 
quoted that the actual recorded energy consumption in buildings is usually very different from the 
predicted quantities during the design stage. As far as the thermal energy demand is concerned, the 
maximum building’s heating load prediction, requires the definition of the heating load profile and the 
total energy demand, each of which subsequent tasks may be quite challenging. The importance of 
energy demand prediction has been recognized by the European Standardization Organization in the 
European Norm EN832:1998. According to EN832:1998 the expected energy consumption of two 
identical buildings may differ by up to 20% when under similar climatic conditions. This copestone’s 
exactitude is due to the presence of different calculation methods when thermal energy consumption 
is computed, the individualities of local standards and the view of the researcher. Furthermore, Juodis 
et al. (2009) resulted in the fact that the actual heat consumption deviation from the mean value 
ranges between 20% and 40%. Under real conditions, thermal energy consumption is furthermore 
influenced by the building’s construction process as well as several structure factors and climatic 
parameters.  

The design of buildings, as far as energy consumption and thermal comfort are concerned, is 
directly influenced by the present climatic conditions. In order to predict the long-term energy 
efficiency of buildings, accurate and simultaneous knowledge of a wide range of climatic parameters 
are needed (Guan et al., 2007). These weather parameters include solar irradiation, dry bulb 
temperature and humidity as well as wind speed and wind direction (ISO, 2003). One should also take 
into account the time dependence and variability of the aforementioned parameters. A common way 
of accounting the dynamic behavior of the weather is the use of TMYs. In order to properly size 
thermal systems and to assess the energy demand of buildings, TMYs should gather the long term 
trend and the daily fluctuations with at most an hourly time step. 

TMY is a constructed annual weather data set based on solar radiation and meteorological 
parameters, developed by Hall et al. (1978). TMY is compiled by selected months from annual 
measurements during several years, considered to be as consistent to the long-term average 
conditions. Consequently, TMY is a combination of 12 time series from different time periods, 
representing each month of the year. In order to avoid discontinuations between the months, data are 
adjusted using curve-fitting techniques (Said and Kadry, 1994). The accuracy of TMYs has been 
broadly tested in different locations and still remains an interesting topic, since one can have the error 
margin between the real energy consumption and the estimated one (Argiriou et al. 1999).  

The interest in implementing TMY for different cities has been largely recorded in recent 
literature. Many scientific studies on the development of TMYs for different locations, energy 
applications and building typology are conducted.  TMYs have been developed for Nicosia 
(Kalogirou, 2003; Petrakis et al., 1998), Egypt (Shaltout & Tadros, 1994), Ankara (Ecevit et al., 2002), 
Damascus (Skeiker, 2004), China (Jiang, 2010), Hong Kong (Chan et al., 2006; Lam et al., 1996), 
Oman (Sawaqed et al., 2005), Malaysia (Muzathik et al., 2010) etc. As far as Greece is concerned, 
TMYs have been developed mainly for Athens by Pissimanis et al. (1988) and Argiriou et al.  (1999). 
The limited number of locations in Greece for which TMY have been developed is owed to the lack 
of long-term solar irradiation data in the company of the limited requirements of the current 
regulation in force (Regulation for Energy Performance of Buildings (KENAK)) which uses only 
monthly values of climatic data in the building’s energy performance calculations. 

In order to fill in the gap recognized in the detailed energy evaluation of buildings performance 
through the Greek territory, meteorological data spanning a period of fifteen years (from 1985 to 
1999) were obtained from 39 meteorological stations of the Hellenic National Meteorological Service. 
The data collected were used for the development of TMY time series for each one of the locations 
presented in Figure 1 (Kavadias, 2016). The meteorological data included 3-hour values of air 
temperature, relative humidity and barometric pressure and daily values of sunshine duration. By 
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using linear interpolation on the 3-hour values, an hourly database was generated. The corresponding 
database, was further refined upon quality control procedures and filled with hourly values of global 
solar radiation on horizontal plane calculated by Meteorological Radiation Model (MRM) which has 
been developed by the Atmospheric Research Team at the National Observatory of Athens 
(Kambezidis et al. 1999). For the generation of the 39 TMYs, the Sandia method was used (Hall et al. 
1978) as modified by Pissimanis et al. (1988) and Argiriou et al. (1999). 

 

Figure 1 Meteorological stations with TMY data (Kavadias, 2016) 

 The present study aims to contribute to the investigation of Greece’s building sector thermal 
energy consumption and its confluence of utilizing TMY whether datasets. As a case study, one Greek 
residential building’s energy consumption was simulated in each one of the four local Climatic Zones 
for the heating period of the year (October to April).  The areas under investigation includes Souda in 
Crete (Climate Zone A), Athens (Climate Zone B), Thessaloniki (Climate Zone C) and Kastoria 
(Climate Zone D). The simulation was implemented by using real weather data as well as TMYs in an 
attempt to quantify the differences between the utilization of different climatic input. The results have 
shown that the thermal energy consumption is slightly overestimated when using TMY weather 
datasets with the deviation varying according to the Climatic Zone. Consequently, by comparing the 
results of the present study and the relevant discussion for each Climatic Zone, the present work may 
as well contribute to more accurate sizing of heating systems in buildings avoiding overestimations or 
underestimations in the process. 
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Figure 2 Locations under investigation 

METHODOLOGY 

Building energy simulation is mainly centered around two different modeling techniques, one 
based on the response function method (also known as analytical method) and one based on 
numerical data. The response function method solves linear differential equations including time 
invariant parameters. On the other hand, numerical methods deal with nonlinear, time varying 
equation systems. Although, software based on the response function method is often more easily 
validated, numerical methods are preferred since those can solve equations simultaneously, handle 
complex flow path interactions and accommodate time varying system parameters (Clark, 2001). 

The corresponding methodologies are able to predict short-term and long-term load and energy 
demand. The effective simulation of the building performance can reduce the environmental impact 
of the built environment, improve indoor quality and productivity while facilitating future innovation 
and technological progress in construction. Those predictions depend on the accuracy of the input 
parameters. Long-term predictions are the most interesting and useful information for the energy 
planners.  

The methodology followed in the present study, is based on building’s thermal energy 
consumption calculations obtained from EnergyPlus’ simulation engine, developed by the United 
States Department of Energy. EnergyPlus simulation engine is a collection of modules that work 
together in order to calculate the energy required for heating and cooling of a building. Through 
EnergyPlus, calculation of buildings’ thermal load is obtained using the heat balance method 
incorporating all heat balances on outdoor and indoor surfaces and the transient heat conduction 
through building construction. The heat balance method is considered to be a more accurate 
alternative to the weighting factor method, allowing the variation of properties with time step. 
EnergyPlus manages the surface and air heat balance modules acting as an interface between the heat 
balance and the building systems simulation manager (Strand et al., 1999). 

Climatic	Zone	A	

Climatic	Zone	B	

Climatic	Zone	C	

Climatic	Zone	D	

Kastoria	 Thessaloniki	

Athens	

Souda	
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The structure of the building used in the simulations was kept simple, avoiding over-detailed 
modeling, leading to a complexity out of the scope of this specific study. The purpose of this research 
is to predict the energy consumption of a residential building using a simulation tool with a set of 
parameters that briefly describes the building’s properties and hourly weather data. The case study 
under investigation is a detached, one thermal zone, unshaded and with no obstacles residential 
building, with a floor area of 118 m2, external walls of 105.64 m2, total window openings of 27.40 m2 
and a door opening of 2.53 m2. 

The model is used to calculate, through simulation, the heating load and the thermal energy 
consumption, using TMY and real weather data input in each one of the four Climatic Zones. Wall, 
floor, window openings, glass facades, roof etc. and any construction elements and thickness were 
taken according to the KENAK minimum requirements of U-values (see Table 1).  

 
Table 1.   Minimum requirements according to KENAK (U-value W/m2/K) 

Description A B C D 
Roofs 0.50 0.45 0.40 0.35 

External walls 0.60 0.50 0.45 0.40 
External Floors 0.50 0.45 0.40 0.35 

Floor over ground 1.20 0.90 0.75 0.70 
Openings 3.20 3.00 2.80 2.60 

Glass facades 2.20 2.00 1.80 1.80 
 
Typical wall element of the Greek housing sector is the hollow, fired clay bricks. External walls 

model consists of double brick layer with one layer of insulation in between. All window frames are 
aluminum framed, with double clear glass and gas gap. The natural air infiltration is considered 
average with an air tightness of 0.70 ac/h. The timber flooring contains four layers of wood, totaling 
to a thickness of 0.226 m and providing adequate insulation. The flat roof is insulated concrete and 
the house is seated on the ground. The building is occupied by four residents. The set point 
temperature was set to a constant of 21 oC. The total heated floor area is approximately 118 m2, while 
the heated volume is about 413 m3.  

Four different locations were chosen according to the availability of real weather and TMY data. 
Real weather data collected spanned a duration of fifteen years (1985-1999), while the TMY were 
generated accordingly for each location. The available hourly real weather data for the four locations 
included: air temperature (oC), relative humidity (%), atmospheric pressure (Pa), global horizontal 
solar radiation (W/m2) and diffuse horizontal solar radiation (W/m2). The unavailable weather data 
from the database, such as wind direction, wind speed, opaque sky cover etc. were acquired directly 
from EnergyPlus.  

RESULTS 

The building was simulated on an hourly basis in each one of the four Climatic Zones. At each 
zone 16 simulations were conducted, one for each of the 15 years with real weather data and one with 
TMY data. The simulation spanned from October to April according to the officially defined heating 
period of the year. Results demonstrated the obvious fact of the variation the long-term mean 
monthly thermal energy consumption to weather conditions of the year. For example, in Figure 3 one 
may see the variation of thermal energy demand in Souda for January between the different years and 
the TMY. The thermal energy difference between the coldest and the mildest January reaches 
670 kWhth which accounts for a deviation of approximately 48%. Contrariwise, the maximum 
deviation between TMY and real data was less than 25% with an average difference of 12.6%.  

In colder areas the deviation through the years seems to be similar as indicativaly showed in 
Figure 4. The difference between the coldest and the mildest January for the 15-year period under 
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investigation in Kastoria reaches 1068 kWhth, corresponding to a deviation of approximately 42%. 
The corresponding higher difference between TMY and real data is less than 540 kWhth or 18%. 

	

Figure 3 Long-term and TMY thermal energy consumption in Souda on January 

 

Figure 4 Long-term and TMY thermal energy consumption in Kastoria on January 

Figure 5 presents the monthly variation of the mean long-term thermal energy consumption when 
using real data and the corresponding monthly values when using the TMY for the area of Souda. For 
the first month of the heating period the difference between real and TMY data was found to be 
28.9%. By investigating the solar radiation and air temperature values during the 15-year period and 
the TMY, it was found that the long-term mean daily values were lower than those in TMY. Similar 
patern were objerved for every month of the period under investigation except for February in which 
the thermal energy consumption by using TMY was slightly lower. The higher difference was found 
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during March, fact attributed to the high variability of weather systems during this period. Moreover, 
during the period of March the long-term mean temperature difference between the real data 
timeseries and the TMY for the respective month was 1.2 oC, while the difference between the long-
term average monthly solar gains and TMY was 17.5% higher. The aforementioned differences 
induce a variation on thermal energy consumption results between real and TMY simulations of 
approximately 17%. If one considers the 15-year thermal energy consumption of the building under 
investigation in Souda, an overestimation of nearly 930 kWhth/year or a 10% for the whole period 
when using TMY is expected. 

  

Figure 5 Long-term and TMY monthly thermal energy consumption in Souda for the heating 
period of the year 

 

Figure 6 Same as Figure 5 but for Athens 

Similar findings with the chosen location in Climatic Zone A were reported when the chosen 
location for Climatic Zone B was investigated (see Figure 6). The area under investigation (Athens) is 
a densely populated one and the urban heat island effect is noticeable. As such, and by considering 
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that the period under investigation is the cold one of the year, the differences in temperature between 
the two locations were lower than expected. By further comparing Figure 5 with Figure 6, one can 
conclude that the differences during the transitional months (October, November, March and April) 
are lower between the two locations. This can be attributed to the fact that during these months’ 
higher local microclimate temperatures are experienced due to the urban heat island weighted by the 
high local irradiation during those months.  

Regarding the comparison between real data and TMY meteorological time series, during the 
winter months, the TMY is underestimating the thermal energy consumption. The transition from 
overestimations to underestimations results to a final 6.5% overestimation for the 15-year period 
when one utilizes TMY data during the simulations. 

 

Figure 7 Same as Figure 5 but for Thessaloniki 

 

Figure 8 Same as Figure 5 but for Kavala 

In northern Greece, the locations under investigation where part of the Climatic Zones C and D. 
As expected, the building’s thermal energy needs during the heating period were much higher when 
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compared to the Zones A and B (Figure 7 and Figure 8). The thermal energy consumption, as 
calculated by simulating real data for Climatic Zone C, was 12.6% lower in comparison to the 
consumption resulting when TMY data were used. The difference between the average thermal 
energy consumption, during the heating period, obtained by real and TMY data, occurs in the 
Climatic Zone D and was found to be approximately 4.5%, being the lowest recorded during this 
study. The highest deviation was presented during February, when TMY usage produced 
overestimated values for thermal energy consumption by up to 10%. During October, November and 
January results were similar, implying that for the selected 15-year period, the months chosen as 
typical and implemented in the TMY were very close to the average. 
By sumarizing the results for each of the Climatic Zones under investigation and the different weather 
data input methods used, the specific thermal energy consumption reduced to the building heated 
floor area was calculated and presented in Figure 9. According to the fingings, the use of TMY for 
calculating buildings’ thermal energy consumption at the locations under investigation, result in an 
overestimation compared to the real weather data ranging between 5 and 15 kWhth/m2. 

 

Figure 9 Long-term average annual specific thermal energy consumption for the different 
investigated scenarios 

CONCLUSION 

The present study was concerned with the investigation of the thermal energy consumption of 
the building sector. As a case study, a Greek residential building’s energy consumption was simulated 
in each one of the four local Climatic Zones, for a period spanning from October to April. In an 
effort to quantify the differences upon utilizing real weather data vs TMYs produced through the 
implementation of a fifteen-year period real weather data, simulations were conducted using both 
timeseries.  

A reference building was simulated on an hourly basis in each one of the four Climatic Zones. 
At each zone 16 simulations were conducted, one for each of the corresponding 15 years with real 
weather data and TMY data. In areas with mild climate the maximum deviation between TMY and 
real data was less than 25% with an average difference of 12.6%. For areas with colder climate the 
average difference was found to be 18%. High weather variability, specificities of the local 
microclimate and long-term mean temperature and monthly solar gains differences between real 
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weather and TMY data resulted in an overestimation of the thermal energy needs of the building. For 
the respective 15-year period, when mild climate regions where concerned, an overestimation of 
approximately 6.5% was recorded. When areas with colder climate where investigated, the 
corresponding difference between real weather and TMY data thermal energy consumption 
estimation ensued in an overestimation ranging between 4.5% and 12.6%. Sumarizing, when TMY 
data were used for the estimation of thermal energy consumption at the locations under investigation 
resulted in an overestimation compared to the real weather data ranging between 5 and 15 kWhth/m2. 

Concluding, the findings of the model building’s simulation, indicated that thermal energy 
consumption results may incorporate quite much discrepancies when real weather data are used in 
comparison to TMY. The annual time series of the TMY are configured in such a way that consider 
the representative climatic conditions for the area of examination during a long-term period. Thus, 
the information used to develop TMY series, corresponds to the conditions estimated as average for 
longer time periods, in the order of 15, 20 or even 30 years. 
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ABSTRACT 
In this paper the technical and energy cost related parameters of a CCHP plant operating on the commercial building sector are presented. 

The technical parameters examined are: Engine energy balance, Electricity performance, Operational parameters limitations, Quality of thermal 
output, Absorption Chiller selection criteria and performance. The energy cost parameters examined are: Natural Gas tariffs for Heating and 
CCHP, Electricity cost both for auto consumption and grid connection. The operational parameters are the continuous operation versus peak 
shaving mode. The cost effectiveness calculation model is presented. Based on that, a sensitivity analysis is made, to identify the impact of the 
critical parameters of the cost effectiveness of a CCHP plant. Three existing applications are presented comprising of a Mall, a Hospital and a 
Hotel. As it will be proved CCHP operation in Greece is cost effective both on Grid connected or auto consumption mode. Profitability is higher 
at higher heating loads and/or extended operating hours. Cooling is a cost saving parameter, though contributing lesser than heating. 

INTRODUCTION 

Cogeneration [1] is an opportunity to control and reduce energy costs by investing in a highly efficient, on-site 
distributed power (DP) plant. At its simplest, a cogeneration system takes heat that would normally be wasted and uses it to 
satisfy some or all of a thermal or refrigeration requirements. In this way cogeneration reduces the site’s total outside 
purchased energy requirements and this lessening of energy use, may in turn, reduce the total cost of utility service. 

Cogeneration (Combined Cooling Heat and Power CCHP) is the simultaneous production of electricity and 
heat/cooling, both of which are used. This is a good way to save money, the environment and fuel. It is supported by, 
ASHRAE in the USA and COGEN EUROPE in Europe.  

THE UTILITY CONVENTIONAL POWER UNIT 

To understand cogeneration, we have to know a little about how the local electric utility produces and distributes 
power. Modern gas fired power plants are of the Steam And Gas turbine (STAG) or Combined Cycle (CC) type (see Figure  
1.). These plants can reach efficiencies of close to 60%. In reality they will usually not run at peak efficiency and much 
power is lost in the grid because of transformation and transmission. This means that about half of the primary energy is 
wasted. Conventional steam cycle based plants are mostly fired with coal. Their efficiency ranges from below 40 to about 
50%.  
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Figure 1: Steam cycle power plant 

However, most energy users are not major industrial facilities with an in-house engineering staff. They do not need 
several hundred MW’s of electricity and heat and can’t achieve the economies of large fuel purchasers and large scale 
operations. How then they can use CCHP and save money? 

THE DISTRIBUTED POWER (DP) SYSTEM 

In a cogeneration system the engine is usually used to drive an electric generator. The fuel is converted to electricity at 
an efficiency ranging from 30% to over 40%. However, unlike the central power plant, a Distributed Power (DP) or CCHP 
system is located near a user of heat and the engine heat rejected in the exhaust and cooling water is used to satisfy his 
thermal and cooling requirements. Fifty percent of more of the fuel’s energy can be useful this way. This will result in total 
system efficiency up to 90% or more (see Fig. 2 and 3). 

RECIPROCATING ENGINE ENERGY BALANCE, QUALITY OF THERMAL OUTPUT 

Approximately 30% to over 40% of the heat energy available from the fuel burned in a reciprocating engine is 
converted to mechanical power. The remaining energy is available in the form of heat offered at different temperature levels 
and quality, which must be removed from the engine. In order to improve the cost efficiency of a cogeneration system, it is 
necessary to recover and use as much of this heat as possible. A typical distribution of the energy output of a Low 
Compression Ratio (LCR) engine is presented in Fig. 4b, while the range in temperatures in Fig. 4a. The higher the 
temperature, the higher the quality of the heat produced. 

The heat removed from the exhausted combustion gases can be used to produce steam or high themperature water or 
hot thermal oil. The water coolants of the jacket, lubeoil and first stage intercooler, if there is not a single stage one, can 
offer heat for cooling production or space heating. Second stage intercooler can be used for domestic hot water production 
or it may be rejected.  Finally a small fraction is lost via radiation from hot engine surfaces and the generator to the 
ambiance. It is important to note that the heat fractions shown in Fig. 4b will vary from engine to engine depending on 
engine speed, temperature of the cooling fluids and engine loading. 
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Figure 2: Typical Cogeneration System – Providing Steam and Hot Water 

 

Figure 3: Typical Cogeneration System – Providing Hot Water only 
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Figure 4a: Typical Temperature Distribution, Deg C 

 

Figure 4b: Energy Balance VGF L36 GLD, input 1.496kW lhv 

The lube oil heat is available at temperatures ranging from 70oC to 80oC, with the actual temperature determined by 
the economics of engine operation, oil life and the value of the heat. Lower temperatures prolong the life of the oil; 
however, they will also increase the potential for water condensation in the oil. As the oil temperature is raised the lubricant 
may breakdown more quickly thus reducing the oil’s life.  

Jacket cooling water systems which remove heat from the engine block, heads and exhaust manifold can be designed 
for water temperatures as high as 99oC. Higher jacket water temperatures reduce the possibility of condensation of 
combustion gases, while use of a high temperature recovery system will usually call for the use of special seals and gaskets.  

In order to minimize thermal stresses within the engine the coolant temperature increase in the engine should be 
minimized. A higher jacket water temperature on High Compression Ratio (HCR) and high electrical efficiency Engines, 
increases the tendency to knock and increases the emission of NOx. This usually requires an adjusted timing or air fuel 
ratio. When driven with higher jacket water temperatures the mechanical output of the engine is generally reduced. 
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Figure 5: Cogeneration Installation at a Mall Figure 6: Absorption Chiller, at a Mall 

Electricity performance, selection of the prime mover 

The selection of the prime mover is dependent on site thermal and electrical requirements, end user operational needs, 
equipment and fuel availability and economics. Reciprocating engines have the highest fuel to power efficiency and are 
frequently preferred when power is valued significantly more than thermal energy. They are also capable of rapid start and 
can utilize a broad variety of fuels ranging from LPG to Natural Gas.  

Engines are categorized into High Compression Ratio (HCR) or high electrical efficiency and Low Compression Ratio 
(LCR) or medium electrical efficiency. The higher the compression ratio (CR), the higher the electrical efficiency. In Figure 
5. we see a high performance 1,0 MW gas Engine operating in a 2,0 MW electrical at a Mall CCHP in Greece. 

Absorption Chiller selection criteria and performance  

High temperature recovered heat can be used in an absorption chiller to produce refrigeration. The chilled water 
produced is subdtituting electricity. Thus the economics of the application require the use of either an oversized absorption 
chiller or a more efficient one, the later being the most preferable. Typical Coefficient of Performance (COP) values are: up 
to 0.75 for ordinary absorption [2] , 0.8 for oversized or high efficiency chillers, 0.85 for single stage steam fired chillers and 
>1.1 for two stage steam fired chillers. In principle, the higher the heat temperature, the higher the value of the COP is. In 
Figure 6. we see an 600 usRT hot water driven Absorption Chiller operating at a Mall CCHP in Greece. 

Operational parameters range and limitations-cases examined 

Seven cases are examined. Three are actual projects and the other four refer to operational scenarios of one 
hypothetical 500 kW CCHP plant. The operational parameters and the results of the three actual projects are given at 
Tables 2a and 2b. A sensitivity analysis is done for the other four scenarios to identify the impact of the critical cost and 
performance parameters examined, on the effectiveness of such a plant. The results of this sensitivity analysis are given in 
Fig. 7 below. The parameters assumed are given in Table 1 below. Their range and limitations are:  
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1. Operational time; a minimum of 3.600 hrs per year (43/52, 6/7, 14/24) were assumed, applicable in Malls or office 
buildings, going up to 8.300 hours, applicable to hotels and hospitals, one HCR and one LCR. For the two types 
of engines assumed, HCR has maximum op. time 7.800 hours, while LCR 8.400 hours. The limitation of the 
operational time is imposed by the maintenance time necessary for the high Compression Ratio Engine.  

2. Up time, or the time used for operation after maintenance. We assumed 90% for all cases, though for the LCR up 
time is +95%. 

3. The O&M cost per MWhel is lower on the LCR Engines than that on the HCR. This is due to the fact that the 
latter need nore frequent and more intence maintenance. In the scenarios presented a cost of 15 euro per MWhel 
for the LCR was applied, against 20 euro per MWhel, for the HCR Engine. This figure does not include the 
corrective maintenance, neither the general overhaul cost. 

4. Cost of Electricity, vs cost of Heat and CHP fuel. Electricity is in principle cheap under the current conditions. 
The gap between the current electricity price and fuel price per MWh is narrow. The cost of electricity sold to the 
grid is based on the application of the currently issued Law, 4414/09-08-2016 and it is rather unpredictable yet. A 
set of typical current price limit figures has been examined. 

5. Fuel Gas tariffs for Heating and CCHP, are set by the local Gas distribution company. The CCHP fuel is about 
20% cheaper than that used for the boilers. Addtionally 5.5 euros per MWh are deducted in CCHP applications. 

6. Per cent annually produced heat converted into refrigeration is given per project. For the the 2x2 scenarios 
presented below (2 performance values by 2 set of electricity price values/fuel price spread), an average 
conversion of 51% of the total annual heat production used for refrigeration has been empirically assumed for the 
LCR and 64% for the HCR. For the three actual projects presented below, the actual value is used, being 63% for 
the Mall (HCR) and 55% for the Hospital (LCR). The Hotel is a heating only case. 

7. Seasonal boiler efficiency, electrical chiller COP, absorption chiller COP values assumed. A figure of 72% has been 
assumed as average seasonal boiler efficiency, based on the high heating value (hhv) of the fuel. Electrical chiller 
COP may vary from an average of 2.3 for air cooled chillers in the Malls or office buildings, to 4.0 on water 
cooled units in Hotels. 

8. The electrical, thermal and total energy efficiencies assumed in this paper are based on the LHV (Low Heating 
Value) of the consumed fuel. 

9. The total annual heating energy offered by the two types of engines, operating on the same power output, is lower 
(3.900 MWh hhv) for the HCR and higher (4.500 MWh hhv) for the LCR. This difference is due to the fact, that 
based on the same operational winter time range and power output, the HCR offers lesser thermal energy than 
the LCR Engine. 

10. Other operational paramaters are: Unit Electrical Power kWQel, Fuel Power kW hhv, Total Usefull Heat kWth, 
DHW Heat kWth, Thermal Heat Power kWth, N/G Substituted kW hhv, Refrigeration Substituted Power kWel. 
Those figures are given by the engines and chillers manufacturers. 

11. The operational modes are either the continuous operation versus peak shaving mode. Peak shaving mode refers 
to the condition where the power output of the engine is produced to be higher than a preset base load value. The 

178



																			
 

EinB2016 – 5th International Conference “ENERGY in BUILDINGS 2016”	
																			
	
	

engine absorbs all variations of electrical demand keeping the flow of electricity from the Grid stable. If the 
engines are Grid connected, typically run at continuous mode of operation. 

The three case studies examined are: 
1. A Hotel application of a 340 kW LCR, 34.4% El. Efficiency medium performance Engine used for the production 

of electricity, heat and domestic hot water. Single stage intercooler is used and all heat is utilized as process heat. 
2. A Hospital application of a 500kW LCR, 35.5% El. Efficiency medium performance Engine, combined with an 

180 USRT Absorption Chiller used for the production of electricity, heat, chilled water and domestic hot water. 
All of the heat coming from the intercooler, lube oil and exhaust gas second stage, is utilized for the domestic hot 
water (dhw) production, while jacket water and first stage exhaust heat boiler is utilized for heating and cooling. 

3. A Mall application of two 1MW HCR, 41.7% El. Efficiency high performance Engines, combined with a 600 
USRT Absorption Chiller used for the production of electricity, heat and chilled water. Second stage intercooler 
heat is rejected to the atmosphere. 
 

Table 1: Operational and Cost Parameters 
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Table 2a: technical parameters 

 
 

Table 2b: financial values 

 

 

 

Figure 7: Sensitivity Analysis Results 

CONCLUSIONS: 
Based on Table 2b, we see that the Pay Back Time (PBT) of the three real projects prove that CCHP is cost effective 

for all cases and all type of engines. PBT ranges between 2.6 years in the Hotel application to 3.6 years in the Mall 
application. The rise of the PBT in the Mall is due to the fact that the operational time (see Table 2a) is low. In the Hotel 
application despite the low operational time the PBT is the shortest due to the fact that only heat for heating is produced. It 
is seen that refrigeration is a good option to increase profitability and achieve full utilization of the CCHP capacity. 

On Fig. 7, we see the following: 
Two sets of pairs of lines are seen. Higher savings are expected for the higher electicity prices on both scenarios (1, 2). 

In all cases it is assumed that the fuel prices are stable.  
Finally we observe on both the HCR cases that the economy is increasing rather sharply between 3.600 and 4.200 op. 

hours, because it refers to the heat season and the heat is relatively expensive parameter. 
Based on the fact that heat is comparatively even more expensive if offered by oversized partially utilized low 

performing boilers, it can be concluded that the optimum engine sizing is based on the coverage of the highest proportion 
if not all the amount of annual heat demand and not of the electrical highest power output.  

Concluding under the current small spread of the values of Electricity and Heat, in the building sector, medium 
performance LCR Engines are optimum. 
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ABSTRACT 
The refinement of architectural space can play a catalytic role in building’s energy balance. The present paper proposes a different 

configuration on the deep energy retrofit of building’s challenge by proposing mainly strategies that hierarchize in a high position the invigoration of 

the building’s architectural qualities. The main working hypothesis supports that bioclimatic trends, derived from primary architectural forms of 

the early design phase, predispose the final energy performance of the existing building. Architectural Energy Retrofit strategy focuses on these 

architectural features and at their holistic revival and refinement, indoors and outdoors. Restoration, modification and redesign of existing 

architectural elements and practices with positive impact on energy demand, are set as the main objectives, along with the revitalization of the 

external surrounding environment that will also lead to the best response of the end user’s energy behavior.  

The achievement of substantial energy conservation with the implementation of solely architectural interventions tested on a real case study 

was estimated with Building Information Modeling (BIM) energy tools. Firstly, the original architectural concept was linked with the building’s 
final energy use. Secondly, the energy saving benefit by applying architectural-based retrofit scenarios was described in technical terms. As a result, 

the barriers and the challenges of “quantifying” the energy efficiency of architecture, in order to be acceptable by the rest of the stake holders were 

highlighted.  

This alternative retrofit proposal adds a new base of discussion on deep energy retrofit strategies as it follows a diametrically opposed 

direction than the typical practices. The building instead of being “sealed”and its environment kept strictly controlled, it “opens” and 

interacts with its surroundings. By developing mechanisms and symbiotic strategies based on the restoration of architectural qualities, that response 

to the user’s needs, and adjust to seasonal and environmental changes, a better operation of indoors and outdoors and a balanced energy 

performance are achieved with significant long term potential benefits from the better adjustment to any climatic and operational change. Along 

with the significant energy saving benefits, Architectural Energy Retrofit accredits sustainable architectural practices as the key factor to developing 

efficient deep energy retrofit strategies. 

INTRODUCTION 

Bioclimatic design’s importance is confirmed in the early design phase of new buildings.  It is usually related with the 
user’s thermal comfort conditions rather than capitalized at the outcome energy performance of the building. Architectural 
design although it affects dramatically final energy needs, is not yet fully implemented in the energy use assessment process. 
The present paper intends to value the final energy gains by invigorating the architectural qualities of the building during the 
energy renovation. By this proposed practice, which is described as Architectural Energy Retrofit (AER), the building’s final 
energy needs are interlinked with the architectural concept’s bioclimatic potential. The followed methodology, firstly 
explores how the original architectural qualities -indoors and outdoors- that are beneficial for minimizing energy needs, 
were actually implemented to the building’s operation and affected its energy balance. The proposed energy retrofit strategy 
sets as priority to fix, restore and update these architectural elements and structures in order to minimize building’s energy 
demands along with the revival of the microclimatic conditions. As a result, AER paves the way for the building’s deep 
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energy retrofit with high-energy efficiency performance and multiple non-energy related benefits.  

METHODOLOGY DESCRIPTION 

As the scope of this study is to produce clear and applicable results, the achievement of substantial energy 
conservation with the implementation of solely architectural interventions should follow a simplified and efficient 
methodology. One of the main questions that arise from the AER concept, is how correct and feasible is “quantifing” 
aesthetic architectural concepts with contemporary energy efficiency terms, in order to be validated by the rest of the 
stakeholders. 

Therefore, as a first step of this research, was to test AER working hypothesis in a real case study and attempt to 
produce numeric values by using Building Information Modeling (BIM) energy tools. An old school building complex in 
Athens’ city centre was selected. Its poor energy performance and the undercurrent architectural qualities of it’s indoors and 
outdoors spaces, provide a solid working base and a good starting point for this research. The methodology followed two 
stages. Firstly, the original architectural concept was explored and linked with the building’s final energy use. The current 
indoor and outdoor conditions, the users’ thermal and visual comfort status from the on-site visit and the energy bills gave 
feedback for building up the profile of the current energy use distribution and the indoors and outdoors thermal and visual 
conditions, with the use of energy simulation software. Secondly, by applying architectural-based retrofit scenarios that 
aimed at the optimum operation of the architectural space and the improvement of the end user’s thermal and visual 
comfort -indoors and outdoors-, the final energy saving benefit and the revitalization of the outdoor surrounding were also 
estimated and gave a comparative analysis.  

The energy simulation software, used to describe the energy efficiency and the bioclimatic aspects of the examined 
school complex, before and after the renovation, included Energy Plus software for estimating the energy demands, Envi-
Met software for microclimatic outdoor conditions, CFD software demonstrated the air movement of the tested ventilation 
scenarios and Ecotect software simulated the performance of the shading devices. The weather files were loaded from the 
International Weather for Energy Calculation (IWEC) files for Athens.  It was also taken into account the Greek Regulation 
on the Energy Performance of Buildings (K.E.N.A.K) the operational scenario of schools. So, cooling point temperature 
was set to 26°C and heating set point temperature was set to 20°C. The cooling period for Athens (Greek climate zone B) 
starts at mid of May until September and the heating period is from November until April. The school year lasts from mid 
of September until mid of June. The operation scenario described a full school year, the typical school day that starts at 
08:00 a.m. and ends at 16:00 p.m., the 45 minutes’ duration of the course, the 15 minutes’ brakes and the internal gains 
from the pupils and the use of the current lighting system. 

 

THE CASE-STUDY 

The school complex that was selected as the case-study for this report, was an elementary school in Athens’ city centre 
next to Lycabettus hill. It was designed by a famous Greek architect Dimitris Pikionis in 1931, it is one of the first samples 
of modernism and stands out as a reference of contemporary Greek architecture. It is still considered innovative for the 
access of the classrooms directly from their private courtyards, the link between interior and exterior for outdoor classes 
during midseason and the adjustment of the school complex’s array to Attica’s landscape (Fig. 1,2,3).  

Today, the school is protected as an architectural monument of Modernism under austere morphological restrictions 
that do not allow any radical alterarions of the envelope, a typical deep energy retrofit would require. However, its current 
condition needs extensive renovation. First raw data from the on site visit and the end users’ opinion, indicated thermal 
discomfort especially during the heating period. The classroom’s light conditions were described as constantly gloomy 
leading to extensive use of electrical lighting of old technology. Heating is provided with an uninsulated central system and 
radiators are misplaced next to the regurarly open entrance. There are no any heating or lighting control systems. Masonry 
walls and concrete roof provide high thermal capacity but they do not have any thermal insulation and the floor is in direct 
contact with the ground. The vast classroom’s façade exposed to the southwest, is the original iron-framed, single-pane, 
frosted-glass, sliding opening form the 30’s. The classroom’s mini courtyards are lacking of greenery and shadow and the 
terrain is covered by asphalt, resulting in problematic microclimatic conditions. (Fig. 4,5) 
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Figures 1, 2,3:  Panoramic view of the school complex when it was first built (1933) and plan of the typical classroom 

 
Figure 4,5:  The school complex today, outdoors and indoors 

 
The annual heating consumption –bill based– using natural gas is around 74 kWh/m² final energy. This rate is much 

higher than the average rate for the non-insulated Greek schools of the same climatic zone that is estimated 46 kWh/m² [1]. 
Greek school buildings’ energy is mainly spent to cover heating and lighting needs. Energy for cooling purposes is limited 
in the personnel office areas where split A/C units are used. Accordingly, to energy consumption data collected through 
energy surveys performed in 320 schools in Greece the typical Greek school uses annually 57 kWh/m² for heating and 20 
kWh/m² for electricity final energy [2]. According to another study, there is a considerable potential for energy 
conservation in heating loads ranging from 36% to 72% compared to the present state for the Greek school buildings [3]. 
Graph 1 shows the operative temperature of the typical classroom on an hour basis without the operation of any 
mechanical heating and cooling system. The heating and the cooling demands are indicated by the frequency of the indoors 
temperature values that fall behind the heating set point and exceed the cooling set pont.    

As the scope of this report is to identify the potential energy efficiency by invigorating architectural qualities, the 
energy retrofit scenario will propose measures focused on the optimum passive energy behaviour of the envelope. As a 
guide, the thorough study of prof. architect Dimitris Antonakakis on Pikionis’ School, will be used [4]. He presents strong 
evidence that certify that the original architectural proposal was never fully realized. The design that was finally built, had 
significant modifications from the architect’s concept. At the classrooms’ wing, there is no cross ventilation, no shading 
pergola over the courtyards and not any buffer zone as an entrance to the classroom, as they are described with detail at his 
original architectural drawings (Fig. 6,7).                                                

 
Graph 1: Annual current classroom’s operative temperature and outdoor air temperatre 
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Figure 6,7: Section, 3d model and plan of the typical classroom and its courtyard according the architect’s original 
concept  

 
Therefore, the measures that form the proposed energy retrofit scenario are the following: 

1. Thermal insulation impact 

Despite the very high thermal inertia the masonry walls and the envelope’s contact with the ground offer, thermal 
insulation is essential. Due to the minimum 8-hour daily and the seasonal use of the school and the monument’s appearance 
restrictions, insulation to the internal side of the classroom walls was proposed.  Panels of 10cm EPS (0.031 W/m*K) or 
miner wool and gypsum board as a final layer, were applied to the external walls and to the walls adjacent to the non-
thermal storage room. These elements lose their thermal capacity but they response faster to heating when the system in on. 
All surfaces in contact with the ground (floor surface and open cloakroom’s corner walls) were left uninsulated. It was 
estimated that it is more beneficial for cooling purposes (as it will be described later), without significant heat losses during 
heating period.  

Table 1.   Classroom’s building envelope thermophysical characteristics 
U values (W/m2K) * Current Situation Retrofit Proposal Technical description 

60cm width external 
plastered stone walls 

 
2.13 0.26 

10cm EPS or miner wool 
(conductivity=0,031W/m*K) 
in the internal side of the 
classroom 

60cm width stone walls to 
the ground 2.28 - 

  
no insulation 

 

60cm width stone walls to the 
north storage corridor 

 
2.13 0.2 

10cm EPS or miner wool 
conductivity=0,031 W/m*K) 
in the internal side of the 
classroom 

60cm width stone walls to the 
next classroom 

 
- - no insulation 

 

20cm concrete roof with 
10cm lightweight concrete 

and wateproof asphalt 
membrane on the top 

1 0.2 

12cm EPS 
(conductivity=0,031 W/m*K) 
with light beize ceramic tiles  
(SR=0,58), on the existing 

roof 

mosaic floor to the ground 3.5 3.5 no insulation 
 

* based on the energy plus software calculations 
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2. Openings displacement  

Due to the monument’s facade restrictions, the original metal glass façade must not be replaced. Only the frosted glass 
can be changed with clear glass, according to the original proposal. Therefore, a double window with a high energy efficient 
aluminium opening was proposed at the internal side of the wall behind the preserved façade (Fig. 7). Double pane clear 
glass with low–e coating will allow natural light in the classroom and the original metal façade will function as movable 
extra glass layer during heating period. Infiltration rates were minimized. There was also significant benefit in introducing 
flourishing daylit in the classroom from the clear glass, minimizing the use of electric lights. 

3. Sun shading system 

The southwest classroom’s façade is exposed to the sun from late in the morning until sunset. High thermal stress is 
created in the courtyard and the classroom during cooling period and discomfort glare during the school day. Therefore, a 
pergola with an overhang of 1 meter and an array of light beams, according to the original plans, was proposed (Fig. 6,7). It 
was also suggested to be covered with deciduous greenery, providing extra shadow indoors and outdoors, glare control and 
without blocking the air movement. Ecotect model estimated the sun shading benefits (Fig. 8). 

                                                                  
 
Figures 8a, 8b, 8c: Shading masks of the metal façade before and after the restored pergola 
 

4. Natural Ventilation optimization 

Rearrangement of windows’ opening area was essential. The current situation provides single sided ventilation only 
from the 20% openable surface of the sliding metal façade. Using that façade as the only entrance in the classroom, results 
in severe energy penalty during winter. Two ventilation scenarios for heating and cooling period were proposed instead, 
(Fig. 9,10). During heating period, a buffer zone entrance according to the initial plans was applied. In combination with the 
option of single sided ventilation from the façade during brakes and with the use of CO2 sensors fans during the courses 
for acceptable IAQ levels, minimum ventilation rates within the accepted standards was achieved. During cooling period, 
cross ventilation was restored, by opening the classroom’s top windows to the north non-thermal zone-storage corridor, 
which is also cross-ventilated (Fig. 8). Openable window area was maximized with the 50% of the top fenestration and the 
metal façade surface to be ventilated. Night ventilation for cooling was also applied, with set outside temperature 22°C, to 
prevent overcooling and low indoor temperatures during morning hours, (table 4). 

5. Seasonal redefining of the size and the volume of the classroom as a thermal zone 

An architectural volumetric rearrangement of the classroom that responds better to the heating and cooling and 
functional demands, was proposed (Fig. 11). At the back side of the classroom, there is an open cloakroom (approx. 10m²), 
with its masonry walls in contact with the ground. As it was reported earlier, these walls are left uninsulated by choice. Their 
surface temperature ranges daily approx. 2,5°C lower than the internally insulated walls. Therefore, they can contribute to 
cool down the classroom’s operative temperature during cooling period. During the heating period, in order to prevent 
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thermal discomfort and heat losses, a movable partition that separates the cloakroom from the rest classroom was 
proposed. As a result, only internally insulated masonry walls consist the classroom’s thermal zone and less volume (approx. 
20m³) is heated. Subsequently, there is faster response to mechanical heating and less heating demands were created.  

   
Figures 9, 10a and 10b: Double window proposal and cross ventilation potential in the classroom according to the 

cooling period scenario 
  

                                       
Figures 11a, 11b, 11c: Seasonal redefining of the size and the volume of the classroom.  

6. Achieved energy savings  

A 44, 2 % reduction of the total final energy demands was estimated as the outcome of the above architectural 
design–oriented renovation measures, simulated in the Energy Plus computer model (table 2). The proposed measures 
further increase the indoors operative temperature 1,5 – 2o C during the heating period and decrease 2- 2, 5 o C during the 
cooling period (graph 2).   Despite of the mild climate of Athens, during the school period, heating demands have the 
biggest share while cooling demands are limited. However, the future scenario that includes further educational and 
community activities, will lead to longer operation of the school complex during summer months and holidays. As a result, 
cooling demands are expected to increase significantly. In all cases, the combination of night ventilation for precooling the 
high thermal capacity envelope and cross ventilation during the day, can limit drastically the need for cooling system. In 
winter, the readjustment of the size of the classroom as a thermal zone, minimizing envelope’s heat losses and controlling 
airflow, will eventually contribute to less energy demands and to the best efficiency of the heating system’s performance 
(graph 3).          

 

Graph 2: Indicative two days diurnal temperature fluctuation for a typical winter and summer day 
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Graph 3: Annual classroom’s ACH based on natural ventilation scenario.  
 

 

 
Table 2: Estimation of the energy use distribution and energy demands savings and list of the non-energy benfits  

7. The outcome indoor and outdoor comfort conditions 

This study supports that the outdoor conditions of the courtyard are substantially linked with the indoors for two 
basic reasons. The architectural design proposes the extensive glass façade to be completed removed (as sliding panels 
stored in the entrance booth) during warm days and promotes outdoor classes in the courtyard under the pergola. So both 
spaces are unified in one and so do their environmental conditions. Natural ventilation ensures good air quality and efficient 
cooling. Improved microclimatic surrounding conditions result eventually in better ventilation performance and could 
mitigate city center’s heat island effect. 

Envi–met software was used to simulate the micro urban environmental conditions before and after the retrofit 
proposal. The scenario of the moderate revitalization of the school courtyard included replacement of the asphalt terrain 
with stone paving blocks, cool material coating on the roofs and on the pergola and deciduous greenery as an extra summer 
canopy of the classroom’s courtyards. The PMV settings used for the calculation, described the light playing activities of the 
young students during the brakes and their summer clothing, late in the morning. The results designated the efficiency of 
the proposed measures. (Fig. 12,13). 
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Figiures 12,13: Courtyard’s PMV factor at the miday of June before the micro urban revitalization proposal was above 

2.7 (hot) and after the AER was reduced in average to less than 1 (neutral to slightly warm). 

CONCLUSIONS 

The present preliminary study, aims at establishing a holistic approach where energy balance, architectural 
renovation, user’s behavior and microclimate’s revival, are interlinked and interacted. First reults provide strong 
evidence of its high-energy efficiency performance potential. Maximizing user’s and space’s options to adjust to 
different seasonally environmental conditions will lead evidently to the optimum operation of the designed space 
and to the best response of the end-user’s energy behaviour. Building’s Architectural Retrofit Scenario linkes indoors 
conditions with the microclimate’s revitalization, driving to a holistic proposal of an urban energy oasis with symbiotic 
strategies. As there is still lack of confidence on the technical feasibility of this approach, a full systematic review should be 
carried on, in order to determine the potential of this strategy as an efficient way to achieve nearly zero energy use with 
cost-optimum terms. Long term potential paybacks from minimizing maintenance and upgrading building services systems 
and achieving better adjustment to future climate, building’s use and operational changes should also be further examined in 
order to balance the high risk factor of the applied bioclimatic strategies. The outcome results are expected to be 
encouraging as the first step towards reducing the investment cost is to reduce energy demand in the first place [5]. 

This innovative retrofit proposal demonstrates a diametrically opposed direction than the typical practices 
by promoting non-energy related factors as equal important with the energy balance. By developing mechanisms 
and symbiotic strategies based on the restoration of architectural qualities, the building“opens”at its 
surrounding environment instead of being “sealed”, responses to the user’s needs and adjustes to seasonal and 
environmental changes, resulting to a better operation of indoors and outdoors and a balanced energy performance. 
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ABSTRACT 
In the context of environmental policy, the EU has launched a series of initiatives aimed at increasing the use of energy efficiency, as it has 

pledged to reduce energy consumption by 20%, compared with projected levels of growth of CO2 emissions into the atmosphere by 2020. In Greece 
CO2 emission levels in the atmosphere have risen significantly over the past two decades (World Bank, 2013). For the year 2011, CO2 emissions 
per person in Greece correspond to 7.56 metric tonnes. According to the data, this increase in emissions is reflected to a 151.2% above from the 
levels of 1980 and a 756% increase from 1960 levels. The building sector consumes the largest amount of energy in Greece, therefore constitutes 
the most important source of CO2 emissions. The energy upgrade of the building sector produces multiple benefits such as reduced energy 
consumption, which is consistent with the reduction of air pollution. Additionally, there is a significant improvement at the interior comfort 
conditions of the building, which promotes productivity and occupant health. Moreover, because of the large number of educational buildings in the 
country, the energy consumption of them present a significant amount of the country's total energy consumption and simultaneously has the effect of 
increasing the costs paid by the state budget for the operation and maintenance of public buildings. The investigating alternative methods to reduce 
energy consumption in educational buildings is an important approach for sustainability and economic development of the country over time. The 
purpose of this paper is to study and evaluate the energy saving methods of a university building with significant energy consumption. Additionally, 
there are conducting studies considering the contribution of passive heating and cooling techniques, in order to minimize energy consumption in 
pursuit of desirable interior thermal comfort conditions. 

INTRODUCTION 

The energy consumption of educational buildings in Greece, because of the large number in the country, represent a 
significant amount of the country's total energy consumption and simultaneously has the effect of increasing the costs paid 
by the state budget for the operation and maintenance of public buildings. Exploring alternatives to reduce energy use in 
educational buildings is an important approach for sustainability and economic development of the country over time. Also, 
an important point in this study is the fact that the internal comfort conditions of university and school buildings designed 
to improve thermal conditions and air quality inside the classrooms, resulting in the improvement of educational activities 
(Puteh M., et al., 2012). At Greek school buildings, the energy that is consumed is used primarily to meet the needs for 
heating and lighting, and afterward to operate the equipment. The energy consumption for space cooling, is limited as most 
school buildings are not in operation during the summer season and thus, many of them do not use A/C equipment, except 
in same cases, staff offices are equipped with local A/C units. According to a study conducted in 1995 in Greece (C.R.E.S., 
1995), the average annual energy consumption of school buildings, based on measurements of buildings in different climatic 
regions and whereas taking into consideration measurement data from 65,000 classrooms, energy consumption was 
estimated at about 92 kWh/m2 for space heating, but in many cases reaching 100 and even up to 200 kWh/m2. According 
to the current “Greek Regulation for the Energy Efficiency of Buildings” (KENAK), there are four climatic zones in 
Greece, where A' climate zone represents the high temperature regions and the D' climatic zone the colder areas. According 
to a study (Santamouris M, et al., 2007), the average annual energy consumption in school buildings is about 95 kWh/m2, 
which is distributed to about 68 kWh/m2 for heating and 27 kWh/m2 for electricity.  

The purpose of this paper is to study and evaluate the energy saving potential at a university building with significant 
energy consumption. Additionally, studies to consider the contribution of passive heating and cooling techniques, in order 
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to minimize energy consumption in pursuit of achieving the desirable interior thermal comfort conditions has been 
conducted. The building which is examined in this work belongs to the building complex of the Democritus University of 
Thrace (D.U.TH) in Xanthi, climatic zone C' (referring to the KENAK). The building presents significant energy 
consumption, as it was built during the period 1972-1973, before enactment of the Thermal Insulation Regulation in 1979 
and shows a complete lack of thermal insulation at the building envelope. Also the building is glazed with single glass 
windows in aluminum frames, which increases the thermal losses. 

The objective of the paper is the study and the investigation of the best feasible sustainable solutions to achieve 
minimal energy consumption of the building, with the main criterion the desired internal comfort conditions. 

METHODOLOGY 

For the upcoming results, the aforesaid building has been studied with the help of softwares to evaluate the energy 
consumption during operation and also to explore variety of energy upgrade scenarios of the building in order to reduce 
energy consumption, while simultaneously the contribution of passive heating and cooling techniques at the building is 
considered. 

Modeling and Simulations 

The building energy assessment studies were carried out with the Autodesk's Building Information Modeling (BIM) 
softwares, Revit and Green Building Studio, for each scenario separately. Autodesk's Climate Server climate data, were 
compared with the Meteonorm climatic data software, where similar results were observed. In parallel, Ecotect software 
was used for further investigation of the climatic conditions of the region. In addition, a solar study with the computational 
tool "Solar Analysis" for Revit software has been conducted so it could be imprinted the energy channeled to the building 
surfaces through solar radiation during the year, according to the climatic conditions of the region, in order to study the 
performance and effectiveness of passive heating and cooling techniques at the particular building. Furthermore, a study on 
fluid dynamics with Computational Fluid Dynamics (CFD) softwares, CFD Simulation and CFD Flex, to analyze and 
imprinting of the contribution of passive heating and cooling techniques inside the building has been conducted. 
Supplementary, three-dimensional drawing softwares AutoCAD and Inventor Professional, aiming the detailed design of 
the structure were used in order to investigate the flow of air at the CFD softwares. 

DESCRIPTION OF THE BUILDING 

The building belongs to the building complex of the D.U.TH. School of Engineering in Xanthi and it consists of four 
levels, namely ground floor and three floors, also a basement in a part of the building coverage. The long axis of the 
building is oriented along the axis SE - NW, while the main façade is oriented southwest. The building includes classrooms, 
offices and public areas. All areas are heated except the basement. The building does not have thermal insulation on 
external or internal sides nor in the roof. General geometrical building data are given in Table 1. 

 
Table 1. General geometrical building data 

Number of floors: Four floors 
Total building area: 3,086.88 m2 
Heated surface: 2,634.36 m2 
Unheated surface: 452.52 m2 
Average standard floor height: 3.52 m 

       Total building volume: 10,865.75 m3 
Heated volume: 9,272.95 m3 
Unheated volume: 1,592.57 m3 
Ground floor Height: 3,52 m 

 

The building consists of prefabricated elements which do not have thermal insulation. The opaque structural elements 
made of reinforced concrete. Below are detailed the properties of the opaque elements of the building in Table 2. 
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Table 2. Opaque structural elements of the building 
Structural 
elements Thickness (mm) Thermal Transmittance  

U-value W/(m2 K) 
Thermal Mass  

(kJ/K) 
Masonry S-W-E 
Masonry N 
Masonry Stairway 
Glass blocks 
Ground floor 
Roof 

250 
120 
290 
120 
300 
350 

4.17 
8.72 
3.57 
3.45 
3.45 
3.23 

35.10 
16.85 
40.71 
8.76 
42.12 
63.26 

 

The glazing of the building consists of four different types as their dimensions (A: 840x1700, B: 812.5x1700, C: 
800x1700, D: 812.5x800). The glazing type A located on the north side of the building, the type B �n the south and on the 
west side, while types C and D are located on the south side of the building. All glazings are opening with aluminium frame 
without thermal break. Below are detailed the properties of the transparent structural elements of the building in Table 3. 

Table 3. Transparent structural elements of the building 
Glazing Type 
(A, B, C, D) 

Optical Light 
Transmittance 

Solar Heat Gain  
Coefficient 

Thermal Transmittance  
U-value W/(m2 K) 

Single glazing 
(4 mm) 0.68 0.73 5.90 

Thermal Zones  

For the energy evaluation of the building, it is determined the separation of the premises to individual thermal zones 
depending on their use, in accordance to meet the operating conditions of the Technical Chamber of Greece Guidelines 
(TOTEE 20701-1). The thermal zones were considered as illustrated in Figure 1. 

 

Figure 1. Thermal zones of the building: (a) 1st thermal zone: classrooms, (b) 2nd thermal zone: offices, (c) 3rd thermal 
zone: corridors & WC 

EVALUATION OF THE ENERGY PERFORMANCE OF THE BUILDING 

Existing condition 

Space heating system. A central heating system meets the needs for space heating of the building complex of the 
D.U.TH. School of Engineering. The installation composed of two boiler-oil burner units (high temperature 70-90 °C), 
with central two-pipe distribution network, with 13mm thick insulation. The total power of boiler-burner is 2,000,000 
kcal/h or 2,326kW from which 332.3 kW corresponds to meet the needs for the study building. The thermal efficiency of 
the boiler-burner according to the exhaust gas analysis was estimated at ngm = 91% (D.U.TH. Technical Service, 2015). 
Overall, the oil supply of the two burners is equivalent to 175 lit/h (D.U.TH. Technical Service, 2015).  
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According to KENAK, with a view to obtaining the desired internal temperature conditions during operation of the 
building which is equivalent to 13 hours a day, 5 days a week and a heating period from 15/10 to 30/4, approximately 130 
days of heating system operation. In 13-hour operation of the building, at the existing condition, the consumption of the 
building is equivalent to about 35,750 liters of heating oil per year. In the energy assessment of the building using the Revit 
software to evaluate the existing condition, for heating system considered an oil burner with two-pipe distribution network 
and power 348.8 kW or 300,000 kcal/h, 12 bar spray pressure of oil with efficiency 91% and a maximum operating 
temperature of 90 °C. For the calculation of the maximum required heat output of the heating unit it is given the equation 
from TOTEE 20701-1: 

 

                    Pgen = A * Um * ΔT * 2,5 , where 
 

Pgen: (W) is the estimated maximum required heat output of the heating unit of the building, 
A   : (m2), is the total actual outer surface of the building envelope (walls, openings, ceilings), which is exposed to the 

outside air. For the reference building A = 4557m2 .  
Um : (W(m2K)) is the maximum permitted average rate of heat transfer to the entire surface A. For the area of Xanthi is 3,5 

W(m2K) for old buildings before the Greek Regulation of Thermal Insulation. 
��  : (�C) the temperature difference for the design of the system for Xanthi 23 �C (C’ Climatic Zone) and  
2,5 : overall surcharge coefficient which includes loads of ventilation and surcharge rates due to intermittent operation, 

distribution network losses, accelerate system performance, etc. 
 

The thermal power boiler Pgen for the reference building should be 917kW. The proportion of the installed capacity of 
heating systems corresponds to 332.3kW.  Therefore, the actual installed capacity of the boiler is less than the maximum 
estimated Pgen. For this reason, we take over-dimensioning rate ng1=1 and the factor ng2 (boiler condition), is taken ng2=1 
(TOTEE 20701-1), given that the boiler is in a relatively good condition. Thus, the total thermal efficiency of boiler-burner 
unit, is calculated: 

 

                ngen = ngm * ng1 * ng2  

              ngm * ng1 * ng2 = 0,91 * 1 * 1 = 0,91 = 91 % 

 Space cooling system. In the building's offices (2nd thermal zone), there are located autonomous 12 local air 
conditioners, with cooling power 12,000btu/h each (3.5kW). There is not central air distribution network thus there are not 
any distribution losses. The total cooling capacity installed is 42kW. Since there are no specifications and standards for the 
units, the energy efficiency ratio of the heat pump is taken EER = 2.0, as defined in TOTEE 20701-1 and received 
efficiency nem = 0.93: 

              nem,t = nem
fim * fhydr

 

 
For fim = 0.97 (for intermittent operation) and fhydr = 1 (system with hydraulic balance), the efficiency of terminal 

units calculated nem,t = 0.96. 
 

Lighting systems. The consumption of the lighting system has been obtained into account for higher education 
building. From TOTEE 20701-1, has been received 500 lux light level for higher education classrooms and office spaces 
(16 W/m2) and 200 lux light levels for corridors and WC (6.4 W/m2). 

Energy consumption prices. For the energy costs, the electricity prices of €0.15/kWh and heating oil of €0.9/lit 
were considered (D.U.TH. Economic Management Administration for the years 2013 to 2015). Emissions of carbon 
dioxide to the atmosphere, were calculated with values, 9,89x10-4 metric tons CO2/kWh for electricity consumption and 
2,64x10-4 metric tons CO2/kWh for fossil fuel consumption (Greek Ministry of Environment, 2015). 

     (1) 

 

     (2) 

 

 

      (3) 
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Energy assessment results of existing condition  

The results from the energy simulation of the existing c�ndition are summarized at Table 4 in terms of the monthly 
energy consumption, the cost thereof, the annual energy consumption, the percentage of energy consumption per use and 
fuel, its percentage proportion, the specific energy consumption and the annual CO2 emissions.  

 
Table 4: Annual consumption and specific energy consumption 

Energy Percentage kWh Cost Specific energy 
consumption 

per year 
(kWh/m2/yr) 

Metric tons 
CO2 / year 

  Lighting 20% 86,749 €13,012 
  Equipment 9% 41,579 €6,237 
  HVAC Systems 6% 24,636 €4,271 
Electricity 35% 152,964 €22,945 58 151 
Fossil fuels 65% 288,278 €32,589 109 76 
Total 100% 441,242 €56,109 167 227 

Energy renovation measures 

In this paragraph, it is described the energy assessment of the building by applying thermal insulation at building’s 
envelope and glazing upgrade, taking into account the building's operating conditions as recommended from the TOTEE 
20701-1 for University building. The thermal insulation for this study chosen to be the graphite expanded polystyrene 
(FIBRAN GRAFIT EPS80) after a comparative research on relative materials to market prices and thermal properties, with 
Thermal conductivity (�): 0,0320 W/(m·K), Specific heat capacity: 1,4900 J/(g·°C) and Density: 23,00 kg/m³. The list of 
the opaque and transparent structural elements after the renovation are reported in Table 5 and Table 6 respectively.  

 
Table 5: Opaque structural elements of the building's external wall,  

roof and floor thermal insulation 

Structural 
elements 

Thickness  
(mm) 

Insulation 
Thickness (mm) 

Thermal Transmittance   
U-value W/(m2K) 

Thermal Mass 
 (kJ/K) 

Masonry S-E-W 250 70 0.41 
0.43 
0.68 
0.70 
0.72 
0.40 

35.32 
Masonry N 120 70 17.07 
Basement Masonry 250 30 35.23 
Basement Masonry  120 30 16.95 
Floor 300 35 42.23 
Roof 350 70 60.75 
 

Table 6: Transparent structural elements of the building after glazing upgrade 

Glazing Type 
(A, B, C and D) 

Optical Light 
Transmittance 

Solar Heat Gain 
Coefficient 

Thermal Transmittance    
U-value  W/(m2K) 

Double Glazing 
with Argon 
(4-16-4mm) 

0.62 0.62 1.99 W/(m2K) 

 
 

To meet the needs for space heating and cooling, a heat pump to evaluate the energy performance has been 
considered through Revit software with the technical characteristics as described in Table 7. 
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Table 7: Technical characteristics of heat pump 
Properties Measurement Unit Performance 
Thermal Power (0/35 ºC, 5K spread) 
Power Supply 
COP (efficiency factor) 
Water supply 
Domestic hot water (range 60 oC - 80 oC) 
Maximum temp. water outlet	

kW 
V/PH/HZ 

 
m3/h  
Lt/h 

oC 

290 
380v/3ph/50hz 

5.8 
25 

3,835 
85 

 

Photovoltaic installation. In the context of reducing CO2 emissions to the atmosphere from energy consumption 
during the operation of the building, it is recommended the installation of photovoltaics at the building's roof with the 
characteristics as described in Table 8. 

Table 8: Characteristics of photovoltaic module 
Properties Symbol Measurement Unit Performance 
Maximum power 
Efficiency 
Rated voltage 
Rated current 
Open-circuit voltage 
Short circuit current 

Pmax  
 �  

 Vmpp  
 Impp  
 Voc  
Isc 

W  
   

V  
A 
V 
A 

245 
19.70% 

40.5  
6.05  
48.8 
6.43 

Dimensions   1660 x 800 x 46mm 
 

The available area of the roof for PV installation equals to 688,32m². In order to maximize energy production of the 
solar panels, it is proposed to construct a metal base, with gradient of 11% facing south, in order to put as much elements 
as possible, while at the same time achieving the avoidance of shading by the south elements. 

 

Figure 2. Details of photovoltaic modules installation 
 

According to the photovoltaic installation guide, the minimum distance between arrays to avoid shadows, equal to 
twice the distance from the height of the element towards the southern point. According to these data, the final area 
available for the photovoltaic installation equals to 625m² where it is possible to be installed 354 photovoltaic modules, 
which correspond to 470.11m² of solar radiation absorbing surface. The monthly energy production from photovoltaic 
modules was calculated with the computational tool “Solar Analysis” for Revit, as illustrated in Table 9.  

Table 9: Monthly energy production from photovoltaic modules in kWh 
Month  Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec  Total 
Solar 
Radiation 
(kWh/m²) 

74   90 110 130   153 181 160 142 126 99 78 61 1404 

PV Energy 
Production 
(kWh) 

6,853       8,335 10,187 12,040 14,170 16,763 14,818 13,151 11,669 9,169 7,224 5,649 130,027 
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Trombe walls. In the context of minimizing the energy consumption of the building was carried out a study for the 

contribution of thermal mass thermosyphon flow walls (Trombe, 1960) at the heating and cooling of the interior, which 
were attached to the southern classrooms of the building. The concrete thermal mass walls, have adjustable vents and their 
exterior is painted with black color for maximum concentration of solar radiation, while is implemented glazing within 
30cm from the thermal mass of the masonry, as defined the optimal distance by 1/10 of the wall hight (Liping W. and 
Angui L., 2006). To exploit the phenomenon of thermosyphon flow within the Trombe walls, while avoiding heat loss 
during winter and excess heat during the summer months, it is proposed the application of 7cm thermal insulation at the 
vertical thermal storage wall elements, from the side of the interiors. Therefore, it is exploited the function of heat storage 
Trombe walls while at the same time, it is given the option of using the passive heating and cooling to achieve the desired 
thermal conditions within the building (Gan G., 1997, Stazi F. et al, 2012).   

 

 

Figure 3. (a-b-c) Surface temperature distribution and air temperature in the classroom, (d-e) Maximum air 
temperature distribution in the classroom, (f) Minimum air temperature distribution in the classroom, (g-h-i) Range of air 
velocity within the classroom, (j-k-l) Three dimensional representation of the airflow within the classroom 
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Energy renovation results 

The results from the energy simulation of the building by applying thermal insulation at building’s envelope, glazing 
upgrade, LED lighting fixtures, heat pump, photovoltaics and applications of passive heating and cooling techniques, are 
summarized at Table 10 in terms of the monthly energy consumption, the cost thereof, the annual energy consumption, the 
percentage of energy consumption per use and fuel, its percentage proportion, the specific energy consumption and the 
annual CO2 emissions. 

Table 10: Annual consumption and specific energy consumption 

Energy Percentage kWh Cost Specific energy 
consumption 

per year 
 (kWh/m2/yr) 

Metric tons 
CO2 / year 

  Lighting 26% 27,998 €4,200 
  Equipment 38% 41,579 €6,237 
  HVAC Systems 36% 38,750 €5,812 
Electricity 100% 108,327 €16,249 41 107 
Fossil fuels 0% 0 €0 0 0 
Total 100% 108,327 €16,249 41 107 
Renewable energy 120% 130,027 - 49 -129 
Total 0% -21,700 -€2,170* -8 -21 
Total without LED - 36,317 €5,448 14 37 
* pricing of electricity produced by photovoltaic equals to 100 €/MWh (Greek Ministry of Environment, 2015) 

CONCLUSIONS 

In this paper, after the energy assessments and simulations to investigate the energy consumption of the building and 
the contribution of passive heating and cooling techniques during building operation, the following conclusions were 
ascertained: 

• the application of thermal insulation at the building envelope and the replacement of glazing reduces by 49.69% its 
energy consumption and resulting in 4-year payback time and the reduction of the CO2 emissions into the atmosphere 
by 30% 

• the replacement of the oil boiler with a heat pump, powered by RES from PVs, for the needs of space heating of the 
building in combination with the thermal insulation of the building envelope and the glazing upgrade, reduces the 
energy consumption of the building by 57.18%. Moreover, the replacement of lighting systems with LED fixtures, 
reduces by 13.15% more the energy consumption of the building, achieving a total energy reduction of 70.33%, resulting 
a 6-year payback time and the reduction of the CO2 emissions into the atmosphere by 43% 

• the contribution of the sunshade awnings on the south-facing building, lead to an overall reduction of 29% of the 
heating loads during the period from March to September. Moreover, from the simulations within the classrooms with 
computational fluid dynamics software, it is demonstrated that the application of thermal mass walls with thermosyphon 
flow (Trombe walls), resulting in a reduction of the energy consumption at the rate: 

• 26% for space heating during the winter season with the function of recycling the indoor air 

• 11% for space heating during the winter season as operated by refreshing the indoor air with fresh air, that as it 
passes through the thermal mass increases its temperature 

• 22% for the cooling of spaces during the summer, since the air flow caused by the effect of natural draft, removes the 
heat within the room, while simultaneously renewing the internal air. 

• Supplementary, the installation of photovoltaic modules on the roof of the building produces 130,027kWh electricity 
annually and can meet the energy needs of the building up to 120%, if Trombe walls have been installed at classroom 
and office spaces of the building. The total payback time of the renovation corresponds to eight years, with an 
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environmental impact the reduction of CO2 emissions in the atmosphere by 109%. 
 

After the integrated energy upgrade, by the building operation requirements as determined in TOTEE 20701-1 for 
educational buildings, the specific energy consumption of the building reaches up to -8 kWh/m2/yr. 

In conclusion, it is demonstrated that the energy upgrading of the built environment, will bring significant 
environmental and economical benefits, while at the same time, improving the internal conditions of the buildings, with 
significant benefits in productivity and occupant health. 
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ABSTRACT 
As buildings’ operational energy use is decreased, more attention will be given to the embodied energy in its materials and systems over the 

building’s life cycle. This paper investigates the embodied energy in construction materials for representative Hellenic residential buildings in order 
to derive simple metrics. The first part of the work identifies the types and quantifies the material quantities that are then associated with the 
corresponding embodied energy coefficients from international databases. The estimated embodied energy indicators for different building 
constructions and vintages ranging from 2.18 GJ/m2 to 10.2 GJ/m2, depending on the data resources, with a mean of 6.23 GJ/m2. On 
average, the embodied energy represents 11% to 22% of the building’s primary operational energy use over a 50-year life cycle, depending on the 
building type. As a contribution to the knowledge base, field studies of two Hellenic manufacturing facilities for ready-mix concrete and clay bricks 
were performed to estimate the embodied energy of these two commonly used building materials. The second part of the work considers common 
energy conservation measures, quantifies their embodied energy and their impact on outweighing some of the resulting operational energy savings. 
Representative results indicate a recovery time of about 4 to 9 years, depending on the investigated measures. 

INTRODUCTION 

Various European and national policies focus on improving the energy performance of buildings that represent 38.1% 
of the total final energy consumption in the European Union and 35.3% in Greece (EU 2016). Residential buildings are at 
the center stage since they dominate the building sector and play a significant role in the energy and environmental 
footprint of buildings. The Hellenic residential sector accounts for 3.79 million tonnes of oil equivalent (Mtoe) or 24.3% of 
the total final energy consumption in 2014, according to the latest officially available data (EU 2016).  

On a positive note, the transposition of the European Directive on the energy performance of buildings (EPBD) 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. Energy related key performance 
indicators for assessing building performance, are usually limited to the primary or final energy use intensities (EUI), i.e. 
operational energy use per unit floor area (GJ/m2) and the resulting CO2 emissions (kgCO2/m2). EUIs have been used by 
professionals as practical metrics and by policy makers for setting minimum code requirements and as benchmarks for 
developing building standards. EUIs can facilitate the comparison of different building attributes or characteristics, ensuring 
performance compliance with regulations and norms and easily associating a building’s energy performance (i.e. lower or 
higher energy use) with its characteristics (Balaras et al. 2014). For example, the average primary operational energy use for 
dwellings is estimated at 0.942 GJ/m2 (Droutsa et al. 2016). The EUIs strongly depend on the building age, averaging 1.116 
GJ/m2 for older buildings to 0.482 GJ/m2 for new buildings constructed during the KENAK-era. 

As the adoption and enforcement of more stringent regulations and standards drive the building’s EUI to lower limits 
(i.e. higher energy performance buildings), more attention should be given to the embodied energy in the construction 
materials over its life cycle. The embodied energy (EE) includes the energy used for the acquisition of raw materials, 
processing, manufacturing and assembling building construction materials, equipment or system components at the factory 
gate (i.e. cradle-to-gate). The boundaries of the analysis can be extended to include the energy used for transportation to the 
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building site (i.e. cradle-to-site) or even maintenance, replacement (refurbishment), demolition, recycling and final disposal 
(i.e. cradle-to-grave). The recurring embodied energy in buildings represents the energy consumed to maintain, repair, 
restore, refurbish or replace materials, components or systems during the life of the building. Apparently, the different 
methods for calculating and reporting the EE of building construction materials and products depends on the system 
boundary definition (e.g. upstream raw material extraction to downstream demolition and disposal) and the overall analysis. 
However, interpretations are quite unclear and vary greatly, while databases that provide data on the EE of materials suffer 
from the problems of variation and incomparability (Dixit et al. 2012).  

These indicators are also an integral part of the European Commission's efforts since 2014 on resource efficiency 
opportunities in the building sector to develop a common approach to the assessment of the environmental performance of 
buildings. The goal is not to develop a new standalone building certification scheme, but rather to provide a voluntary 
reporting framework to drive improvement in performance and allow for comparison between buildings across Europe. 
One of the main macro-objectives is to minimize the total greenhouse gas emissions from building life cycle energy use, 
with a focus on building operational energy, embodied energy and emissions (Dodd et al. 2016). 

Life Cycle Assessment (LCA) principles and framework are defined in ISO 14040, while ISO 14044 describes the 
relevant requirements and guidelines. However, a detailed LCA analysis is cumbersome and time consuming for routine 
studies. Despite the notable progress, LCA of buildings still needs to overcome various methodological challenges (Anand 
and Amor 2017). Data collected in LCA can be summarized in an Environmental Product Declaration (EPD) that provides 
a standardized way of quantifying the environmental impact of a product or system. EPDs are voluntary international 
disclosure tools and they are created according to the principles and procedures of ISO 14025. In Europe, a common 
Product Category Rules (PCR) for EPD development in the construction sector should also follow EN 15804. Available 
EPDs from the electronic registry (www.environdec.com) for building construction materials and equipment is currently 
very limited and do not include relevant information for construction products in Greece. In any event, EPDs do not rank 
products and do not indicate that environmental performance criteria have been met. 

These efforts will be facilitated by the full transposition and implementation of the Ecodesign Directive (2005/32/EC 
and its recast 2009/125/EC) that develops consistent rules for improving the environmental performance of energy-related 
products (e.g. boilers, airconditioners, motors, pumps, fans, water heaters, lights), and construction materials or 
components that are characterized as energy-using products (e.g. windows, thermal insulation material), which impact 
energy consumption of buildings. The Ecodesign Directive is progressively identifying and removing products with high 
energy use profile from the market and thus simplifies the process and the burden on professionals from making obvious 
choices. For example, the phase out of incandenscent lamps and non-condensing oil-fired boilers. The efforts to select 
energy efficient products are also supported through the European Energy Labelling Directive (2010/30/EU) that provides 
product information of the consumption of energy and other resources by some products. Furthermore, the European 
Ecolabel (Regulation EC 66/2010) voluntary scheme includes data on EE in order to inform users of materials’ and 
products’ environmental impacts throughout their life cycle, i.e. both upstream (raw materials and processing) and 
downstream (recycling and disposal) of their use.  

The selection of building materials with a lower EE may be desirable for the construction phase, but it may be more 
environmentally conscious to consider a more energy-intensive one if it results to higher operational energy savings during 
the building’s lifecycle or the product’s lifetime, whatever comes first. Similarly, during building refurbishment and the 
evaluation of different energy conservation measures (ECM), one should also consider the EE in the new building materials 
(e.g. add thermal insulation) and in the replaced building elements or systems (e.g. replace windows or boiler), by comparing 
them against the resulting operational energy savings. Understandably, this kind of assessments could best be handled by 
LCA, provided that the necessary data is available.  

As a first step, simple indicators can facilitate professionals to easily account for EE during the early stages of the 
decision making process, when most critical decisions are made, for new building design or refurbishment. The concept of 
EUIs that are commonly used for assessing the operational energy use of buildings can be extended to an embodied energy 
indicator (EEI), expressing the building’s embodied energy per unit floor area for different types of buildings. For 
residential buildings, various international studies report EEI in the range of 3.6-8.76 GJ/m2, with a mean of 5.51 GJ/m2 
and a standard deviation of 1.56 GJ/m2 (Dixit et al. 2010) and up to 12 GJ/m2 depending on the analysis approach 
(Chastas et al. 2016). This insinuates that the EE in a building may represent 15-30% of its lifetime energy consumption 
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(Itard & Klunder 2007, Ibn-Mohammed et al. 2013), while this could exceed 50% for high performance and nearly zero 
energy buildings (Herczeg et al. 2014, Chastas et al. 2016, Praseeda et al. 2016). This kind of simple EEI metrics are not 
readily available for Hellenic buildings in order to complement EUIs during routine professional work in a simplified 
holistic approach. 

This paper investigates the relevant importance of embodied energy in construction materials for representative 
Hellenic residential buildings in comparison to their operational energy use. The work objectives are twofold. First, to 
identify the main construction material types and quantities used in representative Hellenic residential buildings. The results 
are then used to rank the dominant materials in terms of their embodied energy and provide practical metrics for EEIs. 
Second, to estimate the recovery time of EE that outweighs some of the energy savings resulting from common ECMs 
implemented in two case studies. 

METHODOLOGY 

The overall method is a simple bottom-up process analysis of building construction elements. The approach starts 
with a detailed material analysis to specify specific mass quantities (kg) of the main construction materials, which are then 
associated with their embodied energy coefficients (MJ/kg). Representative Hellenic residential buildings are used as case 
studies in order to identify the main types of construction materials and then quantify the corresponding material masses. In 
order to overcome the scarcity of comprehensive national data, as a first approximation, relevant EE coefficients are based 
on published data in international data bases. A literature review of national and international published data provided a 
comprehensive overview of available information for different materials. Considering the data variations from the different 
sources, there is some level of confidence on the order of magnitude for the results. Complementary results for the material 
analysis and the estimated EE are also obtained from the Athena impact estimator software (Athena 2014) for a 
comparative analysis of the manual approach with the results from a well-known tool. The Athena life cycle inventory 
database contains the most detailed, highest quality and regionalized construction data available in North America and 
complies with ISO 14040/14044. Finally, as a contribution to the knowledge base, field studies of two Hellenic 
manufacturing facilities for concrete and clay bricks were performed to determine the cradle-to-site EE coefficients of these 
two commonly used building materials and compared against literature data.  

Another objective of this work was to assess popular ECMs (e.g. installation of double-glaze windows or roof thermal 
insulation) and quantify the associated EE in terms of outweighing the resulting operational energy savings. The 
calculations for assessing the building energy performance (Dascalaki et al. 2012) are performed using the national software 
(TEE-KENAK), for both the existing condition and following common refurbishment measures. According to the national 
regulation, the calculation method for residential buildings accounts for space heating, space cooling and domestic hot 
water (DHW). Other energy end-uses like lighting (only considered for non-residential buildings), cooking, white appliances 
and other plug-loads, are not taken in to account. 

Case Studies 

The work considered several representative residential buildings as case studies that reflect a variety of construction 
practices. They have different characteristics covering some of the Hellenic residential building typologies (Dascalaki et al. 
2011), in accordance to: a) building size, i.e. classified as single-family houses (SFH) and multi-family houses (MFH); b) 
building age band, i.e. classified based on the year of building construction using the following vintage: pre-1980 (‘old’ 
buildings before the first building thermal insulation regulation (HBTIR) was introduced, so the buildings are considered 
without thermal insulation), 1981-2000 (considered partially or insufficiently insulated), 2001-2010 (thermally insulated 
according to HBTIR) and post-2011 (considered up to KENAK standards); and c) building location, i.e. classified in terms 
of the four climate zones defined by KENAK. 

The four case studies considered are located in the second climate zone that includes Athens and Attica that is the 
largest metropolitan region of Greece with 33% of the total number of dwellings in the country. Their main characteristics 
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and construction details of the case studies are summarized in Table 1. The floor areas refer to the heated (living) areas and 
they are used for normalizing the EUIs and EEIs. The energy-class label according to the calculations using TEE-KENAK 
is also included for the existing condition of the buildings, along with the calculated annual primary energy consumption.  

 
Table 1. Characteristics of buildings used for the case studies 

Case Size & Floor 
areas m2 

Age band Label & Primary 
EUI GJ/m2 

Main Construction Floor plan 

I SFH 
117 

 

2001-10 B 
0.513 

Precast concrete structural systems (Load-
bearing and Walls with 5 cm extruded 
polystyrene (160 m2); Tilted roof with Double-T 
and 2.5 cm extruded polystyrene, covered with 
clay roman tiles; Floors with Double-T, covered 
with ceramic tiles); Double glazing with 
aluminum frames (33 m2)  
Systems: 25 kW oil-fired boiler (92.5%); local 
split-unit heat pumps; solar collectors for DHW 

 

II SFH 
120 

 

pre-1980  G 
1.222 

Load-bearing structure is high strength concrete, 
steel rebar to meet new standards for the 
addition of a new floor; Walls with natural stone 
(51 m2) and clay bricks (61 m2); Single glazing 
with aluminum frames (34 m2); Flat roof and 
floors with high strength concrete 
Systems: 35 kW oil-fired boiler (88%); local split-
unit heat pumps 

 

III SFH 
136 

 

2001-10 C 
0.312 

Load-bearing structure is high strength concrete; 
Walls with clay bricks and 5 cm extruded 
polystyrene (305 m2); Single glazing with 
wooden frames (32 m2); Flat roof with high 
strength concrete and 5 cm extruded 
polystyrene; Floors with high strength concrete, 
covered with ceramic tiles 
Systems: 25 kW oil-fired boiler (92%); local split-
unit heat pumps; solar collectors for DHW 

 

IV MFH 
210 

 

2001-10 C 
0.445 

Load-bearing structure is high strength concrete; 
Walls with clay bricks and 5 cm extruded 
polystyrene (448 m2); Double glazing with 
aluminum frames (58 m2); Flat roof with high 
strength concrete and 5 cm extruded 
polystyrene; Floors with high strength concrete, 
covered with ceramic tiles 
Systems: 35 kW oil-fired condensing boiler; local 
split-unit heat pumps; solar collectors for DHW 
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Case study II is not thermally insulated and has the highest primary EUI at 1.22 GJ/m2, labeled at an energy class-G. 
According to the Hellenic labelling scheme, a building is ranked in one out of nine energy classes ranging from class-G 
(lowest performance) up to class-A+ (highest performance towards nearly zero energy buildings) according to the ratio of 
its calculated primary energy consumption (asset rating) over that of the corresponding reference building (i.e. a carbon 
copy building, with envelope and systems characteristics that meet the minimum energy efficiency code requirements 
defined in KENAK, representing a ‘‘good’’ building that by definition is at an energy class-B). For comparison, based on an 
assessment of 480,000 valid energy performance certificates of residential buildings in Greece (Droutsa et al. 2016), over 
half of the dwelling stock is ranked at the last two energy classes (i.e. 34% with a G label and 17% with an F label), followed 
by class-E (16%), class-D (18%), while only 3% of the dwellings are ranked at an energy class-B or better.  

Material Quantities 

The bill of the main building envelope materials and quantities were prepared extracting information from the CAD 
drawings and built scenarios by considering the Hellenic regulation of reinforced concrete and applicable Eurocodes for the 
periods of construction. For two of the case studies (I and II) an additional calculation was performed using the Athena 
software (Athena 2014). The building elements were analyzed into their component building materials. The tool calculates 
the bill of structural materials required in each assembly, walls, floors, roofs, foundations, beams and columns systems. 
However, one needs to keep in mind that the Athena tool contains data according to American and Canadian building 
codes and regulations, thus the outputs should be used with caution. This underlines the difficulties users have on using 
popular tools for performing this kind of analysis.  

Embodied Energy Coefficients 

This work relied on publically accessible international data, given that a comprehensive Hellenic database is not 
available. An overview of primary EE coefficients (MJ/kg) for major building construction materials from eight databases 
(DB1-8) and three other national reviews (DB9-11) is presented in Table 2. Some of the differences may be attributed to 
the basis that the values are based on (e.g. cradle-to-gate, cradle-to-grave), the country of origin of data, other ambiguities 
(e.g. primary or final energy) etc. Most of the sources provide values for cradle-to-gate, i.e. excluding transportation to the 
building sites, construction activities and waste management after demolition. The construction activities generally do not 
exceed 2% of the life cycle impacts (Herczeg et al. 2014). Due to cost limitations, the transportation of materials is usually 
limited to 35-50 km. Demolition and waste management account for only -1.3% to 2.7% of the environmental impacts. 
Annual construction and demolition (C&D) waste from buildings accounts for 850 million tonnes (Mt) or ~33% of the 
total waste generated in the EU (Herczeg et al. 2014). Accounting for recycling may be important for some materials. For 
example, for the most important metals, recycled content may is estimated at 59% for steel and 33% for aluminium. 
Concrete, bricks and other bulky materials usually contain little or no recycled material.  

For metals, aluminium and steel have the highest EE per unit. Although recycled metals may be significantly lower, 
these recycled materials still have a higher EE than most other materials (Herczeg et al. 2014). Thermal insulation materials 
have a high EE per unit. However, over the whole life cycle of buildings, the energy savings from the use of insulation are 
between 3.8 and 270 times more than the cradle-to-grave impact (Herczeg et al. 2014). 

  
Audits of two plants. According to the Hellenic buildings Census (ELSTAT 2015), concrete represents 57.7% and 

bricks 21.5% of the main structural materials of building envelopes. A field work targeted these two popular materials and 
performed a short energy audit at two local manufacturers, one for ready-mix concrete (26,400 m3 annual production) and 
one for clay bricks (30,000 tonnes annual production).  

The main production phases for ready-mix concrete include two main processes. One stream from the extraction of 
raw material, cement production, transportation and distribution of cement to the mixing plant; another stream from the 
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extraction and transportation of aggregates to the mixing plant for stockpiling and finally mixing cement with aggregates 
and adding some supplementary cementitious materials. Annual production data and energy use were collected for both 
streams and then combined with production rates and energy use consumption at the mixing plant. The cradle-to-gate EE 
coefficient was calculated at 1.266 MJ/kg of concrete. 

 
Table 2. Literature review1 of embodied energy coefficients (MJ/kg) for major construction materials 

 DB1 DB2 DB3 DB4 DB5 DB6 DB7 DB8 DB9 DB10 DB11 

Type of EE Cradle-to-Gate Not defined 
Location UK North Central France Australia Australia Australia N.Zealand India Various sources 

  Europe        

Materials             
Concrete 0.95 0.6 1 1.6 2.4 1.8 1.9 1.2  0.72-1 0.9 0.7 
Precast concrete 2      2 2     
High strength concrete 1.39-2.12       2.5     
Bricks 3 2 3 4.5 5.4 3.3 2.5 2.7  14.5 1.62 2.7 
Steel rebar 13.1-24.6 12 25 28.8 55.5 85.3  24 35.1 23.7-47.5 30.6 9.9 
Mortar 1.4 1 1 1.9  2.6 1.8  2.1  3.3  0.5 
Glass 15 7 8 18.4 83.6 168.8 12.7 14.9 25.8 19.0-25.9 54 18.4 
Insulation 88.6 75 75  107.6 172.2  219.2  100.1 79.74 90.7 
Natural stone 0.1-1 0.1 0.1     0.79     
Aluminium 155 58 184 207.8 378.5 252.6 170 219.2 236.8 87.8-213.8 261 312.7 
Ceramic tiles 9 8 8 20.5 32 22.5  2.5 3.3  1.98 2.5 
Clay tiles 6.5  3  17.3 20.5  2.5   6.2 3.3 
1 Database references: 1: ICE Database as cited by Hammond and Jones (2008), Energy, 161(2): 87-98;  2: Bjorn (1992), The ecology of building materials, 
Architectural Press;  3: Deam database as cited by Blanchard and Peppe (1998), University of Michigan, School of Natural Resources and Environment; 4: Pullen 
(2007), University of Adelaide; 5: Treloar as cited by Pullen (2007); 6: Lawson (2006), Royal Australian Institute of Architects, Melbourne;  7: Alcorn (2003), 
Victoria University of Wellington; 8: Devi and Palaniappan (2014), Energy and Building, 80:247-259; 9: Evangelinos (2004) as cited by NTUA, Calculation of 
environmental effects of typical construction details; 10: Georgiadou (2005) as cited by NTUA; 11: Bikas (2011) as cited by Dimoudi and Tompa (2008), 
Conservation and Recycling, 53:86-95. 

 
The clay brick manufacturing starts with receiving the raw materials moving them through a series of processes 

starting with smashing, cleaning, kneading with the addition of water, sheeting of kneaded clay and shaping, cutting of clay 
to bricks, drying baking, packaging and finally storing. Baking of bricks is the most energy intensive stage of the production 
process. The audit data covered all the above stages with the exception of clay extraction and transportation that were 
estimated from published national data. The cradle-to-gate EE coefficient was calculated at 2.522 MJ/kg of bricks. 

RESULTS 

In Europe, the embodied energy in new building materials for residential buildings is estimated at 48-65 Mtoe 
(Herczeg et al. 2014) compared to 263 Mtoe final energy use in the European residential building stock (EU 2016). Steel 
(27.0%) and aluminium (23.9%) are responsible for over half of the total embodied energy in building materials, followed 
by concrete (16.5%), wood (11.6%), bricks (10.0%), glass (4.1%), copper (3.7%), aggregates (1.0%), insulation (0.9%), stone 
(0.6%), and clay (0.5%). Looking at the split of total aggregated impacts from the materials used in buildings, it is clear that 
steel, copper and aluminium dominate. These three metals are collectively responsible for about 80% of all impacts 
stemming from the (cradle-to-gate) production. This is in agreement with the main results for the investigated case studies 
that are summarized in the following sections. 
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Material Quantities 

In EU, the average annual use of the main construction materials in EU is estimated at 721.6 Mt of aggregate materials 
(e.g. sand, gravel and crushed stone), 662.2 Mt of concrete, 106.1 Mt of bricks, 38.9 Mt of steel, 24.8 Mt of wood, 10.0 Mt 
of stone, 5.5 Mt of glass, 5.3 Mt of clay, 3.2 Mt of aluminium and 2.1 Mt of copper (Herczeg et al. 2014). The biggest 
fraction is aggregate materials (~45% of the total materials by weight) followed by concrete (42%), and bricks (7%). From 
metals, steel accounts for ~2.5% of materials use by weight. Wood that is the largest biotic fraction, accounts for ~1.6% of 
material use. The remaining materials (e.g. copper, glass, aluminium) each make up to less than 1% of material use.  

Representative results from this work on the material quantities (kg) and the embodied energy using the EE 
coefficients (MJ/kg) from Table 2 are illustrated in Figure 1. For case study I, the calculations were performed using the 
mean values from DB1 and DB, since these databases cover the main construction materials, precast concrete and thermal 
insulation. The estimated EEI is 5.75 GJ/m2 using DB1 and 6.34 GJ/m2 using DB7, with a mean of 6.04 GJ/m2. For case 
study II, the calculations were performed averaging values from DB1-5 and DB7 along with the data cited by DB9-11. The 
estimated EEI is 3.2-4.33 GJ/m2 using DB1, 2.18-4.08 GJ/m2 using DB2, 5.5 GJ/m2 using DB3, 9.37 GJ/m2 using DB4, 
10.21 GJ/m2 using DB5, 4.8 GJ/m2 using DB7, 4.38-6.75 GJ/m2 using DB9, 4.6 GJ/m2 using DB10 and 2.92 GJ/m2 using 
DB11, with a mean of 5.54 GJ/m2. The calculations for case studies III and IV were performed using DB1. The estimated 
EEIs are summarized in Table 3. Overall, the load bearing structure represents the highest material quantities and the main 
component of the total embodied energy of the buildings. Although the quantities of thermal insulation are very low (e.g. 
0.2% of the total), the material’s EE represents about 8% of the building’s total, due to the high material embodied energy 
coefficient. 

 

 

Figure 1 Results from case study I (top row) and II (bottom row) for the bill of quantities (kg) and embodied energy (MJ) 
for the main materials (left column) and as a percentage contribution for the mass quantities and the embodied energy 
(right column). 

 
For comparison, the Athena software (Athena 2014) was also used to estimate the initial and recurring EEIs for case 

studies I and II over a 50-year life cycle. The LCA calculations account for most life cycle stages, i.e. material 
manufacturing, including resource extraction and recycled content, related transportation, on-site construction, maintenance 
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and replacement effects, demolition and disposal. Given that the tool uses the average US primary energy conversion 
factors (i.e. 2.05 for electricity) the analytical results for the different energy carriers were adopted using the national 
conversion factors according to KENAK to calculate primary energy (i.e. 2.9 for electricity). The results for case I and II 
following the previous manual approach to estimate the EEI and the Athena software are summarized in Table 3.   

 
Table 3. Calculated embodied energy intensities (GJ/m2) for the four case studies 
Case Manually 

Initial 
Athena tool 

Initial/Recurrent/Total 50yrs 
 Case Manually 

Initial 

I 6.04 7.03 / 0.354 / 7.455  III 6.51 
II 5.54 7.10 / 0.306 / 7.405  IV 6.82 

 
The initial EEIs from the manual approach differ from the values obtained from the Athena tool by 14% for case I 

and by 22% for case II. The different national building codes explain some of the observed variations since they will impact 
the calculated building material quantities between the two approaches, along with the use of different EE coefficients. 
Overall, the outcome of this comparison provides some level of confidence on the method and on the order of magnitude 
of the results from the manual approach. Considering a 50-year life cycle of a building that is thermally insulated and has a 
low annual operational energy use (i.e. case I building), the initial and recurrent embodied energy represent 22.4% of the 
total primary energy consumption. On the other hand, for a building with high annual operational energy use (i.e. a non-
insulated building like case II), the total EE represents 10.8% of the total. Considering the results for all investigated case 
studies (Table 3), the average EEI is 6.23 GJ/m2 that is within the range of other findings reported in the literature, e.g. 
5.51 GJ/m2 (Dixit et al. 2010) and 1-8.35 GJ/m2 (Praseeda et al. 2016). 

Energy Conservation Measures 

Existing buildings have a high potential for significant energy savings by implementing different ECMs, especially for 
space heating and DHW. Depending on the annual operational energy savings, it may take several years to recover the 
embodied energy associated with materials of a specific measure. From a study of a Spanish SFH (Rossello-Batle et al. 2015) 
the addition of wall thermal insulation and the replacement of wooden windows with aluminium, increased the EEI 
equivalent to the final heating energy consumption by 5 and 10 years, respectively. 

In Greece, the replacement of windows is the most common ECM for all types of Hellenic residential buildings 
(Droutsa et al. 2016). Although this is not the most effective measure for maximizing energy savings, the additional side 
benefits (e.g. improved indoor thermal conditions, sound proofing, aesthetics and security) and the fact that this measure is 
easy to implement, it has clearly become an action of choice for most homeowners. Other popular measures include the 
installation of solar collectors for DHW and the addition of roof thermal insulation in SFH, averaging 41% primary energy 
savings. For MFH, the installation of new natural gas boilers results in 31% primary energy savings. 

This investigation assessed three ECMs for case II, i.e. add roof thermal insulation, replace openings with double 
glazing aluminium frame windows and install a solar water heater for DHW. The operational energy savings after the 
implementation of the ECMs are 0.306 GJ/m2, resulting to an annual EUI of 0.916 GJ/m2 for the refurbished building, i.e. 
a decrease of the EUI before the refurbishment (Table 1) by 25% and an improved energy performance ranking from class-
G to class-F. On the other hand, there is an increase of the building’s embodied energy accounting for the old and new 
windows, the additional roof insulation and the new solar collectors. The EEI is increased by 1.28 GJ/m2 after the 
implementation of the ECMs, i.e. an increase by 17%. The operational energy savings will compensate the EE increase of 
the implemented measures in 4.2 years.  

For case III, the investigated ECM refers to the replacement of openings of single glazing wooden frames with double 
glazing aluminum frame windows. The building’s energy performance remained at the same class-C (Table 1) since the sole 
action of replacing the windows was not sufficient to alter the building’s ranking, but resulted to annual operational energy 
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savings of 0.053 GJ/m2. Accounting for the EE of the old- and new-openings (i.e. 0.46 GJ/m2), the resulting recovery time 
is 8.7 years.  

CONCLUSIONS 

A bottom-up approach was used to calculate the embodied energy associated with the main building construction 
materials (e.g. load bearing structure, facades) for four case studies in an effort to derive practical metrics. A parallel field 
investigation collected and analyzed data from two local manufacturing facilities; the cradle-to-gate EE coefficient for 
ready-mix concrete was calculated at 1.266 MJ/kg and for clay bricks at 2.522 MJ/kg.  

The estimated EEIs for the investigated buildings ranged from 2.18 GJ/m2 to 10.2 GJ/m2, depending on the 
embodied energy coefficients from several publically available databases that were used in the calculations. The load bearing 
structure represents the most significant component of embodied energy in the buildings’ materials.  

The ratio of embodied energy to operational energy can be significant for buildings with a good energy performance 
(e.g. an insulated building like case I) with an EEI to EUI ratio of about 11.8 : 1 (or about 22% over a 50-year life cycle). 
For buildings with poor energy performance (e.g. a non-insulated building like case II) this drops to 4.5 : 1 (or about 11% 
over a 50-year life cycle), since the high annual EUI will be the dominant factor. Representative results indicate that 
accounting for the EE of implemented energy conservation measures outweighs operational energy savings with a recovery 
time in the range of 4 to 9 years.  

Data quality and availability of national data for EE coefficients remains a challenge, especially for routine 
professional work. The results from this work will be used to target the collection of more data from local production 
plants of the main building construction materials, products and systems, in order to enhance the knowledge base on their 
embodied energy. Furthermore, there is a need to bridge the gap of knowledge on the energy use at construction sites and 
thereafter during maintenance and refurbishment. Future work, will also consider more case studies in order to derive 
similar metrics that cover the Hellenic residential building typology for different building constructions and vintages. A 
similar analysis will also be adopted to include electromechanical installations.  
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ABSTRACT 
Buildings in EU take up a major portion of energy use with up to 40% of the total consumed. Acknowledging this, the European 

commission voted into law a new directive (Directive 2010/31/EU) in June 2010, with one of its main targets was to increase energy efficiency 
by 20% and reduce carbon emissions by the same percentage. Since Greece’s economic growth is stunted due to the recent crisis , making new 
building projects rather difficult to construct, renewed interest appears in retrofitting existing buildings to make them more efficient in their energy 
usage. This project attempts to study the impact of typical energy efficiency measures in buildings and structures used in the tertiary sector. 

Analysis is performed by using TEE-KENAK, a software program developed by the Technical Chamber of Greece to analyze the energy 
efficiency of buildings. Using the results from this software, quantitative differences will be examined between different common energy efficiency 
measures (building shell insulation, windows replacement, lighting etc.) applied to a building in Greece, with an economic analysis of the results 
based on current market costs for materials and installation. 

Keywords— energy efficiency measures, buildings, tertiary sector, insulation, KENAK 

APPLICATIONS 

Our research in investigating different energy efficiency measures in tertiary sector buildings has tangible and 
substantial effects in the services and industries housed by them. As well as considering the importance of aligning with the 
directives of the European Union, it seems intuitive that an effort to turn to alternative sources of energy (preferably 
renewable) should always be accompanied by a push for less energy consumption, especially considering that other 
developing or developed “energy-hungry” countries are less than inclined to curb their growth and conform to 
environmental policies which could help alleviate the damage to the environment caused globally by increasing CO2 
emissions and the resulting greenhouse effect (mainly China and the USA). Also one of the main advantages in reducing 
energy usage is, of course, lower running costs for the businesses housed in the aforementioned buildings, higher 
productivity of the employees working there and thus higher added value for the company/ies. 

METHODOLOGY 

The aim of the thesis was to measure as precisely as possible how much of an effect various energy efficiency 
measures would have on a typical building used in the tertiary sector, which has very contrasting needs than corresponding 
domestic sector ones. This can be alluded to a difference in occupancy (hours, number of people), fresh air demands, 
operation hours and their respective lightning loads etc. 

Therefore, such a building was chosen at the suburb of Kallithea in the region of Attica, Greece. The building consists 
of 3 floors, 2 recesses and a loft, along with two basement floors. This building was constructed in 1979 was recently (in 
2010) renovated and all of the steps and technical specifications about it are available. 

Renovation measures 

Measures include, but are not limited to: 
x New main VRV-VRF air-conditioning unit with high COP and EER to be installed on the roof of the building. It 

will feature air to air heat exchangers for preheating and precooling the air, plus free cooling by using night 
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enthalpy. 
x Latest A and B energy class devices 
x Installation of a solar collector and a photovoltaic array of panels for the production of electrical power (note that 

it is fed directly to the main network, not the building). 
x Installation of new T5 fluorescent lamps 
x External wall, ground floor and roof insulation 
x Installation of new window panes with double glass (6-16-6) and aluminum frames with thermal break. 
x BEMS for the automatic control of all the aforementioned systems (lighting, water heating, air conditioning, door 

and elevator control etc.). 

Project Steps 

The steps of the research undertaken are: 

1) Data collection of the technical specifications of the building components (walls, roofs and windows, specifications of 
electromechanical devices within the building such central heating and cooling systems, elevators, lighting installations, solar 
collectors, controls etc.) 
2) Data preparation to define a framework upon which our software can finally perform the energy audit for both before 
and after the renovation scenarios. 
3) Calculation of U-values of the building components which consist its external shell. 
4) Calculation of respective shading values for the shell components (both walls and windows). 
5) Finalizing the renovated building scenario by calculating system values. 
6) Deriving a pre-renovation scenario by using typical values provided by the Technical 20701-1/2010 (referred as TOTEE) 
for buildings constructed before the application of the Building Thermal Insulation Regulation, as our building falls into 
that category. 
7) Create different scenarios so as to analyze each energy efficiency measure individually, in order to evaluate its 
contribution to the total building energy savings acquired by the renovation, with respect to financial parameters such as 
initial costs, payback period and Internal Rate of Return (IRR). 
8) The financial analysis will be based on extended market research concerning costs of materials, equipment and 
assembly/construction. 
9) Comparison of the derived results and final assessment thereof.  

RESULTS AND DISCUSSION 

General Results 

Results from the building’s basic two scenarios, the pre-renovated and the renovated states, are presented in Table 1 with 
their energy ratings in Figure 1 as produced from TEE-KENAK: 
 
 
 
 
 
 
 
 

212



EinB2016 – 5th International Conference “ENERGY in BUILDINGS 2016” 
 

Table 1.   Simulation Results TEE-KENAK 
Primary energy consumption (kWh/m2) 

Final use Reference Building Renovated 
Pre-renovation 

condition 

Heating 24.6 26.8 73.2 
Cooling 67.9 37.0 263.2 

Hot water 14.5 5.1 24.8 
Lighting 123.5 67.9 387.2 

Contribution by RES-Cop 0 0 0 
Total 230.5 136.8 748.4 
Rating - B+ H 

 
 

 

Figure 1 Energy rating of the renovated building according to TEE-KENAK 

 

Lighting Loads 
 
As mentioned in section II, T5 fluorescent lamps where chosen for installation in the building during renovation to 

replace the preexisting halogen lamps. For reference purposes, some additional lamp types have been also examined as 
alternative scenarios, which are T8 fluorescent lamps and LED lamps (with their consumptions per year shown in Figure 

2). Our analysis on lighting offered the most impressive results: All of the more efficient lamps reduced significantly the 
initial lighting load the building examined had (as seen from Table 2). The T8 lamps were less efficient than T5 lamps, but 
had a noticeably lower cost, while LED lights also offered a very slight improvement for the higher relative costs.  Average 
cost of reduction for lighting usage was from 75% to 82%, with an impressive IRR of ^200% (due to a range of capital cost 
of 15000 to 25000 € and saving more than 60000 € per year), and a very low discounted payback period (<1/3 year) to 
boot. 
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Figure 2 Energy consumption for lighting by different types of lamps  
 

Table 2.   Lighting Scenario Results 

Lighting 
Installation 

Costs (€) 
Yearly 
Profits (€) IRR 

Disc. Payback 
Period 

Energy 
Savings 

T8 14745 70073 375% 0.22 76.57% 
T5 19034 74090 289% 0.28 80.96% 

LED 25066 75248 200% 0.363 82.23% 
 
External Wall and Roof (Non-transparent Surfaces) Insulation 
 

The type of insulation installed was anhydrous gypsum plaster and thermally insulated graphite expanded polystyrene 
(EPS) sheets, with most of the areas having a 6 cm thickness insulation.  With an average insulation cost of 20 €/m2 for 
horizontal surfaces and 40 €/m2 for vertical surfaces, the heating and cooling demands in kWh/m2 (Figure 3) were 
respectively reduced to 31.5 kWh/m2 and 195.4 kWh/m2 in comparison to the pre-renovation building scenario, which 
results in a total demand reduction of 32%. With a hefty capital cost of ≈78000 € we can expect a 3.7 years as discounted 
payback period while its IRR equals about 12% (as shown in Table 3). 
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Figure 3 Insulation scenario results in kWh/m2 

 

 
 

Table 3.   Insulation Scenario Results 

Results No Insulation Insulation Results Insulation 
No 
Insul
ation 

Heating Costs (€) 17299 7444 Profits per year 
(€) 

- 25878 

Cooling Costs (€) 62203 46179 Installation 
costs (€) 

- 78429 

Total (€) 79502 53624 Costs 
percentage 

drop 

- 32,55% 

Simple Payback 
Period 

- 3.03    

Discounted 
Payback 
Period 

- 3.7049 IRR - 12% 
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Windows and Glazing (Transparent Surfaces) Insulation 

With the pre-renovation building scenario featuring single glass windows with metallic frames and no thermal breaks, 
in this scenario double glass and double glass with low-e coating windows will be examined, while their frames shall be 
assumed to have equal qualities (material etc.) to the ones of the renovated building. The transparent elements were divided 
into three categories depending on the percentage of aluminum frame to their glass pane, small medium and large. Their 
respective costs were 250 €/m2 for small, 160 €/m2 for medium and 150 €/m2 for large windows. For each element its 
cost was then calculated after assigning each to a category as close as possible, with the total coming up to ≈43000 € while 
also taking in account a 30% increase in price for low-e coating glass. The results were highly discouraging, as they managed 
to reduce the building’s total energy usage only by 4.5% and 6.39% respectively (as shown in Table 4). Thus, thanks to 
their high costs, window replacements give a simple payback period of 12 and 11 years, but their discounted ones are never 
(since discounted payback periods reach a certain max value asymptotically) and 17.3 years respectively. All this points out 
how unadvisable is such an investment, with the miniscule difference shown in the graph in Figure 4.  

 

 

Figure 4 . Transparent surface replacement scenario results in kWh/m2 
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Table 4.   Transparent Surfaces Scenario Results 
 Single Pane Double Glass Double Glass Low-E 

Heating Costs (€) 17299 15432 15172 
Cooling Costs (€) 62203 60477 59248 

Total (€) 79502 75910 74421 
Profits per year (€) 123.5 67.9 387.2 

Installation costs (€) - 43089 56016 
Simple Payback Period (years) - ≈12 ≈11 

Percentage Drop - 4.5% 6.39% 
Discounted Payback Period (y) - Never 17.34 

 

Photovoltaic array connected to the building  

The renovations did include a renewable energy source, but it was unaccounted for since it was connected to the main 
network thus not affecting the energy balance of the building. In this scenario we examine what effect it would have if the 
photovoltaic array powers the building directly in order to lower its yearly energy demands. The polycrystalline PV array is 
72.24 m2 and achieves 9.6 kWp. Its installation cost was determined to be around 20000€. The yearly gain is 31.9 kWh/m2 
which translates into ≈7500€ reduction in energy expenses per year. The discounted payback period is 3.17 years and the 
project’s IRR is 18%, making this investment very solid indeed (Table 5). 

 
Table 5.   PV Array Results 

 Single Pane 

kWh/m2 energy gain 31.9 
Profits per year (€) 7539 

Installation costs (€) ≈20000 
Discounted Payback Period 3.17 

IRR 18% 

 

Solar Collector and insulated tubing 
 

Recirculation of the water was considered standard, as this was the technology the solar collector in the renovated 
building came with. Capital costs were 8000 € for the collector’s installation and 2840 € for insulating the tubing network of   
hot water. The results (Table 6, shown in graph form in Figure 5) were interesting: With a solar collector, the reduction in 
hot water energy consumption was ≈30% (from the initial 21.3 kWh/m2 it was reduced to 15 kWh/m2), leading to a 
discounted payback period of 7.6 years and a low IRR of 3%. Moreover, adding insulation to the tubing resulted in 
significant further reduction of the energy consumption for hot water (69.4%, 6.5 kWh/m2), making the discounted 
payback period 3.8 years and the IRR a respectable 11%. Recirculation was what influenced here the results, as the 
recirculation of water makes it easier for the water to lose its heat to the surrounding environment, hence that is why the 
use of insulated tubing becomes almost compulsory in hot water. The hot water tubing was insulated in its entirety with 
prefabricated shells of plastic foam material with closed cell structure and a maximum conductivity of 0,04 W/mK, with a 
minimum of 13 mm thickness in external and 9mm thickness in internal routes. 
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Figure 5 Solar collector system scenario results in kWh/m2 

 

Table 6.   Solar Collector And Insulated Tubing Scenario Results 

 
No Solar 

Collector 
Thermal Collector 

Thermal Collectors 
With Insulated 

Tubing 

kWh/m2/y energy consumption 21.3 15 6.5 
Costs (€) 5033 3545 1536 
Profit (€) - 1488 3497 
Installation costs (€) - 8000 10840 
Percentage drop - 29.56% 69.48% 
Discounted Payback Period (y) - 7.668 3.803 
IRR - 3% 11% 

 

CONCLUSIONS 

The main conclusions of the research performed are below: 

x In tertiary sector buildings used as offices, lighting may be the single most energy demanding load (especially if 
using old-type inefficient lamps), therefore any measures taken to lower the lighting consumptions (whether by 
use of natural lighting, automatic control, high efficiency lamps etc.) are both cost-effective and very 
recommended.  
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x Difference in electricity usage and installation costs between lamp types is noticeable enough to make the choice of 
a certain type, not instantaneously obvious. However, since the energy consumption from lighting in office 
buildings can become so high in absolute numbers, results tend to favour the most efficient type, i.e. LED lamps. 
Here though the potential health problems which are related with the increased blue light emission from LEDs 
should be noted.  

x Buildings in the tertiary sector with a similar transparent to non-transparent area ratio as the building researched 
(around 10%, as the total non-transparent area is 1644 m2 vertical plus 906 m2 horizontal divided by 250 m2 of 
transparent area) benefit far more by insulating non-transparent part of the external shell than replacing 
transparent surfaces with better performing ones. This is contradictory to the general notion that insulating your 
windows would be extremely beneficial (heavily advertised in the domestic sector), as the effect they have is 
minimal. However, note that this applies to areas with a Mediterranean climate similar to Athens’, as harsher 
climates (providing higher temperature differences from thermal comfort suggested by international standards) 
might prove to have a stronger effect on the energy savings and efficiency. 

x Both solar collectors and photovoltaic arrays make for attractive investments with reasonably low payback periods, 
as long as the capital costs can be covered. High irradiance all year round in Greece helps greatly in this. 

x Insulation of hot water piping network can make or break the feasibility of an investment in a solar collector, 
especially if it’s recirculating its water. However, it must be considered that hot water usage makes up a small part 
of the total energy consumption of an office building (less than 5%), thus other energy efficiency measures carry a 
greater weight.  

The results of this work may become useful in the choice of priorities of renovations applied on the field, as they have 
demonstrated the high energy consumption of lighting and the importance of insulating the outer walls and roofs versus the 
replacement of window panes, which is usually the most common practice commercially. Further investigation could be 
made in the future on the impact of the climatic zone where the building is located, or the application of alternative heating 
and cooling technologies such as geothermal systems.  
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Energy saving through evaporating cooling 
in comfort and industrial applications 

L. Nalini1 
1 CEO, Carel Industries, Brugine (Padova), Italy 

ABSTRACT 
In the HVAC industry adiabatic evaporation is generally assimilated to air humidification, but recently the process has been used 

specifically to cool air for free, a crucial aspect in developing green systems with low energy consumption. 100 kg of water that evaporates 
adiabatically absorbs around 68 kWh of heat from the air, with a negligible power consumption. This application of adiabatic humidification is 
called evaporative cooling and is used in climate control either to replace or to integrate mechanical cooling. Unlike traditional technologies based on 
the use of synthetic refrigerants, evaporative cooling features important environmental benefits in terms of global warming potential thanks to the 
virtual absence of both direct and indirect CO2 emissions.   

Evaporative cooling works best in hot and dry climates or in environments characterized by an inherent massive heat production. Benefits 
are ideally maximized whenever the needs for cooling and humidification coexist. Nonetheless further energy savings can be achieved in virtually 
any situation through the combined use of evaporative cooling and heat recovery, a process called indirect evaporative cooling. If included since the 
design phase of an air-conditioning system, evaporative cooling techniques allow lower investment costs in smaller cooling devices.  In any case they 
can be easily integrated in existing systems with returns on investments (ROIs) of a few years, if not months. 

 

EVAPORATIVE COOLING IN THE HISTORY 

Everybody has certainly experienced the cooling effect caused by a current of air on the sweating skin or on wet 
clothes, as well as the perceived lower temperature in the vicinity of waterfalls where microscopic water droplets are 
suspended in the air. This phenomenon, as will be explained further below, depends on the absorption of vapor from the 
air which is cooled for this reason. 

   

Figure (a)       Figure (b) 
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Based on empirical observations, even without knowing the underlying physical principle, humankind has used since 
from the third millennium BC the evaporative cooling to mitigate the temperature of spaces or spontaneously cool drinking 
water, particularly in areas with a hot and dry climate. Some paintings dating back to 2500 B.C. (Figure a) found in ancient 
Egypt show some slaves that move air with fans through an array of pots causing the gradual evaporation of the water 
content that emerges through the porous walls: air, humidified and cooled, is directed toward the royal people. 
 

      

Figure (c)       Figure (d) 
In Persia (nowadays Iran) have been found irrigation channels escavated underground, the qanats	 (Figure b), used 

since the first millennium B.C. for the transportation of water from the spring to the place of use also over long distances to 
limit evaporation losses caused by the hot, dry climate; vertical shafts supported construction and maintenance of the 
underground channel as well as air interchange. With the help of the depression caused by the wind, the air was sucked 
along the qanat and entered in living areas after being cooled by the evaporation from the water surface. The qanat 
technique has spread progressively in Asia and North Africa.  

During the age of Roman Empire in some patrician mansions water taken from the aqueduct was percolated through 
the walls to promote evaporative cooling; for plebeians it was common to hang on the windows or in front of the door wet 
tissues or vegetal mats (Figure c) to cool the rooms with the help of natural ventilation. The same practice was popularly 
used in the Middle East and in India, where, however, it is still common. 

Leonardo da Vinci is credited with being the inventor, on the late 15th century, of an early mechanical air cooler 
created to ventilate the bathroom of the Duchess Isabella of Aragon in Milan. The ingenious device included a rotating 
cylinder (Figure d) - equipped with wet wings and slots on both the curved surface and laterally - that, powered by a water 
stream, introduced into the room an adiabatically cooled air flow. 
 

         

Figure (e)     Figure (f)   Figure (g) 
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About the same time in Spain spread the use of botijo (Figure e), a porous clay jug containing water of which a part 

filters through the pores an, when in contact with the dry outside air, evaporates and cools the remaining. The botijo 
generally has a spherical body with two openings on top – a wide one for pouring the water into the jug and a smaller spout 
- as well as one or two handles to carry it. Traditionally, people drink water directly from the botijo holding and tilting it so 
that the water flows from the spout. Probably conceived 5000 years ago by the Indus Valley civilization, this device is 
capable to lower the water temperature up to 15 °C with no mechanical cooling. 

There have been many applications of evaporative cooling from antiquity to our times and among them also some 
very curious ones as, for example, a device to mitigate the temperature inside a car (Figure f). Swamp coolers are proposed 
also for boats and even for light prop aircrafts. Only over the last two centuries, scientists have studied the basics of 
thermodynamics and processes related to the exchange of sensible and latent heat and found the theoretical principles of 
cooling by evaporation which, however, has played a marginal role in the recent past due to the extensive use of mechanical 
refrigeration systems.  

The major exception is covered by the cooling towers (Figure g), introduced in England in the late 19th century, 
which were first used in industrial processes, and later also in large HVAC systems. Today the trend towards the use of 
solutions with low environmental impact and low energy consumption is rivitalizing and optimizing the use of evaporative 
cooling not only in regions with hot and dry climates but also in industrial and technical applications generating heat inside 
the buildings. However, since the hygrothermal room conditions must remain within the comfort or technical limits 
required for each application, often the evaporative cooling is part of a larger system and is activated in whole or in part as a 
function of the working conditions. 

CHANGES OF STATE OF WATER  

According to the molecular kinetic 
theory, like any other element water assumes 
the solid, liquid, gaseous state in function of 
the internal energy of its molecules, which 
occurs as vibrational, rotational, translational 
kinetic motion. 

Temperature is a measure of the average 
internal energy and therefore the higher the 
temperature, the greater the internal energy of 
the water molecules. Fig. 1 summarizes the 
possible changes of state of water. 
 

In solid ice – below freezing temperature - molecules move around their fixed position but are retained by the mutual 
attraction forces that maintain the overall shape. 

In liquid water - between freezing and boiling temperature - the molecular internal energy is high enough to break the 
reticular  bond;  the  molecules  still attract each other but with no fixed position so that liquid water has a defined volume 
but not its own consistency, taking the shape of its container. 

In vapor (i.e.: water in the gaseous state below the critical temperature) the molecules have a kinetic energy high 
enough to overcome the attractive forces of the bulk of the liquid spreading and moving at random over  the entire space in 
which they are confined. 

 

 

Figure 1 Changes of state of water 
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Vapor is present in the environment above water or ice over the entire temperature range normally encountered in 
Earth's atmosphere.  However hereinafter we will focus our attention on the more common change of state, ie from liquid 
to vapor and viceversa above freezing temperature. 

 
The presence of vapor is due to the fact that each molecule of liquid or ice has a kinetic energy but not the same 

amount: infact part of the molecules has a fairly large amount of energy compared to the average according to a statistical 
distribution (theory of Maxwell-Boltzmann); the probability of molecules having higher energy raises with temperature as 
shown in fig. 2. Some of the molecules sitting on the surface of ice or liquid water have enough energy to overcome  the 
attractive forces of the surrounding ones and to move away from the surface; they then assume the vapor state and, 
following the gas law, exert a pressure on the surrounding bodies, solid and gaseous, proportional to their number per unit 
of volume. 

Conversely, some other molecules will return to the liquid and condense so that the evaporation rate is the result of a 
statistical balance. Introducing some liquid water in a sealed vessel under vacuum, the evaporation process starts; 
evaporating molecules, that initially largely prevail on the condensing ones, spread in the space above water. 

At constant temperature, progressively the difference between evaporating and condensing molecules rates will 
decrease toward zero, finally reaching an equilibrium: in this condition the vapor within the vessel is called saturated and 
no additional molecules will statistically pass from liquid to vapor state. Fig. 3  represents the three stages of the process: 
initial, transient and final (at saturation). The pressure above the water, known as saturated vapor pressure Pvs, is 
produced by the kinetic energy of the molecules and therefore, ultimately, depends exclusively on the temperature. 

The empirical formula closely appoximating between 0°C and 80°C the saturated vapor pressure Pvs vs. temperature  
t (°C) is: 

  (1) 

while the vapor density ρvs is: 

 (2) 
However if the total amount of water is such that – once completely evaporated – the number of molecules is not 

sufficient to reach the saturation the vapor pressure in the enclosed space stabilizes at Pv, lower than the saturation value 
Pvs; we get therefore the definition of vapor pressure ratio µ  as follows: 

 

Figure 2 Distribution of Molecular Kinetic 
Energy at Two Different Temperatures 

 

Figure 3 Vapor pressure equilibrium 
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 (4) 
In fig. 4 is shown the diagram of the vapor pressure vs. temperature at different vapor pressure ratios; the thicker 

curve is the saturation line (µ = 100%). 
Using the formula (2), it should be noted that,– at 

the same temperature – the vapor pressure is proportional 
to the vapor density and therefore to the number of 
molecules in the same space. 

In fig. 4, for example, points 1s and 1 are resp. 
related to the vapor pressure at 20°C in saturation 
conditions and at µ = 50%. 

However the vapor pressure ratio µ =Pv/Pvs changes 
with temperature due to the variation of the molecular 
kinetic energy: infact, raising the temperature from point 1 
to point 2, the same pressure Pv will be got with a lower 
value of the ratio µ=Pv/Pvs because of the increase of the 
saturation pressure Pvs from point 1s to 2s. 

On the contrary, decreasing the temperature from 
point 1 to point 3, the final saturated vapor pressure will 
be lower than the original vapor pressure: the difference is 
forced to condense, returning back to liquid, because the 
vapor pressure cannot be higher than the saturation one.  

 

THE ENERGY PERSPECTIVE 

In the changes of state examined so far has not been mentioned the energy aspect: infact to get the evaporation of 1 
kg of water at a 20°C constant temperature is needed a heat input of 2455 kJ (0.68 kWh). 

As a matter of  curiosity this energy is far from negligible, being the one required to raise eight people from the ground floor up to the 
observation deck of the Empire State Building at an elevation of 381 m ! 

If the vessel of Fig. 3 was thermally insulated, the change of state instead of being isothermal (at constant 
temperature) would occur adiabatically, ie without receiving or releasing heat from/to the outside. During an adiabatic 
evaporation, the molecules with a higher kinetic energy move away from the surface so that the remaining ones get a 
reduction of their average energy; in other terms, the heat absorbed by the leaving molecules is given by the entire liquid-
vapor system which then undergoes a temperature decrease. Since the state of saturation is reached at a lower temperature, 
this process is defined evaporative cooling. If evaporation takes place in the atmosphere instead of in an enclosed 
container, the vapor will disperse in the air following the law of Dalton, according to which in a gas mixture the density of 
molecules of each gas is proportional to its own partial pressure which is the pressure that the gas would exert if it was 
alone.The atmosphere containing vapor is a mixture of vapor and dry air (without vapor) being the atmospheric pressure P 
equal to the sum of the partial pressures of the above two basic components: 

 (5) 
The conventional value of atmospheric pressure P at sea level is 101,325 Pa. 
According to the gas law, the pressure of the two gases in a volume V (m3) at a temperature T (K) are: 

 

 
Figure 4 Water pressure diagram at constant vapor 

pressure ratio µ = Pv/Pvs 
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 (6) 
where: 

• Pa, Pv = partial pressure resp. of dry air and vapor; 

• ma, mv = mass (kg) resp. of dry air and of vapor contained in the space V; 

• Ra, Rv = individual gas constant resp. of dry air and of vapor (= resp. 286,9 J/kg K and 461,5 J/kg K). 
The vapor content in the atmosphere is called humidity. 

The absolute humidity x, expressed as mass of water vapor per unit mass of dry air is given by: 

 (7) 
In the case of moist air the vapor pressure ratio µ = Pv/Pvs seen before is defined relative humidity, expressed as a 

percentage and indicated with ϕ or, more frequently, with RH. 
The vapor content in the atmosphere can then be calculated, by knowing the partial pressure Pv as a function of 

temperature and relative humidity, with the following expression: 

 (8) 
In addition, the enthalpy (heat content) of moist air is as follows: 

 (9) 
where:  
t[°C] = temperature; cpa, cpv [kJ/kg°C]= specific heat of dry air and of vapor; r0 [kJ/kg] = latent heat at 0°C.  
It is to note that (8) and (9) are the basic formulas to draw the well known psychrometric chart. 
Finally, it is to observe that the actual vapor partial pressure is given by: 

 (10) 
showing that, at a certain atmospheric pressure, Pv is function exclusively of the absolute humidity x. It is possible 

therefore to add to the psychrometric chart a vertical axis that indicates the partial vapor pressure for any possible 
environmental condition: this is very important because the physical parameter which mainly promotes the transfer of 
water molecules through the air from one body to another or between two environments of unequal moisture 
content is the difference in partial vapor pressure. If the vapor molecules were not transparent, in our house we could 
see visible  plumes that infiltrate along the window and door frames or through cracks in  the walls migrating during winter 
to the outdoor where the humidity content is lower; just the opposite would happen in summer. Some “mysterious” stains 
of mold in the corners of a house are generally caused during cold seasons just by the migration of vapor, due to pressure 
difference, from the kitchen or from the bathroom to the cooler spots where it condenses. The psychrometric chart helps to 
draw the lines representing the transformations in which temperature or vapor content change; the basic ones, ie starting from 
27,5 °C and 50% RH at 1 bar, are shown in Fig. 6: 

1. Temperature raise with supply of heat but without change in vapor content; there is an  enthalpy increase and a 
simultaneous lowering of the relative humidity; 

2. Cooling with removal of heat; temperature decreases but with no variation of vapor content until the saturation line  
(RH = 100%).  

3. Increase of vapor content at constant temperature (isothermal humidification) obtaining the raise  both of absolute 
and  relative humidity up to the saturation curve; this transformation implies an energy input equivalent to the 
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latent heat of the introduced vapor and therefore a higher final  enthalpy content; the difference between the  
actual vapor pressure Pv (1,84 kPa) and the saturation pressure Pvs of air (3,68 kPa) at the same temperature 
indicates the maximum capability to absorb additional vapor; this difference is defined Vapor Pressure Deficit 
VPD being: 

 (11) 

4. Decrease of vapor content at constant temperature; this is not a spontaneous process because the vapor 
molecules will not leave the air without a change of state;  the target  can be achieved only by bringing the air 
temperature down to the saturation (line 2), cooling the air by means of the cold surface of a heat exchanger (4a) 
condensing part of the vapor down to the required absolute humidity and, finally, reheating it (4b). 

5. Adiabatic evaporation without exchange of heat with the surroundings along an isenthalpic line; the vapor content 
in the air increases and, in the same time, the air temperature decreases; the transformation may continue up to the 
saturation state, so reaching the thermodynamic wet bulb temperature. 

For the purpose of this discussion our attention will be focused on transformations of the adiabatic type (from greek 
αδιαβατικός) where the exchanges of heat and mass take place only between the air and the water which are in contact. 

 
 
 
 
 

 

 

 

 

 

 

EVAPORATIVE COOLING DRIVERS AND MECHANISM 

Let us now examine the basics of evaporative cooling 
technology. In an environment in which water and air coexist, the 
pressure of vapor just on the liquid surface is equal to the 
saturation value Pvs depending only on temperature; instead, the 
vapor partial pressure within the air is determined by the 
saturation degree (generally < 100%) and by temperature, not 
always the same of water. An evaporative (or adiabatic) cooler is a 
device in which an air stream is circulated over an extended water 
surface with which it comes into close contact; in order to 
minimize both the overall thermal inertia and a potentially 
contaminated stagnation the mass of water is kept as low as feasible. Due to the difference between the vapor pressure over 
the water surface and  the partial vapor pressure of unsaturated air, the evaporation of water molecules will take place. 

 

Figure 5 Mold on cold surfaces  

 

 
Figure 6    Basic transformations on the psychrometric chart 

 

 

Figure 7 Evaporative cooler  scheme 
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However there are several important facts to observe during the adiabatic evaporation process; infact: 

• the transformation takes place along an isenthalpic line (ie without heat exchange with the surroundings) calculated with 
(9): see the black arrow of  Fig. 8; 

• to pass from liquid to vapor the molecules require an 
energy input equivalent to the latent heat of 
evaporation; 

• being this process adiabatic, the thermal energy must  be 
transmitted from air to water; to do so, the water will 
have always to be colder than the air passing over it; if 
initially the water is warmer than the air, during the first 
phase of the process the heat of evaporation is supplied 
by the water itself until it becomes colder than the air; 

• due to the gain of evaporated molecules, the partial 
vapor pressure in the air rises – as well as the RH% – 
approaching progressively the saturated pressure upon 
the liquid surface; in other terms, the vapor pressure 
difference that drives the evaporation process reduces 
gradually until it becomes zero when reached the state 
of saturation where no further evaporation may exist; 

• as a matter of fact, the progressive reduction of air 
temperature produces a cooling effect; per each gram of 
absorbed vapor the temperature of 1 kg of air decreases 
by about 2,5°C (approx 3°C per cubic meter). 

Observing the graphical representation of the 
adiabatic evaporation process in Fig. 8, it appears clearly 
that the lowest temperature theoretically attainable from the 
humidified air coincides with the intersection between the 
isoentalpic line and the saturation curve, at the wet bulb 
temperature; the cooling capacity of the process grows 
with the length of the line itself and therefore with a higher 
initial air temperature  and a lower original vapor content.  

The evaporative cooling, particularly effective in 
correspondence of hot and dry climates, reduces with the 
decrease of initial air temperature and with the increase of its humidity: this is clearly visible in fig. 9 which shows the 
adiabatic cooling capacities obtainable starting from two different  air  conditions; despite  the  same  initial  absolute 
humidity, the potential cooling capacity starting from the point 1 (38°C; 20%RH) is 2,6 times higher than from the point 2 
(22°C; 50%RH). 

The evaporation of water involves a simultaneous transfer of heat and mass between the air stream and the liquid 
surface;  the heat exchange dQ (J/s) and the mass exchange dG (kg/s) that occur through an infinitesimal area dS at any point 
of interface are given by: 

 (12) 

 

 

Figura 8 On going evaporative cooling process 
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 (13) 
where: 

• tw, ta [°C] = temperature of water and of air over it; 

• K, K’ = transfer coefficient of heat and mass flow. 

• Pvs, Pva [Pa] = saturated vapor pressure on water surface and vapor pressure of air over it; 

 
While both are depending linearly on the exposed surface, the heat exchange is proportional to the temperature 

difference and to the heat tranfer coefficient K when the mass exchange is proportional to the vapor pressure difference 
and to the mass transfer coefficient K’. Immediately above the water surface there is a thin boundary layer in which the 
speed of the air, due to its viscosity, is close to zero and the water molecules are in transition from one stage to the other: in 
fig. 10 are shown the qualitative profiles resp. of vapor pressures and temperatures in that area. Since the influence of this 
boundary layer on the conductance coefficients K and K’ decreases with the turbulence, in order to maintain a good 
evaporation rate is important to keep a sufficient air speed. 

 

EVAPORATIVE COOLING EFFECTIVENESS 

As the evaporation process evolves through an adiabatic 
evaporative cooler, the temperature and vapor pressure 
differentials between air and water decrease and therefore the 
saturation condition of leaving air, coincident with the 
maximum ideal cooling effect, is not achievable in practice. The 
capacity of an evaporative cooler to approach the saturation, 
defined as Direct Saturation Effectiveness µe, is: 

 (14) 

 

 
Figure 9 Different adiabatic evaporation 

processes on the psychrometric chart 

 
 

 

 
 
Figure 10 Profiles in the boundary layer 

 

Figure 11 adiabatic cooler efficiency 
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where twb is the thermodynamic wet bulb temperature of entering air: see fig. 11. 
The saturation effectiveness of direct evaporative coolers ranges between 20-30% (typical of the smaller tabletop 

equipment) and up to 90% and more for large size high performance ducted units. 
 

EVAPORATIVE COOLING IN AIR CONDITIONING 

The isoenthalpic evaporation process is of considerable 
importance since, where practicable, produces a refrigerating 
effect with no energy consumption. An evaporative cooler 
designed for air conditioning purposes reduces the processed 
air temperature but simultaneously increases its humidity 
content approaching saturation; this must be taken into account 
in order to keep the hygrothermal room conditions  within the 
comfort or technical limits required for each application. 

Room air conditioning by means of an evaporative cooler 
is not viable just recirculating internal air through  an 
evaporative cooler since the indoor humidity would soon reach 
too high values; instead it requires the introduction of outside 
air to which obviously corresponds a subsequent expulsion of 
an equal rate. Evaporative cooling equipment can be direct or 
indirect.  

The free cooling by Direct Evaporative Cooling (DEC) 
is got introducing straight into the space outdoor air already 
cooled and humidified and therefore it is possible whenever the 
temperature t2 of the cooled outdoor air is lower than the 
internal temperature tamb; in fact, for the same air flow, the 
cooling capacity is proportional to the difference (t2-tamb). The 
graph of Fig. 12, where it is assumed an evaporative cooler 
effectiveness µe = 90%, shows the variation of the internal 
temperature and humidity conditions that - in the absence of 
internal moisture generation - are established to maintain a 
difference (t2-tamb) of 8°C (highlighted in red, supposed in this 
example as the design value needed to compensate a constant 
heat load) under outdoor conditions varying from point 1 to 
point 3, randomly selected. If instead it is necessary to maintain 
a fixed indoor temperature, for example tset = 23°C, the 
difference (tset-t2) evolves  – as well as the cooling effect – until 
it becomes null when the external  condition is 35°C/30% RH: 
see fig. 13. It is to note that when the outdoor temperature t1 is equal or lower than tset of the design difference (in our case 
8°C), the free cooling is got with no evaporative cooling (point 4). 

In order to maintain an indoor space at a fixed temperature tset regardless of outdoor conditions, often the evaporative 
cooling process is part of a more complex system that, as shown  in  fig. 14,  is   capable  to   control  –  by  means  of 
motorized coniugated dampers - the most convenient ratio between the flow rate of the adiabatically cooled air and a 
recirculated one cooled by a mechanical refrigeration cycle. 

 

Figure 12 Indoor temperature and humidity after 
DEC vs. different outdoor conditions 

 
 

 

Figure 13 Indoor temperature and humidity 
after DEC vs. different outdoor conditions 
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The direct evaporative cooling is particularly suitable for spaces with a significant heat generation (ie: industrial 
processes, data centers, etc) without the requirements of a strict control of temperature and humidity and when the 
introduction of external air has no harmful side effects due to possible pollution. 

 

 
Figure 14 System diagram with motorized dampers to adjust the air flow rates 

 
 

The free cooling by Indirect Evaporative Cooling (IEC) occurs by cooling air in an adiabatic humidification 
process, and then in turn using the same air to reduce – via a heat exchanger – the temperature of a second stream of air, 
whose moisture content remains normally unchanged: obviously in this case the introduction of a temperature difference 
for such heat exchange means that the system can generally be used for pre-cooling only. The pre-cooling of renewal air is 
the most frequent application of indirect evaporative cooling in air conditioning field; fig.15 shows a possible diagram of 
such a system. 

 

 
Figure 15 Possible diagram of an installation for indirect evaporative cooling 
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The exhaust air flow GO, before being expelled, is 
humidified: its temperature decreases and therefore it can 
be used for heat exchange with the flow GE of external air. 
In fig. 16 are shown the pertinent thermodynamic 
transformations; the segment tA-tC represents the 
evaporative cooling of the exhaust air and the lines tC-tO 
and tE-tX are relevant to the temperature values along the  
heat exchanger. In this case the overall evaporative process 
effectiveness is: 

 (15) 
which is rather lower than in the direct evaporative 

cooling due mainly to the presence of the heat exchanger 
that introduces a further temperature difference. 

 
The free cooling by Indirect and Direct Evaporative Cooling is a combination of the two systems where the fresh 

air, after being pre-cooled in the heat exchanger, undergoes further evaporative cooling before being introduced into the 
conditioned space. This system is interesting only for hot and arid climates where the relative humidity of make up air after 
the heat exchager is still far from saturation. 

 

EVAPORATIVE COOLERS TYPICAL CONSTRUCTION 

The heat and mass transfer equations (12) and (13) show that, given the characteristic temperatures and vapor 
pressures of the process, the rate of evaporating cooling is proportional to the transfer coefficients K and K’, dependent on 
the turbulence and therefore on the air velocity, which however should not exceed 3-4 m/s to prevent excessive pressure 
losses or heavy entrainments of droplets downstream the cooler. The other basic characteristic, adjustable in a wider extent, 
is the exchange surface S between the air and the evaporating water: infact in the most part of evaporative cooler the 
required air flow rate is moved by a fan along an interface wet surface large enough to meet the design parameters. There 
are two basic ways to expand the surface: 

• by using a solid wet media that, both due to its extensive geometric configuration and porous structure exposes the 
air crossing it to a very large surface that, if kept wet, act as a vast water-air interface area; 

• by introducing into the air stream water in the form of numerous minute droplets using a process known as 
nebulisation, pulverisation or atomisation. 
Evaporative cooling using wet media is the most classic system applied – as already seen – since millennia. The simplest 

equipment used today for direct evaporative cooling residential applications, shown in fig. 17, includes an axial or a centrifugal 
fan moving the air through a sort of expanded surface felt or porous media usually of vegetable origin, such as twisted aspen 
twigs, or with honeycomb structures of resin-impregnated cellulose or glass fiber of which fig. 18 shows some examples. The 
pads, placed vertically, are kept wet by a uniform flow of water drawn from a bottom tank by a pump and distributed on their 
upper edge: see fig. 19. 

 

 

Figure 16 Indoor temperature and humidity after 
DEC vs. different outdoor conditions 
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Figure 17 Typical residential DEC unit conditions 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Larger units, generally placed inside of air handling units, work with the same principle but are of modular type, as 

shown in Fig. 20.  This makes possible to adapt the front surface and the depth of the wet media  according to the available 
space, the air flow rate, the efficiency, the allowed pressure loss: fig. 21 shows some honeycomb modules. 

 

 
Figure 18 DEC pads 

 

Figure 19 Water flow over DEC pads 
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Figure 20   Typical layout of a modular evaporative cooler for AHUs unit 
 
 

 

Figure 21   Wet media pads 
 
Just a fraction of the water distributed onto the wet media evaporates when the remainder is continuously recirculated;  

the   evaporation    process   increases   the concentration in the water of dissolved salts which progressively may build up 
on the surface, forcing to clean or replace the modules when clogged; hence, a particular care must be paid to distribute the 
water evenly over the entire surface of the wet media to get a continuous washing action and avoiding to leave some dry 
sections.  

However the deposition of scale deposits leads to the replacement of the wet media pads – normally impractical to clean - with intervals that 
depend on the water content of salts. From an energy point of view it should be noted that, within a ducted HVAC system, the air flow always 
passes through the wet media evaporative cooler even when it does not work; a cooling pad with a 90% saturation effectiveness, crossed by air with 
a speed of 3 m/s, offers an average pressure loss of 150 Pa, which means that in an air handling unit having an internal section of 4 m2, the 
additional power required by the fan may be as high as 4500 W, ie 40,000 kWh if working all year round. Even more important the hygienic 
aspect: the presence of a warm water recirculation promotes bacterial growth which, in the absence of regular controls, might become very risky. 
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Atomising evaporative coolers create an aerosol of minute droplets whose surface form the water-air interface with 
no need of any external media; since the required water-air interface area is determined by the design evaporation rate, the 
amount of drops to be put in contact with the air increases with their size. For example, I kg of water atomized in droplets 
whose diameter is 10µm has an overall surface of 600 m2 when only 6 m2 are exposed to air if the average diameter is 1 
mm; obviously this means that the quantity of droplets required to produce the same cooling effect sharply increases with 
their diameter. The most common atomisers are: 

• traditional air washers, producing drops with a diameter as large as 1÷2 mm; this is the only equipment based on direct 
interface between air and water drops that recirculates water with an auxiliary pump; 

• spinning disk type, based on the impact of water on a centrifugal wheel, producing droplets of ≈ 30 µm;   

• spray nozzles using compressed air as a propellent resulting in droplets of 5÷10 µm;  

• ultrasonic piezoelectric devices that produce a very fine aerosol with droplets of 1÷3 µm  making use of the resonance 
of a piezoelectric ceramic oscillating at a frequency typically of 1,65 Hz. 

Figure 22 Picture of some typical atomisers 
 

High pressure airless atomizing systems with pressurized water that produces a fine mist and exploit the potential 
energy transferred to the water by a special volumetric pump (with a delivery pressure generally between 70 and 100 bar); 
the produced droplets have an average diameter of 10÷15 µm. In essence, these systems consist of: 

• a rack of spray nozzles; 

• a pump assembly;  

• a mist eliminator in the case of ducted installation like the one shown in fig. 23. 
Low pressure airless atomizing systems with water pressurized at 10÷16 bar; working similarly to high pressure ones 

but with a larger droplet diameter (around 25÷40 µm) they are suitable wherever a higher water drainage rate or a possible 
surface wetting are not an issue.  

Figure 23 Elements of an atomizing system with pressurized water 
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nozzles with compressed air 

 

 

ducted ultrasonic atomizer 

 

aerosol by a spray nozzle 

 

pump assembly 

 

 

airless atomiser nozzle rack in operation in a duct 
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To develop a sufficient water-air interface area it is necessary that the atomized water and the air stream travel along a 
common path with a sufficient length (obviously lower, the smaller are droplets). Under the hygienic aspect atomising 
evaporative coolers are not critical because they do not promote bacterial growth; infact: 

1. in the case of direct atomization into the environment the sprayed water is fully absorbed by the air; 
2. in ducted systems the fraction not evaporated - usually very small - is drained without recirculation. 
It should however be noted that the duct length necessary for an atomising evaporative cooler, the so-called evaporation chamber shown in 

Fig. 23, is greater than that required for a wet media. To prevent the formation of scale on the atomizing nozzles or ceramic element of the 
ultrasonic models it is suggested the use of demineralized or softened water thus making the operation virtually maintenance free.  

 

EXAMPLES OF APPLICATIONS OF DIRECT COOLING BY ADIABATIC EVAPORATION 

There are many applications of direct cooling by adiabatic evaporation, both for technological and comfort 
requirements; the following are some of the more significant or typical cases. 

 

Cooling of indoor and outdoor environments: 
adiabatic cooling is extensively used in hot and dry climates for 
temperature control in indoor and outdoor environments. Fig. 
24 shows, in yellow, the characteristics typical of locations with 
high temperatures but with low relative humidity (continental 
climates) or very low relative humidity (semi-desert areas); the 
blue area describes the conditions that can be obtained, starting 
from the original ones, by adiabatic cooling which, despite the 
increase in humidity, remain well inside the comfort 
requirements. Adiabatic cooling, generally performed using 
humidifiers fitted with fans for distributing the air, is often used 
in industrial processes in which large amounts of heat are 
produced, especially when localised, such as in metal foundries; 
adiabatic evaporation can reduce the temperature of the areas 
around the furnaces by 15-20°C. Another convenient 
application is in livestock sheds where solar radiation and the 
production of heat due to the metabolism of the animals causes 
a remarkable increase in temperature. This is also the case, 
particularly in summer time, of highly crowded environments 
such as subway stations, railway stations, halls for events. In 
addition to the ventilation equipment required for the air 
renewal, adiabatic cooling is a suitable method to maintain the 
correct range of environmental conditions at low costs in terms 
of investment and operation. 

 
Adiabatic cooling of air cooled heat exchangers: the 

temperature at which a fluid (ie: water, condensing refrigerant) 
can be cooled  in a heat exchanger is determined, beyond the 
exchanger capability, by the temperature of the cooling air; of 
course, although it should work all the year round, an exchanger 

 

Figure 24 temperature lowering by adiabatic cooling 
attainable in hot and dry climates 

 

 

 

Figure 25 Aircooled heat exchanger with a wet 
media pre-cooler aircooled heat exchanger 
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designed to withstand the maximum temperature - expected 
for short periods only - can lead to a costly oversizing. An 
adiabatic cooling, that is activated just during the hottest 
hours, lowers the air intake temperatures down to few degrees 
above the wet bulb temperature which, in particularly hot 
climates, may be 15÷20° C lower than the ambient allowing 
very high energy savings, particularly in refrigeration circuit 
condensers.  As shown in figg. 25 and 26 the heat exchanger 
pre-cooling may be got with a wet pack or with an atomising 
nozzle rack however this  last is often preferred due to the 
absence of pressure drops and to an easier maintenance. With 
an atomising device is also possible to moderately wet the coil 
fins in order to greatly extend the area available as a water-to-
air exchange interface. 

 
Cooling the intake air in a gas turbine: the efficiency of the gas turbines used for the generation of electricity is 

determined by the quantity in weight of fuel mixed in suitable proportions with the oxygen. The mass of oxygen contained in 
one cubic metre of air depends on the temperature and on the pressure: at standard atmospheric pressure (1 bar) and 0°C, it 
is equal to 297 grams but drops to 255 grams at 45°C. It is clear then that − for the same stoichiometric (fuel/air) ratio − an 
increase in the temperature of the air drawn in by the turbine 
causes a reduction in the oxygen mass flow rate and in the  
power  production  (≈ 0,6% per each °C increase) as well as 
an increase of the heat rate (fuel consumed per unit of energy 
produced): see fig. 27. To limit the decrease in output in 
systems located in countries with hot climates and, in any 
case, during the hotter periods (which often coincide with a 
higher request for power), the intake air may be pre-cooled. 

In harsher environmental conditions, this may reduce 
the temperature by up to 15-20°C.  

The preferred adiabatic humidifiers for this type of 
application are pressurised water models, due to the low 
running costs and the minimum pressure drop opposing the 
flow of air. 

 

Figure 26 Aircooled heat exchanger with an 
atomising pre-cooler 

 

 
Figure 27 Variation of the performance of a gas 

turbine vs. air intake temperature 
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