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Abstract 

Energy usage deriving from human activities is increasing day by day acting against the quality of the 

environment and the sustainable use of natural resources. The major impact of these actions is reflected 

on the quality of daily life. In order to face the challenge of preserving an acceptable balance between 

human needs and environmental status, the combination of proper design and energy simulation of 

buildings is the key towards smarter and more sustainable solutions. Solutions that covers a respectable 

percentage of the current domestic energy needs without further environmental foot printing. In the 

scope of this project, an existing single-family house in Southern Greece (Heraklion, Crete) is modeled 

using Revit® Architecture software and then is simulated with IES® VE (plug-in) in order to give the level 

of energy intensity. The energy model used is fully harmonized with the new rules set by the “National 

Regulation for Energy Performance of Buildings - (K.En.A.K)” as it was put in force from October 2010 

and onwards, and fully complies with the European Standards (EN ISO) published for the various tasks 

of building`s thermal performance. The structure and contents presented in this report are in full 

compliance with the technical directives [31, 32, 33] published by the Technical Chamber of Greece, in 

favour of the complex task of “Energy Certification of Buildings”. The most significant capabilities of 

sophisticated software tools, like Revit® Architecture, IES® VE, Polysun® and PVsyst®, in favour of 

sustainable building design and simulation are shown throughout the whole report. Moreover, their 

valuable contribution is highly acknowledged by the engineers encountered with the task of studying the 

energy performance of existing or newly constructed buildings in Greece and issuing, the mandatory by 

law, “Energy Performance Certificates”. 

 

Keywords: Revit® Architecture, IES® VE, Polysun®,PVsyst®, energy simulation, Building Energy Performance (BEP), 

Energy Performance Certificates (EPC), Greece. 
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1 Introduction 

According to the Kyoto Protocol, the overall target in terms of energy usage in residential and commercial 

buildings must be reduced by 20 percent until 2020 and to 50 percent by 2050, taking as a reference point 

the values of 1995 [33]. 

In 2010, energy needs in building sector in Greece is estimated to reach 40 percent of the total energy 

supply [31, 32, 33] and that is equivalent to 45 percent of the total CO2 emissions into the atmosphere 

[31]. In 2009, approximately 25 percent of the oil and 28 percent of natural gas was used nationally for 

covering residential, commercial and public services needs [36]. 

Recent research [4, 5, 11] has shown that energy usage in Greece, for heating purposes (including hot 

water production) varies from 100-150 kWh/m2 (residential buildings) up to 150-350 kWh/m2 (for 

commercial and public services buildings). The majority of residential buildings have an average energy 

demand of 140 kWh/m2  while buildings for commercial and public services purposes this value is around 

102 kWh/m2 [31]. It worth’s noticing that the energy consumption is highly dependent on the geographic 

location (higher energy needs at northern places of Greece). 

The main purpose of energy consumption is space heating (70 percent), followed by electrical loads of 

appliances and lighting (18 percent) and hot water production (12 percent). Space heating systems in 

Greece are almost oil-fired communal central type (90 to 95 percent), while a small percentage (5 to 10 

percent) uses district-heating systems (primarily electricity based) due to the oil crisis in 1973. Heat 

production needs are covered partially by renewable sources, so far only 13 percent of heat production 

comes from solar thermal power systems and it is being used primarily for producing hot water for 

residential usage. Almost 97 percent of buildings have a supplementary electrical heating system (e.g. AC 

systems), consuming high amounts of energy that is equivalent to nearly 70 percent of the total electricity 

consumption [31].   

The same study [31] have also shown that during the last decades, the trend in CO2 emissions due to heat 

energy from single family residential buildings is rising (from 32 kg CO2/m2 in 1970 to 40 kg CO2/m2 in 

2004), in contrast to the multifamily residential houses where the emissions have a constant decreasing 

trend (from 35 kg CO2/m2 in 1970 to 21 kg CO2/m2 in 2004). 

This trend is explained due to the generally higher thermal loads and consumptions of single-family 

houses in relation to the multifamily buildings, as well as to the extended hours of operation of the heating 

systems in single-family homes in order to meet the requirements of the occupants for thermal comfort. 

On the contrary, usually due to absence of independent heating system in the multifamily buildings, the 

central heating system works in certain hours per day, independently of the existing thermal comfort 

conditions.  

Finally, the fact that 70 percent of the building sector in Greece does not have proper insulation, appears 

to be highly leaky (non airtight building envelope) and with dated electromechanical installations (heating, 

cooling, lighting e.t.c.) has reinforced the establishment of the recent national law N. 3661/08 on 

“Measures for reduction of energy consumption in buildings and other provisions”. This went one-step 

further and led to the “Regulation for Energy Assessment of Buildings (K.En.A.K)” that was published in 

2010 as a mean for attributing the respective Energy Performance Certificate (EPC) [31, 32, 33]. The new 

regulation is anticipated to act as a motive for promoting sustainable development in terms of economical 

and environmentally sound solutions in the domestic energy usage. 

 

1.1 Project Objectives 

The objective of this Master Thesis project is to model and simulate an existing single-family house in 

Southern Greece (Heraklion, Crete) through the use of state-of-the-art software tools, like Revit® 

Architecture and IES® VE.  
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The use of available data is of major importance in the whole procedure since the level of accuracy in 

energy simulations is straightly related to the quality and magnitude of the input data required by the 

software. 

A building energy performance analysis and energy modelling provides the respective engineering team 

with the information needed to detect and quantify possible solutions that decrease environmental 

footprint while keeping compliance with the national regulations and voluntary/mandatory codes.  

For this reason, a detailed and accurate 3D model of the selected building is constructed and all the 

available information on materials and landscape usage is inserted into Revit® Architecture, as well as all 

respective energy needs is imported in the IES® VE. The goal of the simulation is to show the significant 

level of assistance provided to the respective engineering team and the ability to lead to solutions that take 

into consideration all the respective technical, environmental and socio-economic issues involved.   

The project report regarding the single-family house is expected to have the following outcomes: 

 Learn and demonstrate the use of the Revit® Architecture software during 

the modeling of a new and/or existing building 

 Present main drawings and 3D views that assist the engineers during the 

phase of construction and/or retrofitting projects 

 Learn and demonstrate the use of the IES® VE (plug-in) software during 

the energy modeling of a new and/or existing building and use the National 

Regulation for Energy Performance of Buildings as a guideline for 

performing a preliminary energy simulation 

 Present main results concerning simulations and energy usage 

 Examine viable energy retrofitting scenarios 

 

1.2 Structure of Project Report 

Chapter 1 makes a short introduction in energy usage in residential buildings in Greece the last five years, 

as it seen from recent studies and research made on the topic. The objective of the Master Thesis project 

is also given and the expected outcomes are highlighted.  

In Chapter 2 a small overview of the National Regulation for Energy Performance of Buildings 

(K.En.A.K) in Greece is presented. Reference is given for the methodology and the way the energy 

performance is estimated for a given building project. Based on the guidelines deriving from the 

regulation, the energy simulation is performed in Chapter 4.  

Chapter 3 makes a short introduction in the software tools used in the project report. Revit® Architecture 

and IES® VE main interfaces and characteristics are presented.   

In Chapter 4 the case study of the single-family house is presented. All the necessary information are 

taken from existing 2D CAD files and the 3D model is build in Revit®. Structural elements (walls, roof, 

floor, e.t.c.) and other relative information are fixed and the respective 3D model is imported in IES VE® 

for further energy simulation.   

Chapter 5 presents the conclusions summarized by the whole project, and the role of software in energy 

performance and design of buildings is highlighted. Additionally, energy-retrofitting scenarios are build 

and examined compared to their economic viability. 

Appendices gathers all kind of information used in the project so as the user can easily trace and 

reproduce the results of the 3D modeling and simulation processes. 
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2 National Regulation for Energy Performance of 

Buildings (K.En.A.K) 

2.1 Introduction 

According to the recent national law N.3661/2008, the study of all new or retrofitted building energy 

performance is considered mandatory. The study should be based on the “Regulation for Energy 

Assessment of Buildings (K.En.A.K)” that was published in 2010, as well as on certain technical directives 

[31, 32, 33] published by the Technical Chamber of Greece as guidelines for all the respective engineers 

involved.  

The main target of this energy study is to minimize as much as possible the energy usage deriving from 

the building`s proper use through the following:  

 Proper bioclimatic design of the building shell, taking advantage the location of 

the building as well as its surroundings, the solar irradiation based on certain 

orientations, e.t.c. 

 Sufficient thermal insulation of the building with proper insulation of the opaque 

structural elements, avoiding thermal bridges wherever possible, proper selection 

of windows (glass and frames), e.t.c. 

 Proper selection of electromechanical systems of high efficiency for covering the 

needs in heating, cooling, air conditioning , lighting, and domestic hot water 

(DHW) usage 

 Use of renewable energy sources (RES) whenever possible, like solar heating 

systems, photovoltaic systems, heat pumps, e.t.c. 

 Installation, wherever possible, of automatic control systems (BMS) for the 

efficient control of electromechanical systems and limited energy usage. 

  

2.2 Methodology for estimating Building`s Energy 

Performance 

According to the National Regulation, the methodology for estimating the energy performance of a 

building is using a semi-state monthly step and it is based on the following European standards:  

 

Table 2.1: European Standards for Energy Performance of buildings [31]. 

Calculating building`s energy demand for heating and cooling (monthly method) 

EN ISO 13790 E2 (2009) Energy performance of buildings -- Calculation of energy use for space 

heating and cooling 

EN ISO 13789 E2 (2009) Thermal performance of buildings -- Transmission heat loss coefficient 

-- Calculation method 

EN ISO 6946 E2 (2009) 
Building components and building elements – Thermal resistance and 

thermal transmittance -- Calculation method 

EN ISO 13370 E2 (2009) 
Thermal performance of buildings -- Heat transfer via the ground -- 

Calculation methods 
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EN ISO 14683 (2009) 
Thermal bridges in building construction -- Linear thermal 

transmittance -- Simplified methods and default values 

EN ISO 10211 (2009) 
Thermal bridges in building construction -- Heat flows and surface 

temperatures -- Detailed calculations 

EN ISO 10077-1 (2006) 
Thermal performance of windows, doors and shutters -- Calculation of 

thermal transmittance -- Part 1: General 

EN 13947 (2007) Thermal performance of curtain walling - Calculation of thermal 

transmittance 

EN ISO 15241 (2008) Ventilation for buildings - Calculation methods for energy losses due to 

ventilation and infiltration in buildings 

EN ISO 15927.01 (2004) 
Hydrothermal performance of buildings -- Calculation and presentation 

of climatic data -- Part 1: Monthly means of single meteorological 

elements 

EN 15193 (2008) Energy performance of buildings – Energy requirements for lighting 

Calculating building`s energy demand for heating and cooling (monthly methodology) – Study of 

energy performance (monthly method) 

EN ISO 13790 E2 (2009) Energy performance of buildings -- Calculation of energy use for space 

heating and cooling 

EN 15136.01 (2008) Heating systems in buildings. Method for calculation of system energy 

requirements and system efficiencies. General 

EN 15136.02.01 (2008) Heating systems in buildings. Method for calculation of system energy 

requirements and system efficiencies. Space heating emission systems  

EN 15136.02.03 (2008) Heating systems in buildings. Method for calculation of system energy 

requirements and system efficiencies. Space heating distribution systems 

EN 15136.04.01 (2008) Heating systems in buildings. Method for calculation of system energy 

requirements and system efficiencies. Space heating generation systems, 

combustion systems (boilers) 

EN 15136.04.02 (2008) Heating systems in buildings. Method for calculation of system energy 

requirements and system efficiencies. Space heating generation systems, 

heat pump systems 

EN 15136.04.03 (2008) Heating systems in buildings. Method for calculation of system energy 

requirements and system efficiencies. Heat generation systems, thermal 

solar systems  

EN 15136.04.04 (2008) Heating systems in buildings. Method for calculation of system energy 

requirements and system efficiencies. Heat generation systems, building-

integrated cogeneration systems 

EN 15136.04.05 (2008) Heating systems in buildings. Method for calculation of system energy 

requirements and system efficiencies. Space heating generation systems, 

the performance and quality of district heating and large volume 

systems  
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EN 15136.04.06 (2008) Heating systems in buildings. Method for calculation of system energy 

requirements and system efficiencies. Heat generation systems, 

photovoltaic systems  

EN 15136.04.07 (2008) Heating systems in buildings. Method for calculation of system energy 

requirements and system efficiencies. Space heating generation systems, 

biomass combustion systems 

EN 15243 (2008) Ventilation for buildings. Calculation of room temperatures and of load 

and energy for buildings with room conditioning systems 

EN 15232 (2007) Energy performance of buildings. Impact of building automation, 

controls and building management 

Calculating building`s energy demand for domestic hot water (DHW) and lighting 

EN 15316.03.01 (2008) Domestic Hot Water systems - Characterization of Needs 

EN 15316.03.02 (2008) Heating systems in buildings - Method for calculation of system energy 

requirements and system efficiencies - Domestic hot water systems, 

distribution  

EN 15316.03.03 (2008) Heating systems in buildings - Method for calculation of system energy 

requirements and system efficiencies - Domestic hot water systems, 

generation 

EN 15193 (2008) Energy performance of buildings – Energy requirements for lighting 

 

For calculations, certain software is used by engineers, after having being tested and approved by the 

Ministry of Environment, Energy and Climate Change (Y.P.E.K.A). The parameters of the calculations 

are determined by the architectural and electromechanical studies of the building and in accordance with 

the respective technical directives [31, 32, 33] of the Technical Chamber of Greece. 

The energy performance of a building is estimated based on its total primary energy usage and the 

methodology followed should at least contain the following aspects:  

 Building`s use, desirable indoor climate conditions (temperature, relative 

humidity, airing), the operating characteristics and the number of occupants. 

 Climate data of the building`s location (temperature, relative humidity, wind 

speed and solar irradiation). 

 Geometrical characteristics of the structural elements of the building`s shell 

(shape, opaque and transparent surfaces, shadings, e.t.c.) in correlation with the 

building`s orientation and characteristics of its internal structural elements 

(partitions, e.t.c.). Thermal specifications of structural elements and materials of 

the building`s shell (thermal transmittance, thermal mass, absortivity, e.t.c.). 

 Technical specifications of the heating, cooling, air conditioning, ventilation and 

domestic hot water (DHW) preparation and lighting systems installed in the 

building. 

 Passive solar systems (if any) 

 

Additionally, during the estimation of the energy performance the possible contribution of the following 

systems is examined:   

 Active solar systems and other systems for producing heat, cooling and electricity 

with the use of renewable energy sources (RES) 
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 Energy production from cogeneration technologies 

 District heating and/or cooling systems  

 Utilization of natural lighting  

 

For the calculation of the total primary energy demand, the anagoge of the calculated total fuel 

consumption to the respective primary fuel is made through the use of transformation factors given in the 

table below.  

 Table 2.2: Conversion factors for primary energy sources [14, 31]. 

Energy Source Conversion factor   

to primary energy 

Pollution   

(kgCO2/kWh) 

Natural gas 1,05 0,196 

Oil (for heating systems) 1,10 0,264 

Electricity 2,90 0,989 

Liquid gas 1,05 0,238 

Biomass 1,00 - 

District heating 0,70 0,347 

 

 

2.3 Climate Zones in Greece 

In order to estimate the energy performance of a building more accurately, the Greek region is divided in 

four climate zones1 based on the Degree Heating Days (DHD).  In Figure 2.1, the respective climate 

zones are shown. In every municipality, the regions that have an elevation of more than 500m are 

automatically considered within the next colder climate from the one originaly categorized. 

 

 

Figure 2.1: Climate zones within Greek region [32]. 

                                                      
1 Climate zone are prioritized from the warmest to the coldest one, A being the warmest and D the coldest one. 
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2.4 Building Categories 

Table 2.3 shows the classification of buildings and their use for the needs of estimating the energy 

performance:  

 

 Table 2.3: Classification of buildings according to their use [14, 31]. 

Basic building categories Building`s use involved 

Residence Detached houses, multifamily houses 

Temporary staying Hotels, hostels, dormitories 

People gathering Conference rooms, exhibition rooms, 

monuments, concert halls, cinemas, gyms, 

swimming pools, restaurants, coffee shops, 

banks 

Education Kinder garden schools, tuition center  

Health and welfare Hospital, clinics, medical offices, health 

center, nurseries 

Correction Prisons, detention home 

Commerce Shops, stores, mall, pharmacy, hairdresser's 

(salon) 

Offices Office, library 

Industries Maintenance room, carpenter's workshop, 

cleaning shop, food packaging 

Storage General warehouse, store warehouse, 

monument warehouse 

Parking places and fuel stations Parking places, fuel stations (gas, liquids), car 

washing stations 

 

The Energy Performance Certificate (EPC) for a building is mandatory by law, except the following cases: 

 Buildings and monuments that are protected by law or are of special architectural 

or historical importance 

 Buildings that are used as religious places 

 Temporary buildings that its use is to be terminated within 2 years from the day 

of construction 

 Industrial facilities 

 Buildings with agricultural use – except residencies – with low energy demands 

 Flats with total floor surface smaller than 50 m2  
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3 Software Tools 

3.1 Introduction 

Technology is changing in a way that helps people embrace new solutions, making their life easier and 

more adjustable to new facts. The use of software tools in 3D modeling and simulation is more than a fact 

today. The increasing need for more accurate, less complex and friendlier interfaces has led to the concept 

of building information modeling (BIM). This allowed the user to model, render, analyze, and simulate 

different solutions during the building construction phases.  

The interoperability between different software is the key for applying successfully the BIM concept. 

AutoCAD® is the basic tool for 2D design in most engineering tasks. Passing information directly between 

software, with limited interference by the user, saves time and promotes solutions of high quality and in 

short period of time.  

One very sophisticated BIM software tool used widely in the market today is the Revit® Architecture from 

Autodesk®. It is used by designers and architects to build 3D models directly or after having imported 

existing 2D CAD drawings files from previous construction phases.  

As mentioned above, the interconnection between software that serves different purposes is another 

advantage of BIM concept. A very useful tool used for energy simulation tasks is the Virtual Environment 

from Integrated Environmental Solutions, also known as IES® VE. A unique advantage of this software is 

the plug-in option that can be installed within Revit® Architecture and directly exchange model`s 

information for energy simulations, saving time from building another 3D model from scratch.  

A short overview of these two software tools used in this project report is given below, in order for the 

reader to become familiar with their capabilities and explore the basic concepts of the BIM world.  

 

3.2 Revit® Architecture 

Revit® Architecture is used by designers and architects for making 3D models of building constructions. 

The software and its interface are structured in such a way that guides the user easily towards a successful 

modeling procedure. The philosophy of the software is kept at the same levels as other frequent 2D CAD 

software tools used in the market, so as the user to easily and quickly get familiarized with the new 

interface (UI). Revit® contains information such as: plans, elevations, details, schedules, e.t.c. in a single 

bidirectional database that makes it a lot easier to handle. Figure 3.1 presents an organization chart that 

shows the categories and its sub-folders used by the software to store information, while in Figure 3.2 the 

UI of the software is shown, when a new project is ready to begin.  

Through various toolbars, the user has access to the control and handling of all necessary parameters that 

can take place in a building construction, some of which (toolbars) are presented in Figure 3.3.  

In BIM software the basic advantage lays upon the workflow direction. For a given project, the 

construction team creates a 3D parametric model of the building and all the necessary 2D/3D drawings 

can be automatically produced for documentation (plans, sections, elevations, schedules, e.t.c.) and other 

needs, as shown in Figure 3.4. The accuracy of the 3D model can be seen both in the 3D views (Figure 

3.5) as well as in the 2D drawings reproduced automatically (Figure 3.6). The level of detail of the model 

can be adjusted accordingly to the project`s needs. 

Time can be saved if 2D CAD drawings from platforms such as AutoCAD (DWG) or generic Drawing 

Exchange Format (DXF) are ready prior to the 3D model construction. If they exist they can be imported 

in Revit® acting as a template for building on them the different construction elements like walls, roofs, 

floors, columns, e.t.c., as seen in Figure 3.7.  
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Figure 3.1: Revit® Architecture organization chart [4]. 

Figure 3.2: Revit® Architecture 2011 user interface (UI) [4]. 
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Figure 3.3: Revit® Architecture 2011 Home, Insert, Annotate, Structure, Massing & Site, Collaborate, 

View, Manage and Contextual toolbar [4]. 
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Figure 3.4: Revit® Architecture workflow [4]. 

 

Figure 3.5: 3D Detailing in a building made in Revit® Architecture [4]. 

  

Figure 3.6: 2D Detailing in a building made in Revit® Architecture [4]. 
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Figure 3.7: Existing 2D CAD file integrated with a building model made in Revit® Architecture [4]. 

 

During construction of the various elements of a building, certain interfaces are available for using the 

already existing ones in the database of the software or editing new ones. One example of these interfaces 

is given in Figure 3.8, where a basic exterior wall construction is used in a project. Through this option, 

several parameters can be edited such as: wall thickness, types of materials used, thickness of different 

layers, functionality (finishing, thermal layer, structure, e.t.c.) and wrapping. 

 

Figure 3.8: Interface for editing a wall construction used in Revit® Architecture [4]. 

Prior to any accurate energy simulation of a building construction, Revit® Architecture gives the possibility 

for a first hand sustainability analysis based on a solar study option (Figure 3.9).   

 

 

Figure 3.9: Sun settings for a solar study in Revit® Architecture [4]. 
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By activating the sun path option and setting all the necessary parameters dealing with the location and 

time/date of the study, Figure 3.10 shows the shadows produced by the building`s geometry in the 

surrounding space.   

 

Figure 3.10: Sun path is activated for a solar study in a building model in Revit® Architecture [4]. 

 

Due to the high amount of information deriving from the use of the software, only a small proportion of 

its capabilities is presented above. For further exploration, the reader can refer to the official training 

guide of the program given by Autodesk® [3].  

 

3.3 IES® VE (plug-in) 

Energy modeling is considered to be successful if a well-build 3D model is established prior to the 

simulations. Due to the fact that accuracy is of key importance is such tasks, building and transfering 3D 

models from one software to another saves time and makes energy analysis applications easier to cope 

with (Figure 3.11). For this reason, a robust energy analysis tool such as IES® VE can perform and deal 

with such tasks and offer a high degree of accuracy and interoperability when connected to Revit® 

Architecture platform. The application can deal with the whole spectrum of building envrionmental 

analysis from energy to daylighiting calculations, as far as Computational Fluid Dynamics (CFDs) studies 

for airflow in mechanical systems [36].  

 

Figure 3.11: Sun Interoperability between Revit® Architecture and IES® VE [36]. 
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The IES® VE plug-in toolbar (Figure 3.12) can be installed and integrated with Revit® Architecture and 

Revit® MEP. The data deriving from the 3D model are directly passed to the energy model handled by the 

IES® VE and only few modifications are needed by the user in order for the simulation to take place. The 

tools provided by IES® VE software can be used in many ways, providing the decision makers with 

sufficient information for selecting among variable design options that can have different energy savings 

and/or better environmental benefits. 

The level of complexity that the user can export his model to IES® VE is adjustable, see Figure 3.12, 

according to the respective needs of the project each time. Through suitable interface (Figure 3.13) the 

initial model geometry and data concerning construction elements can be checked and passed to the IES® 

VE platform for further energy analysis and simulations.  

  

Figure 3.12:  IES® VE plug-in toolbar and level of model`s complexity [35]. 

 

 

Figure 3.13: Transfering model geometry and data from Revit® to IES® VE for energy simulation [35]. 

 

After importing the 3D model in the software`s platform, several options are given to the user so as to 

perform various simulations concerning energy usage, solar studies, CFD analysis, lighting analysis, cost 

analysis and other, as shown in Figure 3.14. 
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Figure 3.14: Simulation and other applications provided by the IES® VE software platform [38]. 

 

Due to time and size limitations, this project will deal only with some of the applications provided since 

the information needed to run all types of simulations is out of the scope of this project. More specifically: 

ModelIT is used to make all necessary adjustments on the imported 3D model, SunCast is used to perform 

basic solar studies and ApacheSim is used to perform dynamic thermal simulations according to 

mathematical modelling of the heat transfer mechanisms occuring in and around the building.  

The application for the energy performance is of key importance since it allows for further optimization 

of the building design, especially in the firsts step of a project. ApacheSim application takes into account 

conduction, convection and radiation heat transfer processes for each element of the 3D model and 

integrates them with possible heat gains, air exchanges and other characteristics for each separate room of 

the building.  

For the dynamic simulation, real weather data are used and specific time periods can be adjusted in order 

to meet specific demands on periodic energy usage for instance.  
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4 Case Study – Single family house 

4.1 General Description  

The building used as a case study is an existing single-family house at Heraklion (Latitude: 35° 19' 30 N, 

Longitude: 25° 7' 50 E), at Crete island, in Greece (see Figure 4.1). The building has one floor on the level 

of the ground and it is inhabitated by a family of four people consisting of one couple and two children. 

The house is divided in 10 separate room areas, which are given in Table 4.1, along with their geometric 

characteristics as they were calculated automatically from Revit® software. 

For the construction of the 3D model in Revit® Architecture software (Figure 4.2), the 2D CAD (DWG) 

drawings were taken from the civil engineer that made the initial study of the building. All the necessary 

plans and sections used to build the model are given in Appendix B. 

  

 

Figure 4.1: A map of Greece and the pin showing single-family location [7]. 

 

          Table 4.1: Room schedule of the single-family house produced from Revit® Architecture [28]. 

 

 

 

 

 

 

 

 

 

No. Room Name Floor Area (m²) Average height (m) Volume (m³) 

1 Big WC 7.65 3.06 23.39 

2 Parent`s room 18.88 3.33 62.94 

3 Storage room 7.65 0.70 5.35 

4 Guest`s room 15.40 3.39 52.27 

5 Kid`s room 15.00 3.66 54.86 

6 Hall room 6.87 3.77 25.90 

7 Living room 35.48 3.39 120.30 

8 Kitchen 15.67 3.37 52.77 

9 Small warehouse 2.97 3.19 9.47 

10 Small WC 2.95 3.19 9.42 
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Figure 4.2: User Interface (UI) of the software, showing the 3D model of the single-family house build based on the respective 2D drawings [28].
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Selective views of the 3D model, after rendering process, are given below for demonstration purposes and 

in order to illustrate the high level of accuracy and photorealism that can be achieved if the modeling 

procedure is followed correctly step by step.  

 

 

 

Figure 4.3: Rendered 3D images of the inner space of the single-family house model build in Revit® 

Architecture [28]. 
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Figure 4.4: Rendered 3D plan view of the inner space of the single-family house model build in Revit® 

Architecture [28]. 

 

The rooms of the single-family house given in table 4.1 are presented in Figure 4.4 above. It is necessary 

to mention that the parent`s, the kid`s and guest`s room have their private wardrobes, which are taken 

into consideration for the calculation of the surface area and the volume of the respective rooms. The 

storage room (No. 3) is located above the Big WC room, and for that reason it cannot be seen in the plan 

view above.  
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Figure 4.5: Rendered 3D images of the single-family house model build in Revit® Architecture from different view angles [28]. 
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Figure 4.6: East (upper left), West (upper right), North (lower left) and South (lower right) views of the single-family house model build in Revit® Architecture [28]. 
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Figure 4.7: Rendered 3D images of sections AA (up) and BB (down) of the single-family house model build in Revit® Architecture [28].
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4.2 Topography and Climate data 

The single-family house has an orientation due North. The building site is located in the open countryside 

with low buildings density in the surroundings. In Figure 4.8, the topographic plan of the house is given 

along with position of other buildings existing in the area around. The buildings at the North and North-

West orientation have a height of 10m, while the building at the East side has a height of 6m.  

 

  

 

 

Figure 4.8: Topographic plan (up) with the respective distances of the surrounding buildings from the 

single-family house and the 3D rendered image (below) [28]. 

 

As mentioned above, the construction is located at Heraklion, in Crete Island, in Greece. According to the 

National technical directive [32] the region of Heraklion municipality belongs to the climatic zone A 

(Figure 4.9). Crete Island has a warm Mediterranean climate. Summers are considered hot and dry with 

mostly clear skies and often relieved by seasonal breezes. The mainlands, where mountain areas exist, are 
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cooler with considerable rain in the wintertime. Winters are mild and snowfall is not so common to 

happen. 

 

Figure 4.9: Climate zone A, where Heraklion city is located, highlighted (red) [32]. 

 

The climate of Heraklion is considered milder than Athens2 and the average yearly temperature is around 

19.8oC [32]. The mild climate in Greece is characterized by a heating season with a low number of degree-

days, high solar gains (1400~1800 kWh/m2a) and high outdoor temperatures during summer time. This is 

the reason for higher needs in cooling than for heating purposes. All relative information concerning 

monthly temperature, relative humidity (RH), wind speed, Degree Days (heating/cooling) and solar 

irradiation levels is given in Appendix C.  

Figure 4.11 and 4.12 show the shading of the single family house from the surrounding buildings on the 

21st of December (winter solstice) and on the 21st of June (summer solstice) at 9:00, 12:00 and 15:00 (solar 

time).  

 

Figure 4.10: Dynamic control pf the sun path for the single-family hosue 3D model [28]. 

 

                                                      
2 Greece capital 
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Figure 4.11: Shadows on the single-family house on the 21st of June at 9:00 (up), 12:00 (middle) and 15:00 

(lower) [28]. 
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Figure 4.12: Shadows on the single-family house on the 21st of December at 9:00 (up), 12:00 (middle) and 

15:00 (lower) [28]. 
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The internal design and the partitions existing within the house have been made taken into consideration 

the maximum possible utilization of the solar irradiation in each season. For this reason, the main spaces 

are located having a South orientation. The kitchen and living room have East orientation in order to 

receive the maximum solar irradiation during morning hours. During summer months, the same spaces 

have a pleasant indoor climate condition before the external temperature rises significantly. The parent`s 

room, as well as the kid`s and the guest`s rooms have such orientation (East, West) that helps the natural 

cooling even during morning hours in the summer time.  

 

4.3 Building Construction Data 

All the necessary information dealing with the construction elements of the single-family house are used 

within Revit® Architecture and Figure 4.13 reveals the respective user interfaces used to build up the 

relevant construction layers. Each construction element, as well as all its respective materials and 

properties are given in Appendix A. The information given is needed for exporting to IES® VE software a 

3D model that can be used for performing the energy simulations as accurate as possible.   

 

  

  

Figure 4.13: Software screenshots showing the internal material layers of each construction element 

[external wall (upper left), internal wall (upper right), roof (lower left), and floor (lower right)] used in the 

single-family house 3D model [28]. 
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4.4 Description of Electromechanical Systems 

In this section, the description of all major electromechanical systems (lighting, heating, cooling, DHW, 

auxiliary) existing in the single-family house and contribute to the energy usage are counted and presented.  

4.4.1 Lighting systems 

Table 4.2 concentrates all the illuminative equipment used within the house, as well as all the available 

information dealing with the power, the manufacturer e.t.c.  

  

                          Table 4.2: Lighting equipment per room in the single-family house [28]. 

 

4.4.2 Heating system 

The heating needs of the single-family house are covered by a central 50 KW (43.000 kcal/h) oil fired 

burner. Hot water is prepared within the burner and then is circulated by a water pump, within pipes 

connected to the heating elements (Table 4.3) that are properly distributed in the house. The system is 

described as a “High temperature” system since water is entering the heating element having a 

temperature of 85oC and leaves it with an average temperature of 70oC. The efficiency of the oil-fired 

No. Room Name 
Type of 

lamp 
Number  
of lamps 

Wattage  
per lamp (Watt) 

Total Power  
installed (Watt) 

1 Big WC Osram 4 40 160 

  
Sylvania 1 40 40 

2 Parent`s room Osram 3 60 180 

3 Storage room - 0 0 0 

4 Guest`s room Osram 1 60 60 

  
Osram 1 8 8 

  
Tungsraglob 1 100 100 

5 Kid`s room Osram 2 12 24 

  
Osram 1 8 8 

  
Philips 1 11 11 

6 Hall room Osram 1 60 60 

7 Living room Sylvania 4 50 200 

  
Livarmo 2 11 22 

  
Osram 1 58 58 

  
Osram 2 36 72 

  
Osram 1 50 50 

  
Osram 12 40 480 

  
Osram 2 40 80 

  
Osram 2 20 40 

8 Kitchen Sylvania 7 50 350 

  
Sylvania 3 13 39 

  
Toplight 2 20 40 

9 Small warehouse Osram 1 60 60 

10 Small WC Osram 2 40 80 

  
Osram 1 60 60 

  
Total 58 - 2282 
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burner is 94%, while this of the heating elements 89% [31]. The water circulation pump (Grundfos, 

UPS32-70) has a power of 0,95 KW. 

 

              Table 4.3: Heating elements installed within each room in the single-family house [28]. 

 

4.4.3 Cooling system 

The cooling needs of the single-family house are covered mostly by natural air circulation deriving from 

infiltration. The only cooling units installed in the house are two air conditioning (A/C) units as described 

in Table 4.4 below.  

 

                               Table 4.4: Cooling units installed in the single-family house [28]. 

 

 

 

    

 

 

4.4.4 Domestic Hot Water (DHW) system 

The hot water needs are covered by three possible ways. Either the oil-fired burner can prepare hot water, 

whenever the heating system is operating, either by an alternative electric element installed within the 

water tank or by a solar heating system installed on the roof of the house. All the information for the solar 

heating system is given in Table 4.5 below.  

                                                      
3 1kcal/h = 1,163Watts 

No. Room Name 
Dimensions of 

heating element (wide x height) 

Number  
of heating 
elements 

Kcal/h Watt
3
 

1 Big WC 0.50m  x 1.60m  1 950 1105 

2 Parent`s room 0.80m  x 0.90m 1 3442 4003 

  
0.40m x 0.60m  1 508 591 

3 Storage room - 0 0 0 

4 Guest`s room 0.80m  x 0.90m 1 2446 2845 

  
0.40m  x 0.60m 1 508 591 

5 Kid`s room 0.60m  x 0.90m 1 2800 3256 

  
0.40m  x 0.60m 1 508 591 

6 Hall room 0.40m  x 0.60m 1 508 591 

7 Living room 0.80m  x 0.90m 1 3442 4003 

  
0.90m x 0.90m 1 2752 3201 

  
0.50m x 0.90m 1 1530 1779 

8 Kitchen 1.20m x 0.90m 1 3668 4266 

9 Small warehouse - 0 0 0 

10 Small WC 0.40m x 1.60m  1 850 989 

  
Total 13 23912 27811 

No. Room Name Type of cooling unit 
Number  

of cooling 
units  

Kcal/h 
Nominal 

EER 
(Watt) 

1 Parent`s room Air-conditioning (A/C) 1 2674 3110 

2 Guest`s room Air-conditioning (A/C) 1 2674 3110 

  
Total 2 5348 6220 
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                         Table 4.5: Information on the solar heating system for DHW needs [28]. 

 

 

 

 

 

 

 

 

4.4.5 Auxiliary equipment 

Apart from all above systems, auxiliary equipment existing within every room of the house is presented in 

Table 4.6. This equipment is taken into consideration when internal gains are counted during energy 

simulations.   

                          Table 4.6: Auxiliary equipment per room in the single family-house [28]. 

 

 

 

Information Value 

Type of solar heating system Thermosyphon (natural circulation) 

Type of solar collector Flat / Selective 

Area (m
2
) 3.00 

Azimuth (
o 

clockwise from North) 180.0 

Tilt (
o 

from horizontal) 45.0 

Shading/ Degradation  factor 0.97/ 0.99 

Flow rate (l/(h*m
2
)) 50.0 

Storage tank (lt) 200 

No. Room Name Type of equipment 
Number of 

devices 
Nominal Power (Watt) 

1 Big WC Hair dryer 1 1700 

2 Parent`s room TV 1 56 

3 Storage room - 0 0 

4 Guest`s room TV 1 50 

5 Kid`s room PC 1 90 

6 Hall room - 0 0 

7 Living room TV 1 150 

  
PC 1 65 

  
Rooter  1 18 

  
DVD player 1 33 

  
Telephone 1 4 

  
Stereo system 1 30 

  
Vacuum cleaner 1 1800 

8 Kitchen Cooker-hood 1 200 

  
Dish washer 1 3000 

  
Fridge 1 150 

  
Water heater 1 2000 

  
Radio 1 14 

  
Coffee machine 1 90 

  
Microwave oven 1 500 

  
Stove 1 2500 

  
Hotplate 1 1800 

9 Small warehouse Refrigerator 1 110 

  
Washing machine 1 2800 

  
Dryer machine 1 2500 

10 Small WC - 0 0 

  
Total 23 19660 
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4.5 Energy Modeling in IES® VE 

4.5.1 Imported Data 

The 3D model of the single-family house is build in Revit® Architecture and then is imported to IES® VE. 

The Set Model Properties window shown in Figure 4.14 is used to view the model in the Model viewer 

and set all necessary information such as building type, building construction, building system, place and 

location for the specific construction.  

 

Figure 4.14: The Set Model Properties in Revit® Architecture for the single-family house 3D model [28]. 

 

 

Figure 4.15: The UI of the IES® VE after 3D model of the single-family house and its surrounding 

buildings are imported [35]. 

 

Based on the information given in Appendix A, all the building`s construction elements are inserted in the 

IES® VE software and the respective data are shown in Figures 4.16 & 4.17. Additionally, information 

concerning climate data given in Appendix C is imported in the relevant windows of the software, as 

shown in Figure 4.18.  
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Figure 4.16: Project construction windows for the external wall, the internal wall and the windows of the 

single-family house in IES® VE [35]. 
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Figure 4.17: Project construction windows for the roof, the floor and the doors the single-family house in 

IES® VE [35]. 
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Figure 4.18: Climate data and other relevant information imported in IES® VE [35]. 
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Figure 4.19 below gives a perspective of the model of the single-family house used for energy analysis 

purposes. As it can be seen, shading surfaces and external openings (windows and glass doors) are 

highlighted with green colour, with purple the internal and external openings (doors) are shown, while 

with blue colour the separate room areas are distinguished. All surfaces of the 3D model are assigned with 

a specific construction layer as shown in Appendix D (Figures D.1, D.2 & D.3).  

 

 

Figure 4.19: 3D model of the single-family house used for energy analysis in IES® VE [35]. 

 

4.5.2 Results from Energy Simulation  

As mentioned above, among the given IES® VE applications available by the software, SunCast and 

ApacheSim where the only ones used extensive in this project. In this section, the results from these two 

applications are presented after having being exported from the software’s interface.  

Table 4.7 gives the information concerning the sunrise/sunset hours (solar time) and the respective 

azimuth angle of the sun for the Heraklion location of the single-family house. The same information 

along with the sun path diagram for the coordinates of the location produced by the software is given in 

Figure 4.20. 

Figures 4.21 & 4.22 presents the sun shadings deriving from the sun`s path in the sky for the 21st of 

March, June, September and December of each year. Due to the low position of the sun in the sky during 

the winter and the height of the surrounding buildings, shading appears larger but does not cover affect 

the house solar gains significantly. Figure D.4 in Appendix D, shows the solar shading calculations for the 

complete house construction. 

 

        Table 4.7: Sunrise/Sunset solar time and respective Azimuth angles for Heraklion location [28]. 

Date Sunrise Azimuth Sunset Azimuth 

January 1         07:32      118,63°    17:12      241,38°  

December 31       07:33      118,74°    17:12      241,27°  

Summer Solstice   05:09      60,80°     19:32      299,20°  

Equinox 06:28      90,49°     18:26      269,51°  
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Winter Solstice   07:29      119,21°    17:06      240,80° 

 

 

 

 

 

 

Figure 4.20: Sun path diagram and sunrise/sunset solar time and respective azimuth angles for Heraklion 

location as produced by IES® VE software [35]. 
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Figure 4.21: 3D suncast images of the model of the single-family house in IES® VE on 21st of March and June [35]. 
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Figure 4.22: 3D suncast images of the model of the single-family house in IES® VE on 21st of Septemeber and December [35].
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The respective energy demands for the single-family house, is given in Figure 4.23. From the graph, it can 

be concluded that the most energy demanding process is that of the heating system which sums at 49.6 

kWh/m2a4. This can be supported by the fact that the single family house is located in the open country 

side where no sheltering is provided by surrounding buildings so as to minimize heat losses to the 

environment. Second in terms of energy intensity is the demand for lighting purposes, which has a total 

sum of 18.8 kWh/m2a.  Energy demand for cooling, equipment use and DHW production follow in terms 

of intensity as it can be concluded from the graph below. The use of the solar thermal system installed on 

the roof of the house for the production of DHW is of high importance since it keeps the energy usage 

(electricity) for the specific need at low levels.   

  

 

Figure 4.23: Monthly energy demand for each energy use of the single-family house, as produced by IES® 

VE simulations [35]. 

 

The total energy demand for the single-family house is 117.4 kWh/m2a, which is lower than the average 

(140 kWh/m2a) of the majority of the residential buildings in Greece [31]. The fact can be appointed to 

the proper care devoted in the initial phases of design and construction of the single-family house. 

Moreover, the avoidance of thermal bridges in every elements connection and the increased insulation 

thickness in exterior walls, ground and roof elements are the major advantages that act as barriers towards 

heat losses to the environment. Another construction detail that supports the low energy demand is that 

of the windows U-value (2.45 W/m2K). Most of the buildings on a national level have windows with U-

values between 3.2 and 4.5 W/m2K, which is a parameter that can lead to energy losses occurring through 

the various openings. Usually, these types of windows are single glazed with significant losses occurring 

though the metal frame. In the case of the single-family house, the window is double-glazed and the metal 

frame has an inner construction preventing thermal losses, resulting a low U-value. As a mean of contrast, 

the respective technical directive [31] proposes that the maximum allowed U-value for opening glass 

frames is 3.2 W/m2K, as given in Table A.2 (Appendix A).  

Based on simulation results, the energy usage of the single-family house can be divided into two main 

categories: energy for space heating & DHW needs and energy in the form of electricity. According to 

Figures 4.24 & 4.25, space heating and DHW preparation covers 56% of the total annual energy usage, 

while the rest of the energy is used in the form of electricity by the various appliances of the house. 

Thermal energy is needed especially in the winter for covering energy losses of the house, while electricity 

                                                      
4 Figure D.7 (Appendix D) shows the simulated operation of the heating and the cooling system throughout the year. 
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is mainly used during summer months for covering the need for cooling and satisfying the thermal 

comfort levels of the occupants.  

 

Figure 4.24: Monthly energy demand for each energy use of the single-family house [35]. 

 

 

Figure 4.25: Monthly energy demand distribution of the single-family house [35]. 

 

5 Energy Retrofitting Scenarios 

Figure 4.25 has revealed two main key points where special attention needs to be given for further 

examining energy savings. Several retrofitting scenarios are possible in order to achieve energy savings and 

lower energy intensity. For the category of space heating and the possible scenarios lay upon better 

thermal insulation of the house, different orientation and size of the glass openings, and an optional 

heating system installation are the most advisable ones.  

Thermal insulation of the house is fully harmonized with the national technical directives [32, 33] and the 

U-values of the construction elements highly cover the acceptable minimum levels proposed. The scenario 

of further insulation would mean extra layers of insulating materials applied only in the outer surface of 

the house since the core of the external walls (between bricks) is already used by expanded polystyrene. 

This method is characterized by high investment costs (labor and materials) since know-how of the 

techniques used abroad is not yet available in the Greek market, making the specific investment less 

attractive for the owners. Additionally, in the case of glass openings, the orientation and size parameters 

were studied in the beginning of the house construction by the civil engineer that designed the house and 

according to the principles of bioclimatic buildings and sustainability. Another option that is gaining 
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ground the last few years in the Greek market, is the replacement of the old heating systems (usually oil 

fired boilers) with combisystems exploiting high irradiation levels, mainly in central and southern regions. 

In this work, such a system is sized and designed according to several parameters affecting the efficiency 

of the final system and based on the owner`s requests.  

Regarding energy retrofitting scenarios for minimizing electricity usage the most advisable one due to the 

house location, is the installation of a grid-connected photovoltaic system (PV) on the roof. The system 

should be able to provide the energy needed by the occupants and at the same time injecting the surplus 

energy in the local grid, having economic benefits (feed-in-tariff) for the next twenty-five (25) years.  

Finally, a combination of the two separate scenarios is examined as a mean for achieving maximum energy 

savings and minimum environmental impact.  

 

5.1 Scenario I: “Combisystem” installation 

5.1.1 Introduction 

The main aim of the procedure followed is to design in detail a solar heating system (Combisystem) 

capable of delivering the thermal energy needed for the preparation of the DHW, as well as for covering 

space-heating needs for the single-family house. The system will reduce the usage of the oil-fired boiler by 

taking into advantage the high solar energy potential of the region throughout the whole year, maximizing 

at the same time the energy savings.  

The key to the whole design is to optimize a multiparametric system dealing with energy savings, economy 

and space requirements set by the owner of the house. In order to do so, the combisystem should be able 

to satisfy the owner’s demand for high solar fractions and low investment cost. Moreover, the system 

designed should be able to satisfy the following parameters, as set by the owner and respective similar 

systems designed in the Greek region [1]: 

  

 Solar fraction of the whole system (yearly):    SFn ≥ 60% 

 Solar fraction for DHW preparation:            SFnHw ≥ 75%  

 Solar fraction for Building`s heating needs:   SFnBd ≥ 40%  
 

In order to achieve that, objectives are set which have to do with the efficiency and cost-effectiveness of 

the different components used in the solar combisystem. For an optimised solution, many simulations 

with different combinations of the parameters affecting the solar fraction`s of the combisystem were 

performed in Polysun®, a state of the art powerful simulation tool used nowadays.  

The information output by the IES® VE simulations for the energy usage and the load characteristics for 

both the DHW and heating systems used in order to build up the reference system and define the 

boundary conditions. The reference system was necessary for sizing up the solar system requested by the 

client. The solar system should comply with the boundary conditions, have a yield of solar fractions as 

stated above and could be implemented with the minimum cost possible.  

After the build up of the reference system, the combisystem template was determined and simulated in 

Polysun® in order to optimize it with respect to the investment cost.  After acquiring all the information 

of the basic components of the system the system was drawn in AutoCAD® together with all the 

important components allowing a proper operation of it. The place of the storage tank, collector system 

and pipes was determined and integrated into the given plans. Further on several calculations were made 

to find the pressures in the system, size of the pumps and of the expansion vessel. Finally, the overall cost 

of the system was estimated by taking into consideration average costs of each component and labour 

installation expenses. 
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The main tool that was used to complete this design was the light version of Polysun® [24], a simulation 

software built by Vela Solaris AG. Polysun® provides the ability to simulate solar thermal system, 

photovoltaic systems, heat pump systems etc and provide outputs that are very handy especially for 

designers and well-trained energy consultants. There are many possibilities to built different systems and 

perform comparisons and combinations in order to have the required results. The light version is quite 

less flexible, but still capable to face this kind of tasks. Polysun®  was used to calculate and estimate the 

boundary conditions (reference system) as well as values of the solar system itself, performing simulations 

in time duration of less than a minute. Solar fractions and total energy consumption were the most 

significant output values obtained with the help of Polysun®. Furthermore, Microsoft Excel® was used to 

define the parametric studies in accordance with the total cost optimization while a number of significant 

graphs were created further helping the optimization procedure. 

 

5.1.2 Boundary Conditions and Reference Systems 

In order to perform accurate simulations using Polysun® all the available boundary conditions such as 

space for storage tank, roof slop, azimuth angle, pipe lengths etc were measured and estimated by the 

given drawings and are gathered in Table 5.1.. A short comment on how the values derived is given in the 

last column.   

The distance of the solar storage tank and the collectors, which have to be connected by pipes, was 

estimated to have length of 35 meters, which was measured from the planes of the roof and the floor. 

Aware of the velocity has to be more than 0.5 m/s, but less than 1.0 m/s, the initial pipe diameters was 

taken to be 28 mm. The minimum auxiliary heated volume was estimated 200 litres and minimum 

auxiliary power to 6 kW. The cold-water temperature is 12 °C by default value of Polysun® for Heraklion 

city and hot water temperature is set to be 50 °C for the prevention of legionella growth. 

The boundary conditions were used as input data in Polysun® in order to run the simulation and 

determine the reference system. The most suitable and available template (9i) was chosen and is presented 

in Figure 5.1. Initially the collector system, the DHW circuit and the auxiliary heater are deactivated, since 

in the conventional system only the oil fired boiler is used in order to cover the space heating needs of the 

house.  

 

Figure 5.1: Reference system in the oil-fired system used in the single-family house [24]. 
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Table 5.1: Summary of boundary conditions for the designed combisystem. 

 Parameter Value How derived/comment 

Climate Heraklion, Crete  

Solar combisystem/ DHW Combisystem High Flow 

Target solar fraction and 

period 

Solar fraction of the whole 

system (yearly):    SFn ≥ 60% 

Solar fraction for DHW 

preparation:  SFnHw ≥ 75%  

Solar fraction for Building`s 

heating needs:    SFnBd ≥ 40%  

Yearly 

(Owner`s demands) 

Existing auxiliary heat 

source and power 

Oil fired boiler 50 kW (5-years 

old), auxiliary heater 6kW  
The auxiliary heater was set inactive 

and only the oil fired boiler was set to 

be running throughout the whole year 

so as to provide the heating demand 

without using any solar collectors 

Existing equipment used 1 circulation pump, 1 mixing 

valve, 2 one-way valves, 1 

expansion vessel, 1 air release 

valve, 1 security valve, 2 shut off 

valves, 1 pressure indicator, 2 

water filters 

The equipment is kept also in the new 

combisystem designed 

Available space for store 

and equipment 

6.62 m
2
 In the engine room 

Roof slope 28.0° Taken from building`s plans 

Roof azimuth 0
 
° Taken from building`s plans 

Available roof area 46,31 m
2
 Taken from building`s plans 

Cold water temperature 12.0°C For Heraklion city 

Hot water temperature 50°C As set by the requirements of the 

owner and taken into consideration 

avoidance of legionella growth  

Daily hot water load 200 liters/day 50lt/person per day, constant for all 

months 

Design combisystem flow 

rate 

40 l/h.m2 High flow system 

DHW profile (to be used in 

Polysun) 

Daily Peaks Since most occupants have varying 

needs and habits this profile was 

chosen as the most suitable one 

Minimum auxiliary heated 

volume in the store 

200 liters  

Minimum auxiliary heater 

power 

6 kW  

Heated floor area 130 m
2 
 Taken from building`s plans 

Annual oil consumption 550 liters 

5-year average value calculated based 

on bills provided by the owner of the 

house 

Convector radiators 28 radiators of 1000W 
Summing up to 28000Watt as installed 

in the house (Table 4.3) 

Space loop heating pump 1 Grundfos UPS32-70 
Already used for the space heating 

loop 
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Heating period 01/11- 30/04 
Based on national technical directives 

[31, 32, 33] 

Heating setpoint 

temperature 
21.0°C 

Based on national technical directives 

[31, 32, 33] 

Initial estimate of pipe 

length to collector 

35 m Taken from building`s plans (Material 

used: Copper) 

Initial pipe diameters 

(external) to collector 
28 mm  Thickness: 1.2mm 

Thickness of insulation on 

collector pipes  

35 mm (Material used: EPDM Armaflex HT) 

 

 

According to IES® VE simulations, the energy usage for space heating purposes (excluding electricity for 

auxiliary equipment, such as pumps) holds the 42% of the total energy usage which is translated 

approximately to 6448kWh (49.6kWh/m2.a) on an annual basis. Running the simulation the heat supplied 

by the oil fired boiler in order to cover the space heating needs was also calculated (Qsh
AUX,REF) to be 

6503kWh, which is very close to the value from the IES® VE simulations.   

Since the designed combisystem should also provide the thermal energy for DHW preparation the 

respective reference system is simulated in Polysun® in order to find the respective QDHW
AUX,REF value and 

validate the result from IES® VE simulation. Therefore, using the suitable template (8a) available and 

setting the values provided in Table 5.1, the simulated annual amount of thermal energy collected from 

the sun for preparing 200liters/day at the temperature of 50oC is expected to reach 2059kWh. Comparing 

the results from both software simulations, it is logical to accept that the annual energy needs for DHW 

preparation to have a value of 2145kWh (14% or 16.5kWh/m2a). 

The rest of the energy usage distribution is shown in Figure 5.3. The combisystem must cover both the 

energy needs for space heating and DHW preparation and deliver energy that is significant less than 8594 

kWh/a (or 66.1 kWh/m2.a) in order for the investment to be economically viable. 

 

 

Figure 5.2: Respective system of the thermosyphonic system used in the single-family house for DHW 

preparation only [24]. 
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Figure 5.3:  Annual energy needs for the single-family house according to IES® VE simulation [35]. 

 

5.1.3 Sizing Procedure and Simulation Results 

The sizing of the reference system was necessary first to size the solar system requested and second to 

compare more easily the gains by the use of the solar combisystem in relation to the conventional one 

already in place. In the sizing procedure of the reference combisystem the given plans of the house were 

used to measure the length and define the type of the piping distribution system were needed. 

When the template of the solar combisystem was decided, the sizing procedure was repeated with the use 

of the Excel® sheets and Polysun®. The aim was to size the collector area (m2), the storage tank (lt), the 

specific flow rate (lt/h.m2) and to define the cut-in/off differentials (dT) for the auxiliary heater and the 

solar collector loop pump in order to achieve the predefined solar fractions and taking always into 

consideration as filter-factor the system cost. The template for the reference combisystem chosen was a 

single tank system with one auxiliary electrical heater and three internal heat exchangers integrated in it, as 

shown in Figure 5.1 above.  

Table 5.2 presents the main parameters involved in the optimization procedure and where used in the 

Excel® to perform a cost-benefit analysis in conjunction with outputs from Polysun® simulations and 

helped sizing the different components of the combisystem. The major components costs (exld. VAT) 

used for a good approximation of the final system cost are also given and represent average present values 

existing in the Greek solar heating systems market.  

 

Table 5.2: Parameters and component`s used for optimization of the final combisystem designed [6]. 

Parameter Unit Comments 

DQsav/Dcost [kWh/€] 
Increase in annual saved auxiliary heat energy for every 
extra Euro invested in increased parameter value 

Specific Benefit [kWh/€] 
Saved auxiliary heat energy per year for each invested 
Euro for whole system 

Qsav [kWh] Saved auxiliary heat energy per year  

Fsavthermal [%] 
Thermal fractional energy savings for reference and 
solar heating systems  

Total System 
Cost 

[€] 
Total investment cost for solar heating system  including 
fixed installation and other costs 

Etot [kWh] 
Total energy required by the solar heating system to 
cover DHW and space heating needs (exld auxiliary 
energy)  
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Component Size/Unit parameter Unit cost 

Solar combistorage  

(with insulation Rigid PU foam 80mm) 

800lt 

1000lt 

1200lt 

1500 € 

2000 € 

2500 € 

Solar collector 
Premium quality 

Good quality 

250 € 

150 € 

Internal tube heat exchangers 

1,5m
2 

2m
2 

3m
2 

4m
2 

6m
2
 

165 € 

205 € 

285 € 

365 € 

525 € 

Installation cost 
Fixed cost (whole system) 

Unit cost (collector unit installation) 

1500 € 

100 € 

 

In the sizing procedure all the components previously deactivated in the combisystem template (9i) are 

now brought in operation. Having as a general rule of thumb that the storage volume should be 75lt for 

every m2 of flat plate collector area [6], Figures 5.4 presents the effect of the collector area and quality in 

the final system energy yield (Sfn`s) and total cost.  
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Figure 5.4:  Sizing the collector area of the combisystem. 

 

From the graphs it can be seen that for the two types of collectors, the combisystem that fulfills the 

minimum requirements concerning solar fractions and low cost has the following characteristics:  

 

Table 5.3: Combisystem characteristics with minimum design requirements fulfilled. 

Type of Collector 
Area 

[m
2
] 

Storage size (lt) 
(initial estimation) 

Etot 

[kWh] 

Sfn 

[%] 

SfnBd 

[%] 

SfnHw 

[%] 

Value 

[€] 

Premium quality 

 
12 1000 5833 62 80 40 6770 

Good quality 16 1200 5490 65 81 43 7610 

 

Taken into consideration the smaller collector area and the smaller storage size needed, as well as the 

lower investment cost, the collector selected for further proceeding with the sizing procedure is the one of 

Premium quality and with an array area of 12m2. After concluding with the type and size of the solar 

collector, further simulations were performed to estimate the adequate tank size. As seen in the graph in 

Figure 5.5, a system with a tank of 800lt covers the solar fractions that are sought. The insulation of the 

tank was taken as default to be 80mm, according to the respective Polysun® catalog used. 

 

 

Figure 5.5: Sizing results of the solar storage tank for the designed combisystem. 
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Next vital parameter of the solar combisystem, taking for granted the type and size of the solar collector 

and the storage tank, is the estimation of the specific flow rate in the solar collector loop. In general, two 

are the main categories of solar heating systems when the flow rate value is the parameter examined: high 

flow systems usually have a flow rate of about 40~50 lt/h per m2 of collector area, while in low flow systems 

the respective values lay between 10~15 lt/h per m2.  

The criteria for selecting the flow rate in the collector loop are the optimization of the values of the solar 

fractions in conjunction with the maximum value of the fractional thermal savings achieved. Considering 

that the combisystem selected is considered to be a “high flow” system and having in mind the results 

shown in Figure 5.6 below, the flow rate in the solar collector loop is chosen to be 40 lt/h.m2 (for a pipe 

diameter of 28x1.2 mm). For the specific selection the solar fractions (Sfn: 64%, SFnHw: 80%, SFnBd: 

41%) and the fractional thermal savings (Fsavthermal: 32.3%) parameters have their peak values.  

 

 

Figure 5.6: Sizing the specific flow rate of the combisystem. 

 

Figures 5.7 shows the parametric results concerning cut-in/off differential temperatures for the auxiliary 

heater installed in the storage tank. It can be seen that for a cut –in differential of 2oC (temperature of 52 

oC) and a cut–off differential of 6oC (temperature of 56 oC) the solar fractions (Sfn: 63%, SFnHw: 80%, 

SFnBd: 40%) and the fractional thermal savings (Fsavthermal: 31.6%) parameters have their peak values.  
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Figure 5.7: Results from parametric studies on cut-in/off differentials for the auxiliary heater. 

 

According to bibliography [6], the maximum temperature in the solar storage tank should be around 

90~100oC, in order for the combisystem to operate under safe conditions. Additionally, the maximum 

temperature that could occur in the collector should never exceed 140oC. For these reasons, the maximum 

temperatures in the storage tank is set at 95oC while and for the collector at 130oC. Final step in the sizing 

procedure is the parametric study of cut-in/off differential temperatures for the solar collector loop 

pump. The results from the respective simulations are shown in Figures 5.8. For a cut –in differential of 

6oC (temperature of 101 oC) and a cut–off differential of 4oC (temperature of 99 oC) the solar fractions 

(Sfn: 63%, SFnHw: 80%, SFnBd: 40%) and the fractional thermal savings (Fsavthermal: 31.4%) parameters 

have their final peak values.  

 

 

 

Figure 5.8: Results from parametric studies on cut-in/off differentials for the solar collector loop pump. 
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The final structure of the solar combisystem as formed from Polysun® simulations is given in the table 

below. The size of the water tank changes for cost reduction reasons. The best choice was the 800lt water 

storage tank with 80mm insulation thickness, 1.8m height and three (3) heat exchangers with 1.5m2 area 

each. There were some limitations in the choice of the tank due to the light version of the software and 

for instance there wasn’t any access to water tanks with different stratification types which according to 

bibliography [6] could result in higher energy savings and improved solar fractions. The collector transfers 

6660kWh (pipe losses between collector and tank already subtracted) to the storage tank and the heat 

exchanger provides the consumers with DHW up to a max temperature of 65 °C. 

 

Table 5.4: Summary of final rough sizing of the system (cost optimised) and annual energy balance. 

Reference auxiliary energy 

use: 8594 kwh 

 

System :Combisystem for 

space heating and DHW 

preparation Single Tank/ 

Internal heat exchangers 

Climate: Heraklion, 

Crete, Greece 

Design SFns):     

SFn ≥ 60% 

SFnHw ≥ 75%  

SFnBd ≥ 40% 

Azimuth: 0º Slope:  28.0° Achieved SFns:  

SFn : 63% 

SFnHw : 80%  

SFnBd : 40% 

Daily load DHW:  200 lt In/out temp: 12/50 C Load profile:  daily peaks 

Energy Balance  

Prop. of time >50C: 

100% 

Collector output: 6660kWh (at 

tank) 

Auxiliary output: 3727 kWh  

(covered by oil fired boiler) 

Store losses: 300.8 kWh DHW Load: 2145 kWh Space Heat Load: 6448  kWh 

Sizing  

Collector type: 

Premium quality 

Collector area: 12 m
2
 Store size(s):  800 lt 

 

Collector flow rate: 

40 l/h /m²  in circuit 

Stratification tube: none Insulation thickness and lambda value:  

80 mm / 0.042 W/m.K 

DHW  external heat exch.: 

None 

El. auxiliary power:  6kW Specific cost: 

2,286 €/kWh 

Specific benefit: 

0,437 kWh/€ 

 

 

5.1.4 Detail System Design 

The final type of the solar combisystem designed to be installed in the single-family house is a closed loop 

system at low pressure. Due to the building`s location in Southern Greece, the probability of frost to 

occur is relatively small. For safety reasons and in order to avoid any damage from frost in the respective 

circuits during their lifetime, a glycol-water mixture (partial evaporation method) is considered to be used. 

The benefit of the specific system type provides overheat protection against a drain back system that uses 

just water.  
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The components of the system designed and their interconnections are shown in Figure 5.9. Parts of the 

initial system installed in the engine room are used and are integrated in the new system proposed as 

shown below. 

 

 

Figure 5.9: Schematic drawing of the solar combisystem [1]. 

 

Control Description of the system 

 

The collector circuit, overheat and frost protection 

For protecting the system from overheating, partial evaporation is designed to occur.  This is the main 

advantage for selecting such a design, instead of a drain back system with water or a high-pressure system. 

Especially for the drain back system the additional requirement of a drain back store underneath the 

collectors was hard to achieve without significant extra costs. Thus, a partial evaporation system was 

chosen. According to bibliography [6], a 60% water 40% glycol solution will have a freezing point at -25.3o 

C. Since this temperature is not usually reached in the area of Heraklion, a higher freezing point is 

acceptable. For this reason, the system will use 80% water and 20% water so that there is no chance of 

freezing. 
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The collector circuit, controls 

The collector circulation pump P1 turns on when the collector temperature (GT2) is 6o C greater than the 

tank temperature (GT3).  The circulation pump stops when the temperature difference between the tank 

and collector is less than 4o C. To avoid overheating the circulation pump also stops if the temperature in 

the solar store goes above 95o C.  The pump is not allowed to start if the collector temperature is above 

130o C. Thus, the main parameter values for the successful control of the collector circuit are presented 

below:  

 Maximum temperature of collector: 130 oC 

 Maximum temperature in the storage tank: 95 oC 

 Cut-in temperature difference: 6oC 

 Cut-off temperature difference: 4oC 
 

The DHW circuit 

During hot water load, cold water enters the system in the lower part of the solar store.  Water is then 

heated up through internal solar heat exchangers and an auxiliary heater. It is then taken from the top of 

the solar store and delivered to the circuit. During the spring, fall, and winter the house oil fired boiler can 

be used via the charge circuit as the source heat for the store. Therefore, the auxiliary electrical heater can 

remain inactive. The control data that were set are:  

 Cold water temperature: 12 °C 

 Hot water temperature: 50 °C 
 

Space Heating 

The space heating circuit is controlled by a three-way mixing valve and pump P1. If after the mixing valve 

the water that is returning from the circulation system is of sufficient temperature the mixing valve 

continues to send water back into the space heating circulation system. If not, it is sent in the solar storage 

tank to be reheated. Heating loads are covered both by the solar collector loop (via the lower internal heat 

exchanger) by increasing the temperature of the incoming cold water up to 25~30 °C, while the oil fired 

boiler offers the rest energy (pump P3) in order for the water to reach 65 °C for circulating in the space 

heating loop. One significant parameter of the solar combisystem is the change in the temperatures profile 

for the water entering and returning from the heating elements in the space-heating loop. While the initial 

system had a profile of 85/70°C (forward/return temperature), the solar combisystem is operating with a 

lower temperature profile of 65/55°C. According to bibliography [6], lower temperatures profiles from 

the space heating loop result in improved solar performance and larger energy savings due to lower 

temperatures in the solar storage tank and less operating hours for the oil fired boilers (less fuel oil usage).   

 

The auxiliary heater 

The electric heater in the solar storage tank is controlled by thermometer GT3. The heater is activated 

when the tank temperature is less than 48o C and they are deactivated when the temperature of the tank 

reaches 56o C. The auxiliary heater control status is switched between the two modes “On/Off” with a 

hysteresis of 4oC, so as to avoid possible oscillations and increase the stability of the system in terms of 

energy management. For the control of the auxiliary heater installed inside the storage tank, the two 

following parameter values were taken from the respective simulations:  

 Cut-in differential: 2 oC 

 Cut-off differential: 6 oC 
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Drawing of the system on the plan and the section 

The new combisystem is installed in the existing engine room and the placement of the respective 

components is shown in Figures 5.10 & 5.11. According to Polysun® simulations, the total number of 

collectors needed to meet the energy demands is six (6). For the installation, two ways of possible 

placement are examined, as shown in Figures 5.12 & 5.13, to keep a uniform pressure drop in the whole 

system. A 50mm gap between each pair of collectors was held as a mean for connecting the respective 

pipes. Taken into consideration the two ways of connecting the collectors that is either in parallel or in 

series, two respective drawings are given below so as to have a perspective of the available space needed 

to be used for each type of installation.  

 

 

Figure 5.10: Drawing of the combisystem in section [1]. 

 

 

Figure 5.11: Drawing of combisystem installed in the engine room in plan [1]. 

 



-64- 
 

 

Figure 5.12: Drawing of combisystem`s solar collectors arrangement in series [1]. 

 

 

 

 The “ in-series” connection covers a total length of 7.75m and the parallel connection only 3.85m 

 The total area needed for the installation of the collectors reaches 16.66m2 
 

Figure 5.13: Drawing of combisystem`s solar collectors arrangement in parallel [1]. 
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Figure 5.14: Description of nomenclature used in drawings [1]. 

 

As it can be seen, special holes are needed to be made through the roof for the pipes to enter the engine 

room and to be connected to the rest circuit. The DHW and space heating circuits as well as its 

interconnection with the rest system is not shown due to the section boundaries but it can be detected in 

Figures 5.10 & 5.11. All the components presented in the drawings of the system are included and 

explained in Figure 5.14. 

 

Calculation of performance values for the solar collector loop internal heat exchanger  

The storage tank is having three internal heat exchangers. The most significant in the solar combisystem is 

the one in the solar collector loop, with an area of 1.5 m2. Using the data provided in bibliography [6], the 

necessary technical specifications for the tube to be order for the manufacturer to build is shown in Figure 

5.15. 

 Material: copper with external fins for improved convection 

 Internal diameter (di): 20 mm 

 External diameter (do): 22 mm 

 Fin diameter (D): 80 mm  

 Conversion factor: 0.25m2/mtube  
 

 

Figure 5.15: Main parameters of the fin copper tube used in internal heat exchangers. 

 

Using the conversion factor given above, the total tube length needed for the specific internal heat 

exchanger to be constructed is calculated to be approximately 6m. The pressure drop of the internal heat 

exchanger that is necessary for sizing the circulation pump of the collector circuit has to be estimated. For 

this, the length and the diameter of the tube are used in accordance with the nomographs proposed widely 

and are found in bibliography [6]. 

Since six (6) solar collectors of total area 12m2 are going to be installed on the roof and using a flow rate 

of 40lt/h.m2 the total flow rate in the collector circuit is calculated to be 480lt/h, or 0.133lt/s. Using the 

nomograph for the pressure drop given in Figure 5.16 and knowing the tube type used is 22x2mm, the 
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respective pressure drop is to be 100 Pa/m. Multiplying this value with the total 6m length of the tube for 

water circulating inside the heat exchanger, the total pressure drop is 600Pa. 

For a glycol-water mixture the pressure drop in the heat exchanger will be different. As mentioned above 

the water-glycol ratio of 20%-80% is decided to be used. Using “Tyfocor L” as glycol product, from the 

respective nomograph (Figure 5.16) and for 50oC temperature the relative pressure drop factor is equal to 

approximately 0.9. Thus, the final pressure drop in the internal tube heat exchanger is 540Pa. 

 

 

Figure 5.16: Nomographs for calculating the pressure drop in the heat exchanger for water (left) and 

water-glycol mixture (right) [6]. 

 

Pressure drops in collector circuit 

As shown in Figures 5.12 & 5.13, the collectors can be installed on the roof, either in series or in parallel. 

It can be seen that in the case of in series connection, the total length covered is 7.75m, while in the 

parallel connection requires significantly less 3.85m. In order to decide which type is most appropriate for 

our case, respective pressure drops in each system are calculated. The case of in series connection is first 

examined. 

The flow in the collector circuit is 480lt/h (or 0.133lt/s) as it was calculated in the previous paragraph. 

Thus, the total pressure drop will be calculated based on the total flow of the system. The pressure drop 

over one Premium collector is equivalent to 18m of pipe having dimensions 12x0.5mm. Using again the 

pressure drop nomograph, in Figure 5.17 it can be seen that the pressure drop is close to 6.000Pa/m. That 

is in total 108.000Pa for one single collector.  
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On the other hand, using parallel connection among collectors (3 in series and 2 in parallel) the calculation 

of the pressure drop over the collectors will be based on 1/2 of the total flow that equals 0.0167 l/s. 

Following the same procedure as earlier, the pressure drop is 150Pa/m (Figure 5.17). For one single 

collector that means a pressure drop of 2.700Pa. Considering also the relative pressure drop factor of 0.9 

for the glycol-water mixture, the final pressure drop in one collector is 2.430Pa. It is obvious that smaller 

pressure losses are desirable in the system. Therefore, the total pressure drop for the three (3) collectors is 

7.290Pa.     

 

 

Figure 5.17: Nomograph for calculating the pressure drops in the collector circuit for water-glycol 
mixture pressure drop [6]. 

 

From simulations, the external diameter of the pipes used for the collector circuit was defined to be 

28x1.2mm. In Figure 5.17, the pressure drop for a total flow of 0.133lt/s is 50Pa/m. The velocity of the 

fluid is approximately 0.25m/s. The total length of the pipe needed for the collector circuit was measured 

through the respective plan drawings of the house in AutoCAD® and it is considered to be close to 35m. 

Introducing the relative pressure drop factor of 0.9 for the glycol-water mixture, the final pressure drop in 

pipes is 1.575Pa. 

Pressure drop in bends and valves is calculated using a coefficient multiplied with the dynamic pressure in 

the pipe. Using an average density of 1015kg/m3 for the glycol-water mixture and the 0.25m/s as an 
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average speed, the dynamic pressure (p) is calculated according to equation (1) proposed in bibliography 

[6]: 

  
    

 
 ,                     (eq. 1) 

Where: ρ is the density (kg/m3) and u is the velocity (m/s). The pressure drop (Pa) can be 

calculated as:  

       ,                  (eq. 2) 

 

Where: ζ is the dimensionless “resistance value”. Since the diameter of the pipe is greater than 

25mm, the resistance value for bends (ζbend) is 0.5, for one-way valve (ζone-way) is 6, for shut-off valve (ζshut-

off) is 0.3 and for T-pieces (ζT-piece) 1. Through rough estimations, twelve (12) bends, one (1) one-way valve, 

six (6) shut-off valves and six (6) T-pieces are considered to be used in the system. The respective pressure 

drops are thus calculated to be:  

 Bends: 190 Pa 

 One-way valve: 159 Pa 

 Shut-off valves: 190 Pa 

 T-pieces: 57 Pa 
 

Taking into consideration the relative pressure drop factor of 0.9 for the glycol-water mixture, the final 

pressure drop in bends and valves is 537Pa. All the pressure drops included in the system are gathered and 

presented in Table 5.5. Because this is considered a “high flow” system, a balancing valve is not added in 

the system.    

Table 5.5: Collection of pressure drops in the collector circuit. 

Component Pressure drop in  

collector circuit (Pa) 

Solar collector 7.290 

Pipes  1.575 

Bends, T-piece, one way valves 537 

Heat exchanger 540 

Ev. Balancing valve Not used 

Total pressure drop 9.942 Pa 

 

Sizing of the pump for the collector circuit 

The size of the collector`s circuit circulation pump is proportional to the total pressure drop of the 

system. Thus, the selected pump should be capable of providing the necessary energy for 

counterbalancing the losses of 9.942Pa, which are equivalent to 1,01m. The preferred operation point of 

the pump is at 1,01m and at 0.48m3/h (or 0.000133m3/s) flow rate. In this case the Grundfos Magna 25-

60 pump with variable speed is selected. It is shown in Figure 5.18 that the preferred point is falling 

exactly on the respective proportional line in the graph. Thus it concluded that the actual and the 

preferred points coincide and the actual consumption of the pump is found to be close to 12W. Using the 

following equation (3) [6] the efficiency of the pump is calculated to be approximately 12%.  
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 ,                     (eq. 3) 

 

Where: V is the volume flow (m3/s), Δp is the increase in pressure over pump (Pa) and Qel is the 

electricity consumption of the pump.  

 

 

 

Figure 5.18: The pump curve of the chosen pump with marked preferred/real operation point [16]. 

 

Volume for the expansion vessel in the collector circuit 

The system proposed is of closed type using partial-evaporation method as a mean of overheating. Thus, 

it is obligatory to be equipped with an expansion vessel that will withstand the pressure variations from 

fluid expansions. The size of this vessel is calculated by following the respective equations proposed in 

bibliography [6]: 
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,           (eq. 4)      where:  

 

 α is maximum expansion of the fluid (=13%) 
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 Vexpansion is the volume of the vessel of the system (lt) 

 V is the total water volume in the system including the collectors (lt) 

 Vcoll is the volume of the fluid in the collectors (=6*1.9=11.4lt) 

 p3 is the pre-pressure in expansion vessel for partial evaporation systems (bar) 

 p4 is the maximum pressure in expansion vessel for partial evaporation systems (bar) 

 pV,3 is the vapour pressure in collector when boiling should start (bar) 

 pV,4 is the vapour pressure in collector when whole collector is filled with steam (bar)  

 ΔH3 is the height difference between upper part of collector and expansion vessel (m) 

 ΔH4 is the height difference between lower part of collector and expansion vessel (m) 
 

The maximum expansion of the fluid is 13% and is based upon the maximum temperature of the system, 

which is taken to be 150oC. It can be taken from the respective diagram shown in Figure 5.19 below. 

 

 

Figure 5.19: Expansion α of Tyfocor depending on maximum system`s temperature [6]. 

 

The volume of the fluid contained in one Premium collector is given to be 1.9lt. Having in total six (6) 

collectors means automatically 11.4lt. The volume of the pipes equals to the internal area of pipes 

multiplied with the pipe length. With an internal diameter of 25.6mm and a total length of 35m, the pipe 

volume is approximately 18lt. For the heat exchanger, the respective values of the tube are 20mm and 6m 

length, which yields in a total volume of 1.88lt. Taking an extra volume of 2lt as a safety factor, the total 

volume (V) of the fluid in the collector circuit is found to be approximately 22lt.   

The height difference ΔΗ4 and ΔΗ3 are measured to be 3.2m and 3.5m respectively. The temperature at 

which the fluid mixture starts to boil is assumed to be 120oC and the temperature where the collector is 

filled with steam is selected to be 150oC. As it can be seen in the vapour pressure diagram of Tyfocor 

(Figrure 5.20) the respective vapour pressures are 1.8bar (pV,3) and 4.3bar (pV,4). The last one (pV,4) is the 

highest operation pressure in the system.   
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The pre-pressure (p3) as well as the maximum pressure (p4) in the expansion vessel are calculated with the 

equations given above to be 1.15bar and 3.62bar respectively. The volume of the expansion vessel is 

finally calculated to be 25lt. The maximum pressure in the system for sizing the pressure release valve is 

6bar.  

  

 

Figure 5.20:  Vapour pressure diagram of Tyfocor depending on system`s temperature [6]. 

 

5.1.5 Economic Evaluation of the Solar Combisystem 

In order, the combisystem to be considered as a worthy investment the total cost of the system is 

outlined. The costs of the various components were taken from the local market to minimize transfer 

expenditures and to achieve immediate service in cases needed. The time for installation was estimated 

based on values proposed in bibliography [6]. The part costs are listed on a per part basis while the labour 

costs are presented on a total cost basis. Table 5.6 gathers all the respective figures related.  

 

Table 5.6: Sizes, installation costs and material costs for the different components in the solar 
combisystem. 

PART TYPE QUANTITY 
PART 

COST(€) 

TOTAL 

COST(€) 

Solar collector Premium Quality 6 parts (12m²) 250 1500 

Pipe (28x1.2mm) Copper (with insulation) 35m 15(€/m) 525 

T-piece 28x1.2mm 5 12 60 

Collector pump Grundfos Magna 25-60 1 130 130 

Temperature meter 0-120 
o
C 3 45 135 

Controller unit ESR21 1 230 230 

Security valve R10 (6 bar) 1 15 15 

One way valve DN25 1 13 13 

Shut off valve DN25 6 20 120 

Air release valve R10 1 12 12 
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Expansion vessel 25 lt 1 100 100 

Storage + insulation 800 lt 1 1500 1500 

Heat exchanger Internal heat exchanger 3 165 495 

Manometer 0-10 bar 1 13 13 

Bents - 12 10 120 

Labour costs - - - 1000 

Hidden costs - - - 500 

Total Cost (incl. VAT 20%) - - - 7.762(€) 

 

For the investment to be viable, an economic analysis is conducted to conclude what would be the benefit 

for the owner of the single-family house after installing the designed combisystem.  

As examined in the beginning of the project, the initial space heating system of the house would need 

approximately 550lt of light fuel oil per year in order to cover the respective thermal needs. After several 

simulations, this amount of fuel was translated to deliver 6.448kWh of thermal energy. By integrating the 

proper components into the initial system, a combisystem is formed and designed so as to provide the 

single-family house with DHW and thermal energy for the space heating elements. The amount of thermal 

energy provided by the oil-fired boiler is estimated to reach 3.727kWh, while the rest of the energy will be 

covered by the solar collector circuit. Simulation results have showed that a reduction of approximately 

58% in the energy delivered by the oil fired boiler is achievable.      

Based on studies [13] the LHV5 of light fuel oil is equivalent to 11.9kWh/lt. As mentioned previously, the 

oil fired boiler has an efficiency of 94%. Thus, the specific energy delivered by one (1) liter of oil in the 

boiler will be 11.19kWh. Since simulations have shown that the amount of 3.727kWh is expected to come 

from fuel oil usage, this is translated into an average annual light fuel oil need of 333lt (40% w.t. fuel oil 

savings). 

Figure 5.21 shows a four (4) month period price fluctuation of the light fuel oil for heating purposes in 

Greece. An average price, including VAT, is assumed in this work to be 1,00 €/lt. The maintenance costs 

of the combisystem are considered small, therefore are neglected during economic analysis. The economic 

life of the combisystem is expected to reach 25 years since most of the components of the system are 

durable and designed for extended lifetime. Since these systems do not receive any kind of subsidies yet, 

the high investment costs are considered a drawback for the owners to implement such designs. Below a 

group of scenarios is examined dealing with possible percentages of subsidies provided by the state in 

order for such investments to become competitive. Assuming an inflation rate of 5% and a rate of interest 

of 3%, the following graphs are really enlighting. 

 

                                                      
5 Lower Heating Value 
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Figure 5.21: Oil prices for space heating needs for a period of 4 months [19]. 

 

As shown in Figure 5.22, the oil price will show an increase that is assumed to be related to the inflation 

rate, which is kept constant throughout the whole period of the system. The combisystem uses 58% less 

light fuel oil for covering the space heating needs of the single-family house that is 2.721kWh on annual 

basis. According to national technical directives [32, 33] this amount of thermal energy savings will reduce 

by 718kg the CO2 annual emissions from light fuel oil combustion in the boiler. Figures 5.23 up to 5.25 

demonstrate the results from the different subsidy scenarios examined.  

 

 

Figure 5.22: Costs of light fuel oil supply, when comparing initial and “combi” system cases. 
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Figure 5.23: Cash flows for different subsidy scenarios examined. 

 

Figure 5.24: Payback time and Internal Rate of Return (IRR) for subsidy scenarios. 

 

Figure 5.25: Net Present Value (NPV) and Internal Rate of Return (IRR) for subsidy scenarios. 
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From the graphs presented above it can be concluded that without any generous subsidy provided by the 

state the economic viability of the investment can be heavily questioned. In order for the owner to be 

convinced to proceed and make the investment for the installation of a combisystem, the subsidy should 

be at least 40%, having a payback time of 15 years and with an IRR of approximately 8%.  

 

5.1.6 Summary 

To summarize, the procedure followed above revealed the necessary steps for designing and sizing a 

possible combisystem for providing DHW and covering the space-heating needs for the single-family 

house examined. The simulation results have shown that such systems can be beneficiary from an 

environmental point of view, since solar thermal system (solar collectors) integration in places with high 

solar irradiation can contribute up to 40% in space-heating thermal needs and by at least 75% in DHW 

preparation. 

The disadvantage of using such systems can be found in the complexity of their design as well as in the 

financing step, where high costs emerge and act against these kind of environmental beneficial 

investments. Combisystems are expected to be economic from the investor’s point of view, when either 

light fuel oil prices increases significantly or when subsidies from the state becomes generous enough. 

 

5.2 Scenario II: Grid-tied Photovoltaic System installation 

5.2.1 Introduction 

An alternative scenario concerning energy savings for the single-family house is the installation of a grid-

tied photovoltaic (PV) system.  The installation of such systems has received great acceptance from 

investors on a national level, both for open-field applications (>10kWp) as well as from house owners in 

the case of small domestic (10kWp) systems. Table 5.7 shows the progress of grid-tied PV systems for 

2011, according to their installed rated power [20].  

 

Table 5.7: Categories of grid-tied PV systems in Greece until 6th of June, 2011 [20]. 

System rated power Total installed power (MWp) 

Roof systems < 10kWp 35,6 

<20kWp 32,8 

20~150kWp 177,5 

>150kWp 102,8 

 

The simplicity of small domestic PV systems in correlation with a good price for injecting energy (feed-in-

tariff) in the national grid (0,525€/kWh) [25] and a 25-year tax-free income for the owners, makes such 

investments really profitable and help minimize environmental impact from fossil fuels usage.   

As shown in Figure 4.25, the energy needs in the form of electricity for the single-family house reaches 

6669kWh (44%) on an annual base. The following procedure shows the detail design of a grid-tied PV 

system capable of covering this energy need up to the point that the relevant investment cost does not 

become prohibitive for the owner.  

 The system will be installed on the roof of the house and the design procedure is supported by the use of 

PVsyst® [27] a simulation software tool used widely for a broad spectrum of PV applications. All necessary 

input parameters (temperature profiles, wind speed, e.t.c) are given in Appendix C and are combined with 
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the meteorogical data given by the official Photovoltaic Geographical Information System (PVGIS) [26] 

website.  

 

5.2.2 Site Location and Climate 

As given in paragraph §4.1, the single-family house is located in Heraklion (Latitude: 35° 19' 30 N, 

Longitude: 25° 7' 50 E), at Crete island, in Southern Greece (see Figure 4.1). The single-family house has 

an orientation due North and is located in the open countryside.  

The respective geographical coordinates are inserted in PVGIS template and the following data is 

collected and presented in Table 5.8 below. The value of irradiation calculated by the website includes 

0.2% losses from possible shading objects. The PV system is going to be installed on the roof of the 

single-family house therefore; the fixed angle of 26o from the horizontal plane is also taken into 

consideration. Figure 4.8 shows a topographic plan of the surrounding area for acquiring information on 

possible shading elements.  

 

Table 5.8: Monthly meteorological data for Heraklion city [26]. 

Month  Hh Hopt H(26) Iopt D/G TD T24h 

Jan 2,10 2,89 2,85 55 0,54 11,4 10,6 

Feb 3,00 3,88 3,84 49 0,48 11,5 10,6 

Mar 3,98 4,59 4,57 36 0,47 13,1 12,1 

Apr 5,44 5,73 5,74 22 0,41 16,1 14,9 

May 6,29 6,12 6,16 10 0,40 20,8 19,2 

Jun 7,04 6,58 6,66 3 0,35 25,0 23,2 

Jul 6,83 6,5 6,56 6 0,35 27,4 25,8 

Aug 6,23 6,37 6,40 18 0,36 27,2 25,7 

Sep 5,16 5,88 5,86 33 0,35 24,2 22,8 

Oct 3,64 4,58 4,54 45 0,43 20,4 19,2 

Nov 2,32 3,13 3,08 53 0,53 16,4 15,3 

Dec 1,81 2,51 2,47 56 0,58 13,1 12,2 

Year 53,84 58,76 58,73 28 0,41 18,9 17,6 

 
Parameter 

 
Explanation 

Hh Irradiation on horizontal plane (kwh/m
2
/day) 

Hopt Irradiation on optimally inclined plane (kwh/m
2
/day) 

H(26) Irradiation on plane at angle 26deg. (kwh/m
2
/day) 

Iopt Optimal inclination (deg.) 

D/G Ratio of diffuse to global inclination (-) 

TD Average daytime temperature (
o
C) 

T24h 24 hour average of temperature (
o
C) 

 

According to PVGIS data, the optimal inclination angle is 28o for the area of Heraklion. This small 

deviation from the fixed angle of 26o of the roof can be neglected since the losses are only 0.05%. From 

the plan of the roof given in Appendix B, the available area for installing a PV system is 88.83m2 (see 

Figure 5.26). Figure 5.27 gives a holistic view for the efficiency of PV systems, in terms of energy yield, 

based on various inclination and orientation values of the solar panels [8]. 
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Figure 5.26: Available roof area for installing PV system. 

 

 

Figure 5.27: Impact of inclination and orientation values in available solar irradiation for a PV system 
installation in Greece [8]. 

 

5.2.3 System Configuration and Layout 

The selection of a solar panel is generally a difficult decision since a wide variety and number of 

manufacturers is in the market today. The main parameters taken into consideration during this selection 

procedure were the creditability and experience of the manufacturer of solar panels, their peak rated 

power yield, their efficiency and of course their cost.   
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The initial decision on the system configuration was the selection of the type of the material used for 

manufacturing the solar planel. According to bibliography [15], when comparing costs, efficiencies and 

application fields, the most suitable type of solar cell for the majority of domestic PV systems usually is 

amorphous-Si, single crystal-Si, or polycrystalline-Si. The cost and efficiency for amorphous Si cells is 

lower than both mono and polycrystalline cells, but require larger areas for their installation due to their 

limited rated power (80~90Wp) per module. Based on an elemental Greek market survey it can be 

concluded that the cost of monocrystaline cells is much higher (10~15%) than this of the polycrystalline 

cells. On the other hand, monocrystaline cells present higher efficiency rates (1,5~3%) than polycrystalline 

cells. Thus, when comparing the benefit to cost ratio for these two types of cells, the final selection for the 

specific application examined in this work, moves towards a polycrystalline solar panel.  
 

  

                                            

Figure 5.28: Market shares of different PV cells technologies for 2002 [15]. 

 

A manufacturer of solar panels widely used in Crete Island especially for its high-energy performance and 

a good value for money ratio is Suntech®. Having in mind that solar panels with high rated power need 

less available space and lower labour (installation) costs for specific system sizes, the solar panel selected 

to be installed on the roof of the single-family house is Blackpearl STP 250S-20/Wd+. The datasheet for 

the specific solar panel is given in Figures E.1 & 2 (Appendix E) and the most significant data is presented 

in Table 5.9 below.    

 

Table 5.9: Parameter values for Blackpearl STP 250S-20/Wd+ solar panel [30]. 

Parameter Value 

Module technology Polycrystalline-Si 

Nominal power (Wp) 250 

Module efficiency (%) 15,2 

Voc(V) 37,4 

Isc (A) 8,63 

Vmpp (V) 30,7 

Impp (A) 8,15 

NOCT (
o
C) 45±2 

Temperature Coefficient of Pmax (%/
o
C) -0,45 

Temperature Coefficient of Voc (%/
o
C) -0,34 

Temperature Coefficient of Isc (%/
o
C) 0,050 

Dimensions (Length/Width/Height) (mm) 1665/941/50 
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The maximum installed rated power of the PV system designed for the single-family house is by law 

10kWp. Since each solar panel has a rated power of 250Wp, the total number of solar panels in order to 

achieve the maximum power is forty (40). According to the dimensions given above, the following layout 

(Figure 5.29) of the PV system is designed in AutoCAD®, keeping a space tolerance of 50mm between 

each pair of solar panels for assembling reasons. 

 

 

 

 

Figure 5.29: Layout and section plan of the PV system on the roof of the single-family house [1]. 

 

For the specific system, the most suitable inverter is the three-phase Sunny Tripower 10000-TL from 

SMA® Company [29]. The technical chacteristics are given in Figure E.3 (Appendix E). The specific 

inverter has a high efficiency rate (~98%) and a very good electrical behaviour in PV systems installed in 

Crete Island, where high temperatures and irradiation levels occur during summer months. A typical 

electrical plan of the system installation is sketched and shown in Figure 5.30.  



-80- 
 

 

Figure 5.30: Typical electrical circuit of a PV system for domestic installation [1]. 

 

A reliable PV system should be designed to avoid and/or minimize array losses from occasional shading 

of solar panels caused by near objects. For this reason a 3-dimensional representation of the PV system 

examined is build in PVsyst®, taking into consideration the objects dimensions and distances presented in 

Figure 4.8. The energy collected from the sun should be as much as possible and especially during the 

window time from 9:00 to 15:00 each day. Since during winter the sun has a lower orbit in the sky, in 

terms of altitude angles, the day of the winter solstice (21st of December) is considered as the most 

unfavourable day of energy production for a PV system. Figures 5.31 & 5.32 show the 3D system of the 

single-family house with the respective buildings in the surrounding area and the PV arrays on the roof of 

the house. Figure 5.33 shows the sun path diagram with the shading losses of the PV array. Some shading 

losses occur during morning hours from 06:00 to 08:00 and from 16:00 to 18:00, which does not affect 

significantly the PV system annual energy yield.  
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Figure 5.31: 3D layout of the PV system on the roof of the single-family house and the surrounding 
shading objects [27]. 

 

 

Figure 5.32: Sun position and respective shadings during 21st of December, at 9.00 (left), 12:00 (middle) 
and 15:00 hour (right) [27]. 

 

 

Figure 5.33: Sun path diagram with respective shading losses throughout the year [27]. 
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5.2.4 Energy Simulation Results 

The PV system is consisted of forty (40) solar panels of 250Wp each, connected in one (1) three-phase 

inverter of 10kW with the respective safety switches and suitable cable cross sections for maximum 

performance and safety levels. The characteristics of the system are used as input parameters in the 

PVsyst® software; along with the shading results from the previous paragraph. Energy simulation results 

are shown in Table 5.10 and the respective Shankey diagram is shown in Figure 5.34. The complete energy 

report is available in Appendix E.  

 

Table 5.10: Balances and main results from energy simulation of the PV system [27]. 

Month 

Horizontal 
global 

irradiation 
(kWh/m

2
) 

Ambient 
Temperature 

(
o
C) 

Global 
incident 

in 
collector 

plane 
(kWh/m

2
) 

Effective 
global 

corr. for 
IAM and 
shadings 
(kWh/m

2
) 

Effective 
energy 
at the 
output 
of the 
array 
(kWh) 

Energy 
injected 
into the 

grid 
(kWh) 

Efficiency 
Eout 
array/ 
rough 
area 
(%) 

Efficiency 
Eout 

system/ 
rough 
area 
(%) 

Jan 65,1 10,6 76,5 72,5 602 586 11,27 10,97 

Feb 84 10,6 99,5 95,2 785 767 11,29 11,03 

Mar 123,4 12,1 135,4 129,9 1060 1035 11,2 10,94 

Apr 163,2 14,9 170,7 164 1321 1292 11,08 10,84 

May 195 19,2 193,6 186,7 1472 1439 10,88 10,64 

Jun 211,2 23,2 205,5 198,7 1536 1502 10,7 10,47 

Jul 211,7 25,8 207,9 201 1536 1502 10,58 10,34 

Aug 186,9 25,7 192 185 1409 1378 10,51 10,27 

Sep 160 22,8 175,7 168,8 1314 1285 10,7 10,48 

Oct 109,2 19,2 125,6 120,5 959 936 10,93 10,67 

Nov 71,9 15,3 85,2 80,6 656 640 11,03 10,75 

Dec 56,1 12,2 66,8 63,3 521 506 11,16 10,84 

Year 1637,7 17,68 1734,3 1666,1 13169 12868 10,87 10,62 

 

 

 

Figure 5.34: Shankey diagram with respective energy losses of the PV system [27]. 
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Figure 5.35 shows an energy balance based upon the energy (electricity) needs presented in Figure 4.24, 

according to IES VE energy simulation, and the PV system energy production given by PVsyst®. The 

positive net energy yield per month reveals the possibility of the PV system to cover the needs in 

electricity and at the same time provide the owner with a monthly income as a reimbursement of the 

whole investment. A more analytical economic analysis of the investment is made in the next paragraph.  

 

 

Figure 5.35: Energy balance among PV system production and single-family house electricity needs. 

 

5.2.5 Economic Evaluation of the PV system 

As in the case of the combisystem, the costs of the major components of the PV system examined above 

were taken also from the local market in order to minimize transfer expenditures and to achieve 

immediate service in any case needed. An average time of installing a domestic PV system of 10kW varies 

between 3~4 days maximum, where most of the time is consumed in installing the foundation system for 

the solar panels to be mounted. Table 5.11 gathers all the respective parameter costs collected and an extra 

amount of money is assumed for hidden costs that may appear. Figure 5.36 shows a cost distribution for 

the specific system designed.  

 

Table 5.11: Labour and material costs for the installation of the PV system. 

Parameter cost Cost 

Solar panels cost (40 pcs) 8.600,00 € 

Inverter cost (1 pcs) 2.800,00 € 

PV system foundation cost 3.500,00 € 

Electromechanical equipment (cables, switches, e.t.c) 1.500,00 € 

Installation cost 2.000,00 € 

Extra hidden costs 2.500,00 € 

Final cost (exld. VAT) 20.900,00 € 

Final cost (Incl. VAT) 25.080,00 € 

 

The cost of electricity for domestic houses with average 4-month consumption close to 2000kWh 

according to [25] is 0,092€/kWh. The monthly electricity cost as well as the profits from injecting energy 

in the grid is given in Figure 5.37.  
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Figure 5.36: Cost distribution for the PV system investment. 

 

 

Figure 5.37: Monthly cost of energy needs and profits from injecting energy in the grid for the single-
family house. 

 

Since the total amount of investment is rather high for an average owner in Greece, the solution of 

funding is considered by many the only solution in these cases. Most of the banks have launched special 

campaigns for funding the installation of any PV systems, both domestic and commercial ones. Especially 

for domestic applications, the percentage of funds provided can cover the whole investment cost with low 

interest rate and payback period varying from 5 up to 15 years.  

In the case of the PV system designed for the single-family house, a loan with an annual interest rate of 

8% and a payback period of 7 years is considered. An annual inflation rate of 4% and an annual escalation 

rate of 1% for the energy cost are considered stable for the period of 25-years. For the foundation 

equipment an average cost of 0,35€/Watt is considered a normal price for domestic PV systems 

applications. Due to annual deterioration of the solar panels, the PV system`s performance is assumed to 

decrease by 0,80% each year of operation.   

Table 5.12 shows all the parameters and their respective values considered during the economic evaluation 

of the investment. 
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Table 5.12: Parameters used for economic evaluation of the PV system examined. 

Parameter used for economic evaluation Value 

VAT 20% 

Inflation rate (%) 4% 

Coefficient of annual system performance reduction  0,8% 

Energy Cost escalation rate (%) 1,00% 

Energy credit (€/kWh)  0,5250 € 

Average annual energy yield based on simulation results (kWh)  12868,0 

Avoided cost of energy /electricity (€/kWh)  0,092 € 

Investment cost per kWp 2.508,00 € 

Investment size (kWp) 10 

Mean annual system  efficiency per installed kWp (kWh/kWhp) 1286,80 

Rated power per module  (Watt) 250 

Cost of solar panel per Watt exld. VAT (€/Watt)  0,86 € 

Inverter cost exld. VAT (€/Watt)  2.800,00 € 

Loan amount  (€) 25.080,00 € 

Loan settlement period (years) 7 

Annual interest rate (%) 8,00% 

Security interest (%) 6,00% 

Funding percentage coverage (%) 100% 

 

According to Table 5.14, the most significant economic performance indicators are calculated and 

presented in Table 5.13. Since NPV value is positive and IRR value is greater than the security interest rate 

the investment is considered viable. The investment is considered to have a payback time of 9 years, while 

the loan is settled in 7 years as agreed upon. Figure 5.38 shows the settlement payments for the loan 

throughout the 7-years period. Additionally, it is seen that from the very first year the PV system offers to 

owner a net annual income of 1300€ for the first 7 years, since the loan is also settled at the same time, 

while for the next 18 years this amount raises up to approximately 6000€ on annual basis. 

 

Table 5.13: Parameters used for economic evaluation of the PV system examined. 

Economic performance indicator Value 

Net Present Value (NPV) (€) 27.308,46 € 

Internal Return Rate (ΙRR) (%) 13% 

Payback period (years) 9 
 

5.2.6 Summary 

As seen above, the installation of a PV system of 10kW on the roof of the house not only provides 100% 

the energy needed for the electrical appliances of the house, but also offers a generous net annual income 

to the owner by injecting the rest of the energy collected in the grid. The total investment cost is estimated 

to reach 25.000€ and it is covered by a bank loan with a settlement period of 7-years. Throughout the 25-

years of the system lifetime, the owner will receive a total net income of 122.000€, while at the same time 

13tn6 of CO2 emissions are avoided annually. 

                                                      
6 See Table 2.2 
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Table 5.14: Economic features from the economic evaluation of the PV system examined

Year 
Inflation 

rate  
(%) 

Energy Cost 
escalation rate  

(%) 

Energy  
production  

credit  
(€/KWh) 

Energy 
production 

(KWh) 

Annual 
 Income 

(€) 

Annual energy cost 
of electricity for the 
single-family house 

(kWh) 

Sinking 
 fund  

(€) 

Interest  
 (€) 

Taxes  
(€) 

Net Cash  
Flow 
(€) 

Cumulative  
Net Cash  

Flow  
 (€) 

Cumulative  
Cash  
Flow  
 (€) 

0 
         

   
 

-      25.080,00 € 

1 4% 1,00% 0,525 € 12868,00 6.755,70 € 613,55 € 2.810,78 € 2.006,40 € -   € 1.324,98 € 1.324,98 € -      23.755,02 € 

2 4% 1,00% 0,530 € 12765,06 6.768,67 € 619,68 € 3.035,64 € 1.781,54 € -   € 1.331,81 € 2.656,79 € -      22.423,21 € 

3 4% 1,00% 0,536 € 12662,94 6.781,67 € 625,88 € 3.278,49 € 1.538,69 € -   € 1.338,61 € 3.995,40 € -      21.084,60 € 

4 4% 1,00% 0,541 € 12561,63 6.794,69 € 632,14 € 3.540,77 € 1.276,41 € -   € 1.345,37 € 5.340,77 € -      19.739,23 € 

5 4% 1,00% 0,546 € 12461,14 6.807,73 € 638,46 € 3.824,03 € 993,15 € -   € 1.352,10 € 6.692,87 € -      18.387,13 € 

6 4% 1,00% 0,552 € 12361,45 6.820,80 € 644,85 € 4.129,95 € 687,22 € -   € 1.358,78 € 8.051,65 € -      17.028,35 € 

7 4% 1,00% 0,557 € 12262,56 6.833,90 € 651,29 € 4.460,35 € 356,83 € -   € 1.365,43 € 9.417,08 € -      15.662,92 € 

8 4% 1,00% 0,563 € 12164,46 6.847,02 € 657,81 € -   € -   € -   € 6.189,21 € 15.606,30 € -         9.473,70 € 

9 4% 1,00% 0,568 € 12067,14 6.860,17 € 664,38 € -   € -   € -   € 6.195,78 € 21.802,08 € -         3.277,92 € 

10 4% 1,00% 0,574 € 11970,61 6.873,34 € 671,03 € -   € -   € -   € 6.202,31 € 28.004,39 € 2.924,39 € 

11 4% 1,00% 0,580 € 11874,84 6.886,54 € 677,74 € -   € -   € -   € 6.208,80 € 34.213,19 € 9.133,19 € 

12 4% 1,00% 0,586 € 11779,84 6.899,76 € 684,52 € -   € -   € -   € 6.215,24 € 40.428,43 € 15.348,43 € 

13 4% 1,00% 0,592 € 11685,60 6.913,01 € 691,36 € -   € -   € -   € 6.221,64 € 46.650,07 € 21.570,07 € 

14 4% 1,00% 0,597 € 11592,12 6.926,28 € 698,27 € -   € -   € -   € 6.228,00 € 52.878,08 € 27.798,08 € 

15 4% 1,00% 0,603 € 11499,38 6.939,58 € 705,26 € -   € -   € -   € 6.234,32 € 59.112,40 € 34.032,40 € 

16 4% 1,00% 0,610 € 11407,39 6.952,90 € 712,31 € -   € -   € -   € 6.240,59 € 65.352,99 € 40.272,99 € 

17 4% 1,00% 0,616 € 11316,13 6.966,25 € 719,43 € -   € -   € -   € 6.246,82 € 71.599,81 € 46.519,81 € 

18 4% 1,00% 0,622 € 11225,60 6.979,63 € 726,63 € -   € -   € -   € 6.253,00 € 77.852,80 € 52.772,80 € 

19 4% 1,00% 0,628 € 11135,79 6.993,03 € 733,89 € -   € -   € -   € 6.259,13 € 84.111,94 € 59.031,94 € 

20 4% 1,00% 0,634 € 11046,71 7.006,45 € 741,23 € -   € -   € -   € 6.265,22 € 90.377,16 € 65.297,16 € 

21 4% 1,00% 0,641 € 10958,33 7.019,91 € 748,65 € -   € -   € -   € 6.271,26 € 96.648,42 € 71.568,42 € 

22 4% 1,00% 0,647 € 10870,67 7.033,38 € 756,13 € -   € -   € -   € 6.277,25 € 102.925,67 € 77.845,67 € 

23 4% 1,00% 0,653 € 10783,70 7.046,89 € 763,69 € -   € -   € -   € 6.283,20 € 109.208,86 € 84.128,86 € 

24 4% 1,00% 0,660 € 10697,43 7.060,42 € 771,33 € -   € -   € -   € 6.289,09 € 115.497,95 € 90.417,95 € 

25 4% 1,00% 0,667 € 10611,85 7.073,97 € 779,04 € -   € -   € -   € 6.294,93 € 121.792,88 € 96.712,88 € 

 
Total 

  
292630,35 172.841,67 € 17.328,56 € 25.080,00 € 8.640,23 € -   € 121.792,88 € 
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Figure 5.38: Annual economical features for PV system performance (up) and loan settlement payments (lower) according to economic evaluation (Table 5.13).
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5.3 Scenario III: Combination of Combisystem and Grid-tied 

Photovoltaic System installation 

5.3.1 Introduction 

The last energy-retrofitting scenario combines part of the two previous scenarios examined. Moreover, the 

combisystem is designed and sized as shown in the respective paragraph, contributing up to 40% in space-

heating thermal needs and by at least 75% in DHW preparation. 

The only change made is in the case of the PV system, where the available area on the roof of the single-

family house is less since solar collectors of the combisystem are also installed next to the solar panels.  

 

5.3.2 Systems Configuration and Layouts 

In order to find the maximum installed rated power of the PV system, the modified number of solar 

panels integrated along with the existing combisystem components is designed in AutoCAD® (Figure 5.39 

& 5.40).  

 

 

 

Figure 5.39: Layout of the combination of PV and “combi” systems installations [1]. 
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Figure 5.40: Section plan of the combination of PV and “combi” systems installations [1]. 

 

5.3.3 Energy Simulation Results 

The new PV system is consisted of thirty-two (32) solar panels of 250Wp each, connected in one (1) 

three-phase inverter of 10kW with the respective safety switches and suitable cable cross sections for 

maximum performance and safety levels as in scenario II. PVsyst® software, using the same shading 

results from the previous scenario, gives the following energy simulation results, shown in Table 5.15 and 

the respective new Shankey diagram is shown in Figure 5.41.  

 

Table 5.15: Balances and main results from energy simulation of the new PV system [27]. 

Month 

Horizontal 
global 

irradiation 
(kWh/m

2
) 

Ambient 
Temperature 

(
o
C) 

Global 
incident 

in 
collector 

plane 
(kWh/m

2
) 

Effective 
global 

corr. for 
IAM and 
shadings 
(kWh/m

2
) 

Effective 
energy 
at the 
output 
of the 
array 
(kWh) 

Energy 
injected 
into the 

grid 
(kWh) 

Efficiency 
Eout 
array/ 
rough 
area 
(%) 

Efficiency 
Eout 

system/ 
rough 
area 
(%) 

Jan 65,1 10,6 76,5 72,9 555 540 11,34 11,02 

Feb 84 10,6 99,5 95,4 721 704 11,32 11,05 

Mar 123,4 12,1 135,4 130,2 973 950 11,22 10,95 

Apr 163,2 14,9 170,7 164,3 1213 1186 11,1 10,86 

May 195 19,2 193,6 187,1 1351 1320 10,9 10,65 

Jun 211,2 23,2 205,5 199,1 1409 1378 10,71 10,48 

Jul 211,7 25,8 207,9 201,3 1409 1377 10,58 10,35 

Aug 186,9 25,7 192 185,2 1292 1263 10,51 10,27 

Sep 160 22,8 175,7 169 1206 1180 10,72 10,49 

Oct 109,2 19,2 125,6 120,7 880 859 10,95 10,69 
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Nov 71,9 15,3 85,2 81 605 584 11,09 10,8 

Dec 56,1 12,2 66,8 63,6 480 470 11,22 10,88 

Year 1637,7 17,68 1734,3 1669,8 12094 11812 10,89 10,64 

 

 

Figure 5.41: Shankey diagram with respective energy losses of the new PV system [27]. 

 

Figure 5.42 shows the new energy balance based upon the energy (electricity) needs presented in Figure 

4.24, according to IES VE energy simulation, and the new PV system energy production given by PVsyst® 

in Table 5.15. The total PV array production is reduced by 8%, since less solar panels are used. 

 

 

Figure 5.42: New energy balance among modified PV system production and single-family house 
electricity needs. 
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5.3.4 Economic Evaluation of the PV & “Combi” systems 

The costs for the new PV system as well as for the combisystem presented in scenario I, is gathered in 

Table 5.16. The monthly electricity cost as well as the profits from injecting energy in the grid, from the 

new PV system is given in Figure 5.43. The parameters used to evaluate the combined investment of the 

two systems is given in Table 5.17. The rest of the parameters are kept constant, as examined in scenario 

II. 

 

Table 5.16: Costs for the installation of PV and “combi” systems. 

Parameter cost Cost 

Solar panels cost (32 pcs) 6.880,00 € 

Inverter cost (1 pcs) 2.800,00 € 

PV system foundation cost 2.800,00 € 

Electromechanical equipment (cables, switches, e.t.c) 1.500,00 € 

Installation cost 2.000,00 € 

Extra hidden costs 2.500,00 € 

Combisystem cost 6.209,60 € 

Final cost (exld. VAT) 24.689,60 € 

Final cost (Incl. VAT) 29.627,52 € 

 

 

 

Figure 5.43: Monthly cost of energy needs and and profits from injecting energy in the grid for the single-
family house, based on the new PV system. 

 

Table 5.17: Parameters used for economic evaluation of the combined PV and “combi” system. 

Parameter used for economic evaluation Value 

Average annual light fuel oil needs (lt)  333 

Average annual light fuel oil savings (lt)  217 

Average annual new PV system energy production  (kWh)  11812 

Investment cost per kWp 2.772,00 € 

Investment size (kWp) 8 

Mean annual system efficiency per installed kWp (kWh/kWhp) 1476,50 

Number of solar panels (pcs) 32 
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Table 5.18: Economic features from the economic evaluation of the combined PV and “combi” system examined. 

Year 
Inflation 

rate           
(%) 

Energy 
Cost 

escallation 
rate             
(%) 

Light 
fuel oil 
price 
(€/lt) 

Energy 
production 

credit          
(€/KWh) 

Energy 
production 

(KWh) 

Annual 
savings from 
Combisyste

m usage                     
(€) 

Annual 
income PV 

system                
(€) 

Annual energy 
cost of 

electricity for 
the single-

family house 
(kWh) 

Light fuel 
oil cost          

(€) 

Sinking fund           
(€) 

Interest  
(€) 

Net Cash flow            
(€) 

Cumulative 
Net Cash 

Flows                       
(€) 

Cumulative 
Cash Flows                

(€) 

0 
           

- 29.627,52 € 
 

-      29.627,52 €  

1 4% 1,00% 1,00 0,525 € 11812,00 217,00 € 6.201,30 € 613,55 € 333,00 € 2.485,34 € 1.774,10 € 1.545,32 € 1.545,32 € -      28.082,20 €  

2 4% 1,00% 1,04 0,530 € 11717,50 225,68 € 6.213,21 € 619,68 € 346,32 € 2.684,17 € 1.575,27 € 1.559,77 € 3.105,08 € -      26.522,44 €  

3 4% 1,00% 1,08 0,536 € 11623,76 234,71 € 6.225,14 € 625,88 € 360,17 € 2.898,90 € 1.360,54 € 1.574,53 € 4.679,61 € -      24.947,91 €  

4 4% 1,00% 1,12 0,541 € 11530,77 244,10 € 6.237,09 € 632,14 € 374,58 € 3.130,81 € 1.128,62 € 1.589,61 € 6.269,22 € -      23.358,30 €  

5 4% 1,00% 1,17 0,546 € 11438,53 253,86 € 6.249,06 € 638,46 € 389,56 € 3.381,28 € 878,16 € 1.605,03 € 7.874,25 € -      21.753,27 €  

6 4% 1,00% 1,22 0,552 € 11347,02 264,01 € 6.261,06 € 644,85 € 405,15 € 3.651,78 € 607,66 € 1.620,79 € 9.495,04 € -      20.132,48 €  

7 4% 1,00% 1,27 0,557 € 11256,24 274,57 € 6.273,08 € 651,29 € 421,35 € 3.943,92 € 315,51 € 1.636,93 € 11.131,97 € -      18.495,55 €  

8 4% 1,00% 1,32 0,563 € 11166,19 285,56 € 6.285,13 € 657,81 € 438,21 € -   € -   € 5.912,88 € 17.044,85 € -      12.582,67 €  

9 4% 1,00% 1,37 0,568 € 11076,86 296,98 € 6.297,19 € 664,38 € 455,73 € -   € -   € 5.929,79 € 22.974,63 € -         6.652,89 €  

10 4% 1,00% 1,42 0,574 € 10988,25 308,86 € 6.309,29 € 671,03 € 473,96 € -   € -   € 5.947,12 € 28.921,75 € -            705,77 €  

11 4% 1,00% 1,48 0,580 € 10900,34 321,21 € 6.321,40 € 677,74 € 492,92 € -   € -   € 5.964,87 € 34.886,62 €           5.259,10 €  

12 4% 1,00% 1,54 0,586 € 10813,14 334,06 € 6.333,54 € 684,52 € 512,64 € -   € -   € 5.983,08 € 40.869,71 €         11.242,19 €  

13 4% 1,00% 1,60 0,592 € 10726,64 347,42 € 6.345,70 € 691,36 € 533,14 € -   € -   € 6.001,76 € 46.871,46 €         17.243,94 €  

14 4% 1,00% 1,67 0,597 € 10640,82 361,32 € 6.357,88 € 698,27 € 554,47 € -   € -   € 6.020,93 € 52.892,39 €         23.264,87 €  

15 4% 1,00% 1,73 0,603 € 10555,70 375,77 € 6.370,09 € 705,26 € 576,65 € -   € -   € 6.040,60 € 58.932,99 €         29.305,47 €  

16 4% 1,00% 1,80 0,610 € 10471,25 390,80 € 6.382,32 € 712,31 € 599,71 € -   € -   € 6.060,81 € 64.993,81 €         35.366,29 €  

17 4% 1,00% 1,87 0,616 € 10387,48 406,44 € 6.394,57 € 719,43 € 623,70 € -   € -   € 6.081,58 € 71.075,38 €         41.447,86 €  

18 4% 1,00% 1,95 0,622 € 10304,38 422,69 € 6.406,85 € 726,63 € 648,65 € -   € -   € 6.102,92 € 77.178,30 €         47.550,78 €  

19 4% 1,00% 2,03 0,628 € 10221,94 439,60 € 6.419,15 € 733,89 € 674,60 € -   € -   € 6.124,86 € 83.303,16 €         53.675,64 €  

20 4% 1,00% 2,11 0,634 € 10140,17 457,19 € 6.431,48 € 741,23 € 701,58 € -   € -   € 6.147,43 € 89.450,59 €         59.823,07 €  

21 4% 1,00% 2,19 0,641 € 10059,05 475,47 € 6.443,82 € 748,65 € 729,64 € -   € -   € 6.170,65 € 95.621,24 €         65.993,72 €  

22 4% 1,00% 2,28 0,647 € 9978,58 494,49 € 6.456,20 € 756,13 € 758,83 € -   € -   € 6.194,56 € 101.815,80 €         72.188,28 €  

23 4% 1,00% 2,37 0,653 € 9898,75 514,27 € 6.468,59 € 763,69 € 789,18 € -   € -   € 6.219,17 € 108.034,97 €         78.407,45 €  

24 4% 1,00% 2,46 0,660 € 9819,56 534,84 € 6.481,01 € 771,33 € 820,75 € -   € -   € 6.244,53 € 114.279,49 €         84.651,97 €  

25 4% 1,00% 2,56 0,667 € 9741,00 556,24 € 6.493,46 € 779,04 € 853,58 € -   € -   € 6.270,65 € 120.550,14 €         90.922,62 €  

 
Total 

   
268615,93 9.037,16 € 158.657,59 € 17.328,56 € 13.868,09 € 22.176,20 € 7.639,85 € 120.550,14 € 1.273.797,76 € 
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Figure 5.44: Annual economical features for the combined PV & “Combi” system performance (up) and loan settlement payments (lower) according to economic 
evaluation (Table 5.18).
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According to Table 5.18, NPV value remains positive and IRR value is greater than the security interest 

rate. The total investment has a payback time of 12 years. It should be mentioned that the amount of the 

bank`s loan covers only the cost for the PV system investment. The rest of the funds is provided by the 

owner of the single-family house.  

 

Table 5.19: Parameters used for economic evaluation of the PV system examined. 

Economic performance indicator Value 

Net Present Value (NPV) (€) 22.773,02 € 

Internal Return Rate (ΙRR) (%) 6,1% 

Payback period (years) 12 
 

 

5.3.5 Summary 

The combined installation of a PV and a “combi” system is considered a viable investment since all 

economical performance indicators have favourable values. The total investment cost is estimated to reach 

30.000€ and it is covered partially (75%) by a bank loan with a settlement period of 7-years. Throughout 

the 25-years of the systems lifetime, the owner will economize a total amount of about 9.000€ from light 

fuel oil savings, while a total net income of 120.000€ will give him the possibility of covering also the 

expenses (~14.000€) of providing the oil-fired boiler with fossil fuel.  
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6 Conclusions 

Technological improvements in the field of energy usage in buildings, has led to the penetration of 

software tools in various phases of design and decision making processes. The goal of every decision 

should be to promote sustainability through the application of certain solutions, providing that daily needs 

are met without compromising indoor climate conditions for the occupants. Sophisticated software tools 

in 3D modeling and simulation allow the user to take such decisions in short period of time with limited 

work.  

Revit® Architecture from Autodesk® was used in this project in order to build a 3D model of a single-

family house located in Southern Greece. The existence of 2D CAD drawings files from previous 

construction phases shorten the time needed to build the model and helped the user to quickly familiarize 

himself with the BIM concept. 

The level of accuracy of the 3D model build each time is in straight relation with the magnitude of the 

results taken if an energy simulation is performed with the very useful tool Virtual Environment, from 

Integrated Environmental Solutions (IES® VE). The integration of all available information in the model 

is considered a time consuming process, but on the other hand, it adds quality to every task performed 

afterwards.  

Through  IES® VE plug-in toolbar, the 3D model was directly converted to an energy model and only few 

modifications were needed for adding various information for the simulation purposes. SunCast and 

ApacheSim where the two applications used to produce results concerning solar and thermal analysis of the 

single-family house.  

Based on technical directives [31, 32, 33] on national level, the energy demand for the single family house 

was simulated to reach 117.4 kWh/m2a, lower than the average (140 kWh/m2a) of the majority of the 

residential buildings in Greece. The proper use of internal insulation, the avoidance of thermal bridges and 

the low U-value (2.45 W/m2K) for the external glazing parts of the construction, were indentified to be 

the key parameters that cut down energy consumption from heat losses to the surroundings.  

Energy savings can be achieved with several retrofitting scenarios. In this work, two main scenarios where 

examined: this of a “combisystem” installation which is a solar heating system  capable of delivering the 

thermal energy needed for the preparation of the DHW, as well as for covering space-heating needs for 

the single-family house, and secondly of a grid-tied PV system for providing electricity for covering the 

respective needs of the electrical appliances of the single-family house.  

The basic advantage of a solar heating system is the possibility of combination with conventional heating 

elements and an oil-fired boiler, thus reducing light fuel oil usage. This combination is considered a 

sustainable solution for covering thermal needs for space heating and DHW production. The simulation 

results are rather promising, since space heating needs can be covered up to 40% with an array collector 

area of 12m2 and with a solar water storage of 800lt. The respective solar fraction for DHW production 

can reach 80% on an annual basis, being 100% for summer months when solar irradiation values are high. 

The specific system designed in this project is expected to have a total solar fraction of 63% on annual 

basis and it will use 80% water and 20% glycol so that there is no chance of freezing in the solar collector 

circuit. 

From an environmental point of view, the “combisystem” will save 58% of the annual light fuel oil usage 

which is translated in 718kg of CO2 from emissions from the oil-fired boiler.  

The disadvantage of using such systems can be found in the complexity of their design as well as in the 

financing step, where high costs emerge and act against these kind of environmental beneficial 

investments. Combisystems are expected to be economic from the investor’s point of view, when either 

light fuel oil prices increases significantly or when subsidies from the state becomes generous enough. For 

the specific case examined in this project, the “combisystem” investment is considered as viable only in 

the case of a generous state subsidy of 40% or more, with a minimu payback time of 15 years.  
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In general, for combisystems it can be stated that:  

 

 The proper sizing and design of the solar collector area, the solar water storage, the system`s flow 

rate and the size of the expansion vessel are considered critical points since these components can 

affect both energy performance and safety operation of such systems.  

 According to [1], several simulations for the Greek region have shown that these systems can 

prove to be energy efficient for covering thermal needs of houses, reaching 40 to 50%, with a 

relatively reasonable cost.  

 

In the case of a small domestic PV systems in correlation with a good price for injecting energy (feed-in-

tariff) in the national grid (0,525€/kWh) and a 25-year tax-free income for the owners, makes the specific 

investment really profitable and helps minimize environmental impact from fossil fuels usage.   

The initial PV system designed is consisted of forty (40) solar panels of 250Wp each, connected in one (1) 

three-phase inverter of 10kW with the respective safety switches and suitable cable cross sections for 

maximum performance and safety levels. The system will cost approximately 25.000€, it will produce 

12868 kWh/annually and by injecting them in the grid will have a payback time of 9 years, covering at the 

same time the loan settlement and the annual energy cost of electricity for the single-family house. During 

its 25 years lifetime of the investment, the PV system will save more than 320tn of CO2 emissions, and 

provide the owner with a total net income of 122.000€.  

Finally, the combination of a combisystem and a PV system installation was examined. In this case, only 

PV system has a lower production yield of around 8% (1056 kWh/annually) but the economic profits 

from the generous feed-in-tariff existing in the Greek energy market at the time being can be very helpful 

towards the implementation and economic viability of a combisystem installation. Simulations have shown 

that throughout the 25-years of the systems lifetime, the owner will economize a total amount of about 

9.000€ from light fuel oil savings, while a total net income of 120.000€ will give him the possibility of 

covering also the expenses (~14.000€) of providing the oil-fired boiler with fossil fuel. 

To summarize, the energy intensity of houses can be greatly reduced with the implementation of existing 

and mature technologies, like combisystems and PV applications, if proper care is taken during initial 

design steps and sizing of such systems. Towards this direction, the use of sophisticated software tools like 

the ones used in this project has proven to be more than valuable and time saving.  
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APPENDIX A: Figures & Tables 

 

Table A.1: Input information for simulation needs [31, 32, 33]. 

Information Value 

Daily operation hours  18 hours 
Days of operation 7 
Months of operation 12 
Heating period 01/11-30/04 
Cooling period  01/06-30/09 
Mean internal heating temperature 18oC 
Mean internal cooling temperature 26oC 
Fresh air needs  0,75 (m3/h/m2) / person 
Lighting level - Power density  200 lux (3,6W/m2) 
Water needs  50 lt/day/person 
Mean temperature of  hot water 50 oC 
Percentage of internal gains 
for equipment/occupants/lighting 

75% 

 

 

Table A.2: Case specific national reference for thermal resistances for buildings belonging in zone A [31]. 

Construction element Symbol 
Maximum U-value 

 (W/m2K) 

External horizontal or inclined surface in 
contact with ambient air (roofs) 

UR 0.50 

External walls in contact with ambient air UT 0.60 

Floors in contact with ambient air (pilotis) UFA 0.50 

External walls in contact with closed non 
heated spaces 

UTU 1.50 

External walls in contact with soil  UTB 1.50 

Floors in contact with closed non heated 
spaces 

UFU 1.20 

Floors in contact with soil  UFB 1.20 

Openings frames  UW 3.20 

Non or Semi opening glass façades UGF 2.20 

 

 

Table A.3: Maximum values for the thermal resistance of buildings belonging in Zone A according to 
their surface/volume ratio [31]. 

Ratio A/V 
[m-1] 

Maximum  
Um (W/m2K) for Zone A 

≤0.2 1.26 
0.3 1.20 
0.4 1.15 
0.5 1.09 
0.6 1.03 
0.7 0.98 
0.8 0.92 
0.9 0.86 

≥1.0 0.81 
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Table A.4: Information for the construction elements of the single-family house [14, 34]. 

 

 

 

 

 

 

 

 

 

 

a/a 
Construction Material 
Internal walls 

Density ρ 
(kg/m3) 

Thickness d (m) 
Thermal 

conductivity  λ 
(W/mK) 

Thermal 
resistance d/λ 

(m2K/W) 

1 Plaster 1800 0.020 0.870 0.023 
2 Bricks 1500 0.060 0.510 0.118 
3 Plaster 1800 0.020 0.870 0.023 
 Total value - 0.100 - 0.222 

 

 

 

 

 

 

 

 

 

 

a/a 
Construction Material 
External walls 

Density ρ 
(kg/m3) 

Thickness d 
(m) 

Thermal 
conductivity  λ 

(W/mK) 

Thermal 
resistance d/λ 

(m2K/W) 

1 Plaster 1800 0.015 0.870 0.017 
2 Bricks 1500 0.060 0.510 0.118 
3 Insulation material (EPS) 25 0.070 0.035 2.000 
4 Bricks 1500 0.090 0.510 0.176 
5 Plaster 1800 0.015 0.870 0.017 

 Total value - 0.250 - 2.328 

a/a 
Construction Material 
Roof 

Density ρ 
(kg/m3) 

Thickness d (m) 
Thermal 

conductivity  λ 
(W/mK) 

Thermal 
resistance d/λ 

(m2K/W) 

1 Plaster 1800 0.020 0.870 0.023 
2 Reinforced concrete 2400 0.200 2.500 0.080 
3 Insulation material (EXP) 25 0.200 0.035 5.714 
4 Lightweight aerated 

concrete 
500 0.050 0.200 0.250 

5 Cement mortar 1800 0.020 0.870 0.023 
6 Asphalt layer 1100 0.010 0.230 0.043 
 Total value - 0.500 - 6.134 



-101- 
 

Table A.4: (Continued) 

 

 

 

 

 

 

 

 

 

 

a/a Construction Material   General characteristics 

1 External Windows 

Double-glazing (6-12-6), filled with air. Thermally insulated 

aluminium frame (28%), g=0.60, Uf=1.49 W/m2K, Ug=2.81 

W/m2K, UW=2.45 W/m2K. 

2 Main entrance door Pine. 50mm, ρ=600 kg/m3, cp=1600 J/kg K, Ud=1.6204 W/m2K. 

  

 

a/a 
Construction Material 
Floor 

Density ρ 
(kg/m3) 

Thickness d (m) 
Thermal 

conductivity  λ 
(W/mK) 

Thermal 
resistance d/λ 

(m2K/W) 

1 Ceramic Tiles 1800 0.050 0.040 1.250 
2 Insulation material 

(EXP) 
25 0.100 0.035 2.857 

3 Reinforced concrete 2400 0.200 2.500 0.080 
4 Plaster 1800 0.020 0.870 0.023 
 Total value - 0.370 - 4.210 
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Table A.5: Thermal bridging coefficients used for the single-family house energy simulation [35]. 
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APPENDIX B: 2D-CAD Drawings of the single-family house 

 

Figure B.1: Plan view of the single-family house used in the project as case study [1]. 
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Figure B.2: Plan view of the roof of the single-family house [1]. 
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Figure B.3: North (up) and South (down) views of the single-family house [1]. 
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Figure B.4: East (up) and West (down) views of the single-family house [1]. 
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Figure B.5: Sections AA (up) and BB (down) of the single-family house [1]. 
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Figure B.6: South view of the single-family house with the integrated equipment of the designed combisystem  [1]. 
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APPENDIX C: Climate data for Heraklion city  

 

 

Figure C.1: Monthly average outdoor temperature and solar irradiation for Heraklion [32]. 

 

 

 

Figure C.2: Monthly Degree Days for Heraklion [32]. 

 

 

 

Figure C.3: Climate data for temperature and RH variations for Heraklion [32]. 
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Figure C.4: Monthly irradiation levels (kWh/m2) for different inclination angles in Heraklion [32]. 

 

 

 

Figure C.5: Wind speed data for Heraklion [32]. 
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APPENDIX D: Data/Results from IES® VE Energy simulations 

 

Table D.1: Model Check information during importing 3D model of the single-family house in IES® VE software [35]. 

Notes:  
 Values which are outside expected bounds are highlighted, we would recommend that these rooms are inspected carefully.  

 To allow for sloping ceilings, the Floor / Ceiling ratio is calculated from the area of the floor and the area of the projection to the horizontal of the ceiling.  

 All internal areas are calculated from the inner volume of a room (using wall thicknesses) where that exists.  

 A Missing Surfaces Area value greater than zero may indicate that the surfaces of a room do not join cleanly, or overlap, or are missing. Using the model viewer will help 
identify these gaps. 

Room 

Volume 

(m³) 

Area (m²) Ratio 

Volume 

to Area 

(m) 

Area ratios Missing 

Surfaces 

Area 

(m²) 
Name ID Floor Ceiling 

External 

Walls 

Internal 

Walls 

Total 

Glazing 

Ceiling 

holes / 

Ceiling 

Floor 

holes / 

Floor 

Floor / 

Ceiling 

Total 

Wall / 

Floor 

External 

Wall / 

Floor 

Window / 

Wall 

Big WC BGWC0000 23.4 7.6 7.6 8.4 33.8 0.5 3.060 0.000 0.000 1.000 4.427 1.101 0.014 0.000 

Parent`s 

room 
PRNT0003 62.9 18.9 18.9 36.8 76.5 3.5 3.335 0.000 0.000 1.000 4.052 1.951 0.045 0.000 

Storage 

room 
ROOF0036 5.3 7.6 7.6 2.7 7.6 0.0 0.699 0.000 0.000 1.000 0.998 0.357 0.000 0.000 

Guest`s 

room 
GSTS0006 52.3 15.4 15.4 18.6 72.2 3.4 3.395 0.000 0.000 1.000 4.691 1.211 0.048 0.000 

Kid`s room KDSR0001 54.9 15.0 15.0 27.1 76.8 3.9 3.658 0.000 0.000 1.000 5.121 1.805 0.051 0.000 

Hall room HLLR0001 25.9 6.9 6.9 0.8 40.2 0.0 3.769 0.000 0.000 1.000 5.851 0.112 0.000 0.000 

Living 

room 
LVNG0003 120.3 35.5 35.5 38.9 83.5 8.4 3.391 0.000 0.000 1.000 2.353 1.097 0.101 0.000 

Kitchen KTCH0001 52.8 15.7 15.7 31.9 48.5 3.5 3.366 0.000 0.000 1.000 3.096 2.036 0.072 0.000 

Small 

warehouse 
SMLL0002 9.5 3.0 3.0 5.0 21.1 0.5 3.193 0.000 0.000 1.000 7.117 1.681 0.023 0.000 

Small WC SMLL0003 9.4 3.0 3.0 5.0 21.1 0.5 3.193 0.000 0.000 1.000 7.137 1.681 0.023 0.000 
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 Figure D.1: Assignment of construction layers to model surfaces (roof /left, floor/right) in IES® VE software [35]. 

 

Roof_Master_Thesis_Project 
Reference ID: ROOF 

Construction is a   from the project database 

 

Layer Description                           Thickness     Conductivity      Density       Capacity        Resistance    Vapour res.    

                                            m             W/(m·K)           kg/m³         J/(kg·K)        m²K/W         GN·s/(kg·m)    

CEILING TILES                               0.0500        0.040             1800.0        1000.0          1.2500         

EPS SLAB                                    0.1000        0.035             25.0          1400.0          2.8571         

REINFORCED CAST CONCRETE (1% Fe)            0.2000        2.500             2400.0        1000.0          0.0800         

PLASTER                                     0.0200        0.870             1800.0        1000.0          0.0230         

 

Inside Surface                                                                                            0.130 

Outside Surface                                                                                           0.040 

Total Resistance                                                                                          4.380 

CIBSE Net U-Value W/m²·K                    0.2283 

EN-ISO U-Value W/m²·K                       0.2299 

Outside surface absorptance                 0.7000 

Inside surface absorptance                  0.5500 

Inside Emissivity                           0.9000 

Outside Emissivity                          0.9000 

 

 

Solid Ground Floor_Master_Thesis_Project 
Reference ID: FLOOR 

Construction is a   from the project database 

 

Layer Description                           Thickness     Conductivity      Density       Capacity        Resistance    Vapour res.    

                                            m             W/(m·K)           kg/m³         J/(kg·K)        m²K/W         GN·s/(kg·m)    

Ground contact correction layer             1.0000        1.500             1900.0        1000.0          0.6667         

CAST CONCRETE (LIGHTWEIGHT)                 0.1000        0.380             1200.0        1000.0          0.2632         

REINFORCED CAST CONCRETE (1% Fe)            0.3000        2.500             2400.0        1000.0          0.1200         

EPS SLAB                                    0.0400        0.035             25.0          1400.0          1.1429         

CEMENT MORTARS                              0.0200        0.870             1800.0        1000.0          0.0230         

TILES                                       0.0050        1.050             2000.0        1000.0          0.0048         

 

Inside Surface                                                                                            0.170 

Outside Surface                                                                                           0.000 

Total Resistance                                                                                          2.391 

CIBSE Net U-Value W/m²·K                    0.4183 

EN-ISO U-Value W/m²·K                       0.4114 

Outside surface absorptance                 0.5500 

Inside surface absorptance                  0.5500 

Inside Emissivity                           0.9000 

Outside Emissivity                          0.9000 
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 Figure D.2: Assignment of construction layers to model surfaces (door /left, internal walls/right) in IES® VE software [35]. 

 

Door_Master_Thesis_Project 
Reference ID: DOOR1 

Construction is a   from the project database 

 

Layer Description                           Thickness     Conductivity      Density       Capacity        Resistance    Vapour res.    

                                            m             W/(m·K)           kg/m³         J/(kg·K)        m²K/W         GN·s/(kg·m)    

PINE                                        0.0500        0.140             600.0         1600.0          0.3571         

 

Inside Surface                                                                                            0.130 

Outside Surface                                                                                           0.130 

Total Resistance                                                                                          0.617 

CIBSE Net U-Value W/m²·K                    1.6204 

EN-ISO U-Value W/m²·K                       1.8970 

Outside surface absorptance                 0.5500 

Inside surface absorptance                  0.5500 

Inside Emissivity                           0.9000 

Outside Emissivity                          0.9000 

 

 

Internal Partition_Master_Thesis_Project 
Reference ID: PART 

Construction is a   from the project database 

 

Layer Description                           Thickness     Conductivity      Density       Capacity        Resistance    Vapour res.    

                                            m             W/(m·K)           kg/m³         J/(kg·K)        m²K/W         GN·s/(kg·m)    

Plaster (Lightweight)                       0.0200        0.870             1800.0        1000.0          0.0230         

BRICK                                       0.0600        0.510             1500.0        1400.0          0.1176         

Plaster (Lightweight)                       0.0200        0.870             1800.0        1000.0          0.0230         

 

Inside Surface                                                                                            0.130 

Outside Surface                                                                                           0.130 

Total Resistance                                                                                          0.424 

CIBSE Net U-Value W/m²·K                    2.3606 

EN-ISO U-Value W/m²·K                       2.3606 

Outside surface absorptance                 0.5500 

Inside surface absorptance                  0.5500 

Inside Emissivity                           0.9000 

Outside Emissivity                          0.9000 
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Figure D.3: Assignment of construction layers to model surfaces (external walls/left, windows/right) in IES® VE software [35]. 

 

External Wall_Master_Thesis_Project 
Reference ID: WALL 

Construction is a   from the project database 

 

Layer Description                           Thickness     Conductivity      Density       Capacity        Resistance    Vapour res.    

                                            m             W/(m·K)           kg/m³         J/(kg·K)        m²K/W         GN·s/(kg·m)    

PLASTER                                     0.0150        0.870             1800.0        1000.0          0.0172         

BRICK                                       0.0600        0.510             1500.0        1000.0          0.1176         

EPS SLAB                                    0.0700        0.035             25.0          1400.0          2.0000         

BRICK                                       0.0900        0.510             1500.0        1000.0          0.1765         

PLASTER                                     0.0150        0.870             1800.0        1000.0          0.0172         

 

Inside Surface                                                                                            0.130 

Outside Surface                                                                                           0.040 

Total Resistance                                                                                          2.499 

CIBSE Net U-Value W/m²·K                    0.4002 

EN-ISO U-Value W/m²·K                       0.4002 

Outside surface absorptance                 0.7000 

Inside surface absorptance                  0.5500 

Inside Emissivity                           0.9000 

Outside Emissivity                          0.9000 

 

 

External Window_Master_Thesis_Project 
Reference ID: EXTW 

Construction is a   from the project database 

 

Layer Description                           Thick.    Cond.     Gas       Conv.     Res.      Solar     Out.Solar     Ins.Solar     Visible   Out.Visible   Ins.Visible   Ref.      Outside   Inside     

                                                                          Coeff.              Trans.    Refl.         Refl.         Trans.    Refl.         Refl.         Index     Emiss.    Emiss.     

                                            m         W/(m·K)             W/m²·K    m²K/W      

CLEAR FLOAT 6MM                             0.0060    1.0000                                  0.6000    0.0700        0.0700        0.7800    0.0700        0.0700        1.5260    0.0000    0.0000 

Cavity                                      0.0120                                  0.1730                                                                                                     

CLEAR FLOAT 6MM                             0.0060    1.0000                                  0.6000    0.0700        0.0700        0.7800    0.0700        0.0700        1.5260    0.0000    0.0000 

 

 

Shaing Device information 

Local 

 Device:none 

External  

 Device:none 

 Internal:  

 Device:Curtains  

 Percentage profile group:ON  

 Incident radiation to lower device:0.00  

 Incident radiation to raise device:0.00  

 Nighttime resistance:0.00  

 Daytime resistance:0.00  

 Shading coefficient:0.20  

 Short wave radiant fraction:0.00  

 Fraction of daylight hour closed:0.10 

 

 

Frame occupies 28.00% of area 

Inside Surface Resistance                    0.13000 

Outside Surface Resistance                   0.04000 

Outside Emissivity                           0.85000 

Inside Emissivity                            0.85000 

CIBSE U-value (glass only)                   2.81690 

CIBSE net U-value                            2.44608 

EN ISO U-value (glass only)                  2.81690 

EN ISO net U-value                           2.44608 
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Figure D.4: Solar shading calculations for the single family house model in IES® VE software [35]. 
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Figure D.5: Data produced from energy simulaiton, concerning temperature and solar irradiation variations [35]. 
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Figure D.6: Data produced from energy simulation, concerning RH and sun`s position variations [35]. 

 

 

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

300

250

200

150

100

50

0

A
n
g
le

 (
d
e
g
.)

0.0160

0.0150

0.0140

0.0130

0.0120

0.0110

0.0100

0.0090

0.0080

0.0070

M
o
is

tu
re

 c
o
n
te

n
t (k

g
/k

g
)

100

90

80

70

60

50

40

30

20

P
e
rc

e
n
ta

g
e
 (

%
)

Date: Jan to Dec

Solar altitude: (Final_IES_v2.clg) Solar azimuth: (Final_IES_v2.clg) External moisture content: (Final_IES_v2.clg) External relative humidity: (Final_IES_v2.clg)



-118- 
 

 

 

Figure D.7: Data from energy simulation, concerning loads for the heating (up) and cooling (down) system [35].
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APPENDIX E: Datasheets for PV system installation 

 

 

Figure E.1: Datasheet for polycrystalline solar panel from Suntech® Company [30]. 



-120- 
 

 

 

 

 

Figure E.2: Datasheet for polycrystalline solar panel from Suntech® Company [30]. 
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Figure E.3:  Technical characteristics for the inverter STP-10000TL from SMA® company [29]. 
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Figure F.4: Energy simulation report from PVsyst® (page 1) [27]. 
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]Figure E.5: Energy simulation report from PVsyst® (page 2) [27]. 
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Figure E.6: Energy simulation report from PVsyst® (page 3) [27]. 
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Figure E.7: Energy simulation report from PVsyst® (page 4) [27]. 
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Figure E.8: Energy simulation report from PVsyst® (page 5) [27].
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APPENDIX F: Powerpoint (ppt) Presentation 
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