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ABSTRACTABSTRACTABSTRACTABSTRACT    

The aim of this PhD thesis is to develop and propose an integrated classification 

method for office building sector in Greece. The proposed method includes the building 

energy performance evaluation method, the building stock database creation, the 

benchmarking process, the energy boundaries definition and building efficiency 

improvement methods recommendations.  The final scope of this classification scheme 

is the determination of office buildings’ performance rating boundaries and the 

establishment of energy and thermal comfort classes at national level.  

The proposed approach of buildings’ classification includes the following tasks:  

-The development of a dynamic simulation model to calculate the energy demand for 

heating and cooling and the thermal comfort conditions of office buildings at an hourly 

and yearly base. 

- Energy audits conduction to office buildings in Athens with the aim of buildings’ 

characteristics investigation and simulation model validation. 

- The installation of a Building Management System (BMS) in BYTE office building in 

order to conduct a detailed energy and environmental audit and to use the collected 

measurements for simulation model validation and improving.  

- The simulation model generalization and the creation of a virtual building dataset 

(VBD) for office buildings in Greece. The philosophy of VBD is based on the creation 

and simulation of random office buildings that could be found or built in Greece, 

taking in to account the Greek constructional and operational characteristics of office 

buildings and Greek legislation. The VBD consists of 30,000 buildings (10,000 in each 

Climatic Zone) with their detailed constructional and operational data and of their 

simulation outputs: the annual energy demand for heating and cooling, the energy 

consumption for electric lighting and office equipment and an indoor thermal comfort 

indicator. 

-The use of VBD data for determining benchmarks such as the Stock Building 

Reference Value (Rs) and the Regulation Reference Value (Rr) for each climatic zone of 

Greece, according to the proposed classification by CEN. 

- The investigation of the application of available clustering techniques, such as 

Hierarchical, K-Means, Gaussian Mixture Models, Fuzzy and Neural clustering 



                                                                                                                                           

algorithms to the simulated office building dataset towards the establishment of 

benchmarks and classifications for office buildings in Greece. 

-The proposal of an integrated classification scheme for Greek office buildings in 

terms of energy demand and thermal comfort conditions. 

-The investigation of common buildings’ characteristics (constructional and 

operational) in each rating class in order to provide with a tool for adopting 

improvement recommendations for office buildings’ energy efficiency in Greece.  

- The evaluation of the proposed classification approach through comparisons with 

methodologies found in literature and mainly with the proposed CEN method, the 

discussion of the comparative advantages of the proposed scheme and the future work 

proposals.   

The results of the present doctorial thesis show that the adopted methodology is an 

integrated and dynamic classification and rating system for Greek office buildings 

with the following characteristics: reliability, time saving, low budget processes, large 

flexibility and expandability and an easy update to the new building data and/or 

policy decisions. 
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CHAPTER 1:CHAPTER 1:CHAPTER 1:CHAPTER 1: INTRODUCTION INTRODUCTION INTRODUCTION INTRODUCTION     

1.1.1.1.1.1.1.1. The concept of building energy and indoor thermal comfort The concept of building energy and indoor thermal comfort The concept of building energy and indoor thermal comfort The concept of building energy and indoor thermal comfort 

efficiencyefficiencyefficiencyefficiency    

World energy crises, such as the 1979 oil shortage caused by the Iranian revolution or 

the drastic increase in the price of oil in the early 1990s due to the first Gulf War, 

raised governmental concerns over the supply of and access to worldwide energy 

resources. European nations, highly dependent on energy resources from politically 

unstable areas, were particularly affected.  

The rapidly growing world energy use has already raised concerns over supply 

difficulties, exhaustion of energy resources and heavy environmental impacts (ozone 

layer depletion, global warming, climate change, etc.). The International Energy 

Agency (IEA) has gathered frightening data on energy consumption trends. During 

the twenty years (1984-2004) primary energy has grown by 49% and CO2 emissions by 

43%, with an average annual increase of 2% and 1.8% respectively (Figure 1-1). 

 

Figure Figure Figure Figure 1111----1111: Primary energy consumption, CO: Primary energy consumption, CO: Primary energy consumption, CO: Primary energy consumption, CO2222 emissions and world population, Reference year  emissions and world population, Reference year  emissions and world population, Reference year  emissions and world population, Reference year 

1984. [Source: International Energy Agency (IEA)]1984. [Source: International Energy Agency (IEA)]1984. [Source: International Energy Agency (IEA)]1984. [Source: International Energy Agency (IEA)]    

Current predictions show that this growing trend will continue. Energy use by nations 

with emerging economies (Southeast Asia, Middle East, South America and Africa) 
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will grow at an average annual rate of 3.2% and will exceed by 2020 that for the 

developed countries (North America, Western Europe, Japan, Australia and New 

Zealand) at an average growing rate of 1.1%. At the same time, the global contribution 

from the energy consumption of buildings was steadily increasing, to around 20–40% 

in developed countries and exceeding the other major sectors, industry and 

transportation (Lombard et al., 2008). 

Today, commercial and residential buildings are some of the largest energy consumers 

in the world, accounting for 1/4 to 1/3 of the total energy consumption and a similar 

amount of emissions (Hong et al., 2007). 

Energy is used in buildings for various purposes: the most important purposes being 

for, heating and cooling, ventilation, lighting and the preparation of hot sanitary 

water. Moreover residential and commercial buildings require additional energy for 

their installed equipment, appliances and removable devices (IEA, 2008). 

According to Eurostat (2008) in The European Union, the building sector shares 

40.9% of the final energy consumption. The final energy consumption in EU27 

increased during the period 1990-2006 from 1080 Mtoe to 1180 Mtoe. The progression 

of this trend is shown in Figure 1-2 for each sector separately. As is shown, the final 

energy consumption of building sector was increased from 440Mtoe to 480 Mtoe. 

 In order to tap the potential for energy savings and reduction of CO2 emissions the 

energy efficiency of buildings has to be improved as soon as possible. The basic 

principle of building energy efficiency is to use less energy for heating, cooling, and 

lighting, without affecting the comfort of those who use the building. High-

performance buildings not only save on energy costs and natural resources, but also 

provide a higher quality indoor environment. The benefits of building energy 

efficiency include (Hong et al., 2007): 

� Reduced Resource Consumption: Improving building energy efficiency with 

renewable energy sources significantly reduces demand for new oil supplies and 

new power plant investment. 

� Minimized Life-cycle Costs: High levels of building energy efficiency reduce the 

amount of energy required to operate a building, and reduces costs for the 

occupants of the building. 
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Figure Figure Figure Figure 1111----2222: : : : Final enerFinal enerFinal enerFinal energy consumptgy consumptgy consumptgy consumption for 1990 ion for 1990 ion for 1990 ion for 1990 –––– 2006 [Source: Eurostat, 2008] 2006 [Source: Eurostat, 2008] 2006 [Source: Eurostat, 2008] 2006 [Source: Eurostat, 2008]    

� Reduced Environmental Impact: Buildings contribute to the discharge of four 

primary pollutants which are mono-nitrogen oxides (NOx), sulfur oxide (SOx), 

CO2, and particulates. The improvement of building energy efficiency reduces 

the need for fossil fuels and reduces greenhouse gas emissions.  

� Healthier Indoor Environment: Efficient buildings also mean a healthier indoor 

environment for the people who live and work in them. Comfortable 

temperatures and a quiet work environment are some key features of high-

performance buildings. 

� Increased Employee Productivity: Improved comfort of building occupants 

contributes to increased employee productivity. Recent studies have shown an 

increase in employee productivity when buildings have features such as natural 

light, better control of temperature, and a more intelligent use of space. 

(Papadimitriou, 2009) 

As it is mentioned above, buildings account for close to 40% of the total energy used 

globally. Given the many possibilities to substantially reduce buildings’ energy 
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requirements, the potential savings of energy efficiency in the building sector would 

greatly contribute to a society wide reduction of energy consumption. The implications 

of such potential reduction should not be underestimated, as the scale of energy 

efficiency in buildings is large enough to influence security policy, climate 

preservation and public health on a national and global scale (International Energy 

Agency, 2008). 

It was under such circumstances that a new concept relating to energy efficiency in 

buildings emerged in the early 1990s as an essential method of reducing energy use 

and CO2 emissions: energy certification for buildings. An overall objective of energy 

policy in buildings is to save energy consumption without compromising comfort, 

health and productivity levels. In other words, consuming less energy while providing 

equal or improved building services, that is, being more energy efficient. Regulatory 

bodies (Government, energy agencies, local authorities, etc.) have three basic 

instruments available for encouraging savings and maximizing energy efficiency in 

buildings: regulations, auditing and certification. 

Building energy regulations, also referred to as building energy codes, establish 

minimum requirements to achieve energy efficient design in new buildings. The 

primary aim is saving final energy or any related parameter (primary energy, CO2 

emissions or energy costs) without compromising thermal comfort (Lombard et al., 

2009).  

ASHRAE Standard 55 (ASHRAE, 1992) describes thermal comfort as “the condition of 

mind which expresses satisfaction with the thermal environment”. The environmental 

variables that influence thermal comfort are the air temperature, the mean radiant 

temperature, the air velocity and the water vapour pressure in ambient air. Two other 

important variables are the person’s activity level and clothing. The heat balance of 

the body provides a basis for the development of an equation for the thermal comfort. 

The equation provides a means of determining all possible acceptable ranges of the 

environmental variables for given values of activity level and clothing (Kolokotsa, 

2001). 

While the comfort equation shows how the environmental variables are combined to 

obtain optimal thermal comfort, it does not indicate the preferred comfort conditions 

for persons.  This is a function of the predicted mean vote (PMV), which provides 
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information on the degree of discomfort experienced in a thermal environment 

(Kolokotsa, 2001).  

The PMV is a seven-point scale from –3 (cold) to +3 (hot) with 0 as the neutral level. A 

last indicator of the degree of satisfaction with the thermal environment is the 

percentage of people dissatisfied (PPD). As shown in Figure 1-3, the PPD has a 

minimum of 5% for PMV=0. This implies that it is impossible to satisfy a large group 

of people under the same conditions (ISO 7730, 2005). 
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Figure Figure Figure Figure 1111----3333: : : : The PMV versus PPD diagram The PMV versus PPD diagram The PMV versus PPD diagram The PMV versus PPD diagram     

1.2.1.2.1.2.1.2. Building Energy Regulation, Certification, Directives and Building Energy Regulation, Certification, Directives and Building Energy Regulation, Certification, Directives and Building Energy Regulation, Certification, Directives and 

StandardsStandardsStandardsStandards    

1.2.1.1.2.1.1.2.1.1.2.1. Energy regulationEnergy regulationEnergy regulationEnergy regulation    

Energy regulation has a perceptive character, and its objective is to establish and 

limit the upper bound for the buildings energy consumption. With its normative 

character, energy regulation establishes the minimum, and often the only, building 

energy assessment tools that will be introduced in the sector, and has therefore a high 

responsibility in the internalization of energy assessment. 
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The success of building energy regulation in effectively controlling the energy 

consumption in the building sector is associated to the adopted energy performance 

indicator and to the promoted energy assessment tools. 

Nowadays, building energy regulation in the different countries is very 

inhomogeneous regarding these two elements, as well as regarding the pretended 

upper bound for building energy requirements, even in the frame of the EU (Casals, 

2006). 

1.2.2.1.2.2.1.2.2.1.2.2. Energy certificationEnergy certificationEnergy certificationEnergy certification    

Energy certification is a mechanism whose main objective is to promote higher energy 

performance standards than the regulated ones. To reach this objective, energy 

certification must provide a clear and detailed information about the building’s energy 

performance (energy labeling), allowing for the straight comparison between different 

buildings. As well as with energy regulation, the indicators implemented in the 

energy certification will condition its capability to reach the objective. The indicator 

implemented in the energy regulation should be included among the indicators 

provided by the energy certification in order to clearly situate the certification on the 

reference regulated level of energy performance. The energy assessment methods, 

upon which energy certification is based, are key elements for its success. 

A well implemented energy certification scheme must allow for, and promote, a clear 

quantification of design concepts with potential for building energy consumption 

reduction, such as bioclimatic architecture, passive solar heating, passive cooling, 

passive ventilation, integration of renewable energies, always guaranteeing some 

given comfort levels.  

Energy certification may have a compulsory or voluntary character. Compulsory 

energy certification schemes may introduce some additional burdens on the 

administration, while voluntary ones do not. However, only through a compulsory 

energy certification scheme, can this mechanism develop all its potential for energy 

improvement in the building sector. Voluntary energy certification schemes have a 

limited scope and not always succeed to send the appropriate signals to the building 

market. (Casals, 2006) 
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1.2.3.1.2.3.1.2.3.1.2.3. EU Directives and StandardsEU Directives and StandardsEU Directives and StandardsEU Directives and Standards    

Already in 1993, the Directive 93/76/CEE clearly pointed to the building sector for its 

high relevance in the energy consumption and CO2 emissions within the EU, urging to 

adopt measures to increase the energy efficiency in this sector.  In the European 

Council Directive 93/76/CEE to limit carbon dioxide emissions by improving energy 

efficiency, energy certification is presented as one of the cornerstones for achieving 

energy efficiency in buildings. This certification ‘‘shall consist of a description of their 

energy characteristics, must provide information for prospective users concerning a 

building’s energy efficiency’’ and additionally, ‘‘may also include options for the 

improvement of these energy characteristics’’. The directive was non-mandatory and 

also full of ambiguities (with regards to how to provide information about building 

energy efficiency) that resulted in low impact implementations of its requirements 

across Member States.   

Almost ten years later, the EU acknowledged the need for a new regulatory 

instrument and introduced Directive 2002/91/EC (EPBD) on the energy performance 

of buildings. The aim of the Directive is to “promote the improvement of the energy 

performance of buildings within the European Community, taking into account 

outdoor climatic and local conditions, as well as indoor climate requirements and cost-

effectiveness” (Dahlsveen, 2004). This is to be achieved through the following main 

actions: 

� The creation of a general methodology following a framework provided by the 

Directive that can be used to calculate the energy performance of buildings. To find 

the most effective measures for each individual building a multidisciplinary 

evaluation is needed an energy audit (energy, environmental and economy 

evaluations and calculations). Member States apply the methodology at national or 

regional level. 

� The application of minimum requirements, as measured by the methodology above, 

to all new residential and tertiary (generally public and commercial) buildings and 

to the major refurbishment of existing buildings with floor areas greater than 1,000 

m2. 

� The introduction of an Energy Performance Certificate (EPC) to be available 

whenever a building is constructed rented out or sold. 
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� Regular inspection and assessment of boilers, heating systems and air conditioning 

installations (Elmorth, 2003). 

In order to support the implementation of EPBD, CEN created a clear and consistent 

set of standards as a basis for the national procedures in the Member States. The use 

of CEN standards for calculating energy performance, including energy performance 

certification and the inspection of boilers and air conditioning systems reduces costs 

when compared to developing and maintaining separate standards or guidelines at 

national level. In addition, Member States with very limited or no experience in the 

field of the EPBD could benefit from the CEN standards (Buildings Platform, 2006). 

The groups of CEN Standards that have been developed for the implementation of 

EPBD are presented in Table 1-1. 

Table Table Table Table 1111----1111: The : The : The : The Groups CEN Standards [Source: Buildings Platform, 2006]Groups CEN Standards [Source: Buildings Platform, 2006]Groups CEN Standards [Source: Buildings Platform, 2006]Groups CEN Standards [Source: Buildings Platform, 2006]    

Group NameGroup NameGroup NameGroup Name    ContentContentContentContent    

Group 1Group 1Group 1Group 1    

The building physics standards (e.g. describing the calculation of heat transfer 
by transmission and ventilation, load and summer temperature, solar 
transmittance and the calculation of the energy need for heating and cooling of 
the building). 

Group 2Group 2Group 2Group 2    
Standards on the description and properties (classification) of ventilation 
systems plus cooling and air conditioning systems. 

Group 3Group 3Group 3Group 3    
Description of space heating and domestic hot water systems, the generation 
efficiency, the emission efficiency. 

Group 4Group 4Group 4Group 4    
Lighting systems for buildings (including the effect of daylight), controls and 
automation for building services, classification of indoor environment, financial 
economic evaluation of sustainable energy applications. 

Group 5Group 5Group 5Group 5    
Inspections of boilers & heating systems, cooling and AC systems and ventilation 
systems. 

Group 6Group 6Group 6Group 6    
Energy performance energy certification of buildings, the overall energy use, 
primary energy and CO2 emissions, definition of energy performance rating. 

The new European standard EN 15217 (EN 15217, 2007) is an attempt to describe 

methods for expressing energy efficiency and certification of buildings. Energy 

Performance Certificates are redefined within the development of a certification 

scheme, which must contain at least: 

� An overall Energy Performance Index (EPI) stated in terms of energy consumption, 

carbon dioxide emissions or energy cost, per unit of conditioned area to allow the 

comparison between buildings. 

� An overall minimum efficiency requirement to be established by the legislation as a 

limit of the energy performance index (EPImax). The standard recommends its 
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correlation with other parameters (such as climate and building type) or a self 

reference method. 

 

 

Figure Figure Figure Figure 1111----4444: : : : Major CEN StandardMajor CEN StandardMajor CEN StandardMajor CEN Standards and their connection with the EPBD [Source: CEN, 2006]s and their connection with the EPBD [Source: CEN, 2006]s and their connection with the EPBD [Source: CEN, 2006]s and their connection with the EPBD [Source: CEN, 2006] 

� A label based in the A–G bands to achieve a suitable grading of buildings. A key 

issue is the definition of the scale that should make reference, at least, to the 

building energy regulations (Rr), the existing building stock (Rs) and the zero-

energy building (R0). 

� Energy consumption by the main building components, such us building envelope 

and services, together with recommendations of energy efficiency measures for 

building owners’ consideration. 

The scope of the certification is therefore extended not only to the energy performance 

of the building but also to include a minimum requirement and a label or class that 

allows users to compare and assess prospective buildings. The certificate must 
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contain, amongst other information, a classification of the building energy efficiency 

based on an energy label (Lombard et al., 2009). 

Also the “End-use Efficiency and Energy Services Directive” (Directive2006/32/EC, 

2006), adopted by the European Council on 14 March and formally entered into force 

on 17 May 2006, encourages energy efficiency through the development of the energy 

services market  and the delivery of energy efficiency programs and measures to end 

users.   

On May 19th 2008 the Greek Law 3661/2008 “Measures for the building energy 

consumption reduction” for implementing the Energy Performance Building Directive 

was published. This Law marries Greek legislation with the Directive 2002/91/EC and 

provides the measures for the improvement of energy performance of buildings. More 

specifically this Law (Official Government Gazette, 2008):  

� Introduces the evaluation of energy performance of buildings in Greece. 

� Promotes the use of new and innovative technologies in the building sector 

requiring the replacement of conventional fuels with Renewable Energy Sources in 

order to achieve energy saving. 

� Establishes the skill of energy inspecting in Greece. 

The energy rating and classification methodologies to be proposed by the Building 

Energy Performance Regulation (BEPR) are based on the framework set out in the 

relative CEN Standards.  

Nowadays, energy performance demands in the building sector within the EU go from 

the situation in countries like Denmark and Germany, with rather demanding energy 

regulations and already established energy certification schemes, to the situation in 

countries like France and Spain with low regulative demands and without 

certification processes established at national level. 

1.3.1.3.1.3.1.3.  Structure Structure Structure Structure of the thesis of the thesis of the thesis of the thesis    

The aim of the present thesis is to develop an innovative integrated classification 

method which will include a building energy performance evaluation method, a 

building stock database creation methodology, benchmarking processes, classification 
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and labeling methods and building efficiency improvement recommendations for office 

building sector in Greece. The present thesis is organized into seven (7) Chapters.  

The aim of the 2nd Chapter of this thesis is the analysis and evaluation of the relevant 

research in the field of building energy classification and the identification of the 

critical gaps the doctorial research should fill. The literature review comprises studies 

of the last 40 years (post 1970). The review begins with the studies of building energy 

benchmarking methods and their categories according to the energy performance 

indicator they use, the statistical analysis and the distribution they are based on, the 

parameters that have to be taken into account and their final purpose. The review 

continues with the researches dealing with energy and environmental rating and 

labeling methods, focusing on the methods proposed by the CEN Standards.  In the 

last part of the literature review some significant researches that investigate the 

integrated classification methods including the building energy database, the 

benchmarking method, the building energy performance evaluation and the energy 

boundaries (classes) definition are presented and analyzed. By summarizing the 

research work performed so far in the buildings’ classification sector, the author 

reveals the crucial points and analyses the statement of the problem of the PhD 

research. 

In Chapter 3, a simulation model of an office building is created in order to evaluate 

the energy performance and the indoor thermal comfort at hourly and yearly base of 

any case study office building. With the aim to collect information about the 

characteristics of the Greek office building sector and to test the adopted simulation 

model, simple audits were conducted by the author. The outcomes of these audits are 

presented in the last part of the chapter. 

The aim of Chapter 4 is to present a detailed audit conducted with the aid of an 

installed BMS in an office building and the adoption of a detailed relevant simulation 

model. The Chapter begins with an analytical description of the audited building 

characteristics, the BMS installation details and the collected measured data. In the 

next part of the chapter, the detailed simulation model and its validation via 

measurements is proved.  

In Chapter 5 a method for a Virtual Building Dataset (VBD) creation for office 

buildings in Greece and its application to benchmarking and classification procedures 
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is presented. The Chapter begins with a detailed description of the VBD creation 

process (thermal model, input data, and selected values). In the next part of the 

Chapter the validation of the VBD with two energy audits outcomes is presented, 

while in the last part the benchmarking and classification results based on the CEN 

procedures using the VBD are presented and discussed.   

In Chapter 6 the application of many available clustering techniques, such as the 

Hierarchical, K-Means, Gaussian Mixture Models, Fuzzy and Neural clustering 

algorithms to the VBD is investigated towards the establishment of benchmarks and 

classifications for office buildings in Greece. In the first part of the Chapter the 

classifications according each method are presented in detail. Then, appropriate 

indices and criteria are selected in order the best cluster algorithm to be investigated 

for our theoretical problem and a classification scheme to be proposed in the PhD 

research framework. In the last part of the Chapter the final results of the selected 

method are used for the parametric study of buildings’ characteristics and the 

establishment of efficiency improvement methods 

In the last Chapter of the thesis, the significant points and the final conclusions are 

discussed. The innovative parts of the research are outlined and further research 

activities are proposed. 
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CHAPTER 2:CHAPTER 2:CHAPTER 2:CHAPTER 2: REVIEW AND STATEREVIEW AND STATEREVIEW AND STATEREVIEW AND STATE----OFOFOFOF----THETHETHETHE----ART ART ART ART ON ON ON ON 

METHODOLOGIES OF METHODOLOGIES OF METHODOLOGIES OF METHODOLOGIES OF BUILDINGS’BUILDINGS’BUILDINGS’BUILDINGS’    CLASSIFICATION CLASSIFICATION CLASSIFICATION CLASSIFICATION     

2.1.2.1.2.1.2.1. IntroductionIntroductionIntroductionIntroduction    

The term building energy classification encompasses any procedure that allows the 

determination of the quality of a building (in terms of energy use) in comparison with 

others. In this chapter the previous works in the field of building energy 

benchmarking, energy rating and labeling in the context of building energy 

classification are investigated.  

2.2.2.2.2.2.2.2. Review on building energy efficiency benchmarking methodsReview on building energy efficiency benchmarking methodsReview on building energy efficiency benchmarking methodsReview on building energy efficiency benchmarking methods    

Originally, the word benchmark was used exclusively in topography to precisely 

define a reference point in terrain or geological analysis. In the 1970s, some 

companies developed benchmarking tools to allow comparison of key production 

parameters and thus to check whether improved processes enhanced their 

performance.  

In the 1990s, the term building energy benchmarking started to be used to refer to the 

comparison of energy use in buildings of similar characteristics.  Some authors like 

Federspiel et al. (Federspiel et al., 2002) distinguish benchmarking from baselining. 

According to various authors, benchmarking generally includes a comparison of 

energy performance with other buildings, while baselining generally involves a 

comparison of past energy performance of a single building with current energy 

performance.  

Benchmarking models developed from energy-efficiency indicators are valuable tools 

for both governmental and private sector in managing energy consumption. Some 

governments have used these tools to formulate policies for the efficient use of energy 

in buildings. 

The energy performance metric plays a key role for energy benchmarking of buildings 

(also known as energy-efficiency indicators). The most common performance metric for 

whole building energy consumption is Energy Performance Indicator (EPI) or Energy 

Use Intensity (EUI).  
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Benchmarking it consists of a comparison of the EPI or EUI of a building with a 

sample of similar buildings or with the best practice building. A common EPI or EUI 

used for many building types is annual energy use normalized with floor area but 

others such as energy per worker or energy per bed may also be used. Energy services 

companies use the EPI as a starting point in energy audits and assess saving 

opportunities by comparing with existing references (benchmarks) of average 

(typical), above average (good) and excellent (best) practice. At the design stage, 

energy performance indices for different designs are of great use when choosing 

suitable technologies, particularly if benchmarks for similar buildings are available. 

Last but not least, governments consider benchmarking in the early conception, 

development and implementation of energy efficiency policies within the building 

sector. 

The Normalized Performance Indicator (NPI) ((((Zmeureanu and Fazio, 1998) developed 

for office buildings in UK, takes into account the heating energy, building size, 

operating hours, internal temperature and wind exposure. 

Typically, energy-efficiency indicators for commercial buildings can be obtained by 

normalizing the energy use with floor area and/or operational hours. For instance, 

Filippìn (Filippìn, 2000) used a sample of energy consumption data and the floor area 

to calculate the Energy Use Intensity (EUI), i.e., kWh/ft2 or MJ/m2, for school 

buildings in central Argentina. The calculated EUIs were then ranked as a 

benchmark table. This simple floor-area-normalized EUI is often used for judging the 

energy-use performance of a commercial building.  

Also, Casals (Casals, 2006) noted that energy intensity was an appropriate indicator 

for adoption in energy regulations. However, he emphasized that an appropriate 

indicator should comply with the regulation objectives. He also described energy 

intensity as a quantitative indicator that should be adopted in many regulation 

schemes that still use steady-state heat transfer coefficients, such as the Spanish 

regulation. 

On the other hand, Monts and Blissett (Monts and Blissett, 1982) discussed the 

limitations of using the simple normalized EUI for commercial buildings. It is 

plausible that other factors (such as an HVAC system) may cause the energy use in 

specific buildings to be higher (or lower) than that in their peers. 
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Sharp also made the same argument that such a simple normalized EUI was not good 

enough for a credible energy consumption performance rating. To account for the 

effect of other factors that affect energy consumption, benchmarks were developed 

using a multivariate linear regression approach to correlate other factors representing 

some important characteristics of buildings with EUI. Moreover, Sharp argued that 

the mean EUI can be a poor benchmark as distributions of indicators are generally 

skewed. Hence, Sharp used the standard errors of the resulting regression model to 

establish the distributional benchmark table, which was considered more reliable as it 

masked the effect of outliners. The benchmarking process of a specific building makes 

use of the ‘‘best-fitted’’ regression model to calculate the predicted EUI. With this 

predicted EUI, a distributional benchmark table (percentile table) is calculated by 

means of the distribution of standard errors. The actual EUI can be compared with 

the benchmark table for the benchmark score (Sharp, 1996). 

Another common benchmarking method is based on the distribution of residuals of 

the regression model, in contrast to the approach based on the standard error 

distribution in Sharp’s method. The residual is the difference between the actual EUI 

and the predicted EUI. Hence, the residuals are treated as measures of inefficiency. 

For a given building to be benchmarked, if the actual EUI is less than the predicted 

EUI (negative residual), it means that the building uses less energy than other 

similar buildings. Moreover, the distribution of sample residuals from the regression 

model can be used to construct the corresponding benchmark table. Lovell-Smith and 

Baldwin (Lovell-Smith and Baldwin, 1988) used this approach where the residuals 

were not obtained from the regression model. However, they used the mean EUI from 

the sample as the predicted EUI without considering the normalization of other 

significant factors. Obviously, this kind of benchmark table does not provide a 

physical measure. Sharp in his proposed method uses the actual EUI distribution 

instead. 

In the literature energy-efficiency benchmarking methods are also categorized 

according to the purpose. According to Kinney and Piette (Kinney and Piette, 2002) 

they are used for two fundamental purposes: 

� To indentify if a building’s energy performance is good, average or poor with 

respect to other buildings of its type. This is a robust indicator of whether the 
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building should be prioritizes for action. For this purpose, empirical benchmarks 

derived from energy statistics for the stock (or analysis of) the stock are applicable. 

� To identify if a building’s energy performance matches its potential and if not by 

how much it might be improved cost effectively. For this purpose a realistic model 

of the building and its systems is theoretically more applicable.  

Empirical benchmarks fall into two categories: (a) the conventional type are obtained 

from bulk statistical data, often corrected for climate, (b) less common but more 

insightful are parameterized benchmarks which set criterion (good practice) and 

normative (typical) standards for each energy use of the building.  

Model based benchmarking calculates benchmarks based on an idealized model of 

building performance. Models have the advantage that they can be tweaked to 

account for a wide range of factors that contribute to variation in energy use.  They 

can also be used to generate targets and compare design alternatives and retrofit 

scenarios. They offer detailed information and a wide variety of outputs; however it 

may require a great number of inputs, skilled users and a significant amount of time 

to gather and input the necessary data, all of which can make the process expensive. 

The benchmarking techniques are divided into four categories: Statistical Analysis 

Benchmarking (also known as Regression Model-Based), Points-Based Rating 

Systems, Simulation Model-Based Benchmarking, and Hierarchical and End-Use 

Metrics.  

The statistical analysis consists of collecting the survey data and comparing one unit 

with the others. Chung et al. (Chung et al., 2006) used multiple regression analysis to 

build a benchmark table by investigating the relationship between EUIs and the 

explanatory factors. In that study, the most significant factors were found to be the 

building age, operating hours, floor area, number of consumers and a subjective 

qualitative description of user behavior and maintenance. 

Simulation Model-Based Benchmarking sets up a mathematical model to calculate 

theoretical energy consumption and makes a comparison between theoretical energy 

consumption and observed energy consumption in order to evaluate the performance 

of energy consumption. Federspiel et al. (Federspiel et al., 2002) used numerical 

software to construct the minimum Energy Usage Intensity (EUI) for laboratories and 

compared this with observed EUI of the evaluated building. 
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Carriere et al. (Carriere et al., 1999) implemented DOE-2 simulation software to 

study the energy-saving potential of large buildings. The simulation method used 

factors including the properties of building construction material, the energy 

efficiency of related energy-consuming equipment (such as air conditioners and lights, 

etc.), and the usage period to calculate the theoretical energy consumption of the 

building. 

Points-Based Rating Systems, including the U.S. Green Building Council’s Leadership 

in Energy and Environmental Design (LEED) Rating System, do not allow 

comparisons against other buildings, rather they provide standards and guidelines to 

measure how efficient and environmental friendly a facility is and compare it to best-

practice standards. A LEED score is made up for credits assigned for satisfying 

different criteria including energy efficiency and other environmental factors.  

Hierarchical and End-Use Metrics refers to the generation of benchmarks that link 

energy use to climate and functional requirements. This method is useful for 

accounting for more of the differences in features affecting energy use.  

Many authors have investigated the crucial parameters according to their effect to the 

energy consumption that have to be taken into account during energy benchmarking 

methods adoption. 

For instance, Lam et al. (Lam et al., 1997) analyzed several characteristics relevant to 

energy consumption through parametric simulations, developing equations to predict 

the electricity consumption of commercial buildings in Hong Kong. The statistical 

analysis indicated shading coefficient (SC) and window to wall ratio (WWR) as 

significant envelope variables, excluding variables such as floor to floor height and 

number of storeys.  

In Brazil, Signor et al. (Signor et al., 2001) developed multi-variable regression 

equations for office buildings based on the work of Lam et al. (Lam et al., 1997), but 

using two building volume indicators: facade area divided by total floor area (to 

represent shape): and roof area divided by total floor area (to represent number of 

storeys). The equations focused on the envelope parameters: WWR, SC, projection 

factor of horizontal solar protection, and thermal transmittance, U-value, and solar 

absorbtance of the roof. The U-value of the external walls was also analyzed, but it 

was excluded from the equation due to its nonlinearity, while solar absorbtance of the 
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external walls was excluded due to its low significance indicated by the simulation 

results. The final result was annual electricity consumption by area (or annual energy 

intensity). 

Backer and Paciuk (Backer and Paciuk, 2002) reported a study in 2002, which 

investigated the impact of night ventilation and pre-cooling on peak cooling demand 

for an office building in coastal region of Israel.  

In another research, Olofsson et al. (Olofsson et al., 2009) used PLS method (partial 

least squares to latent structures) to model different energy performance measures, 

such as the use of energy for heating, electricity used to operate the building technical 

system, the building total heat loss coefficient and the use of domestic cold water, in 

order to enable energy benchmarks.  The PLS model was investigated for both the 

total annual use and the annual use normalized to the available floor area.  

Carlo and Lamberts (Carlo and Lamberts, 2008) in their research adopted criteria to 

evaluate the envelope efficiency level, focusing on the development of a regression 

equation which provides an electricity consumption indicator. The envelope label is 

divided into five efficiency levels, from A (more efficient) to E (less efficient), identified 

according to the electricity consumption indicator. The linear regression equation 

considers variables such as window to wall ratio (WWR), SHGC, solar protection 

angles, building volume indicators and the roof U-value. The U-value of the walls was 

excluded from the equation due to its non-linearity. Its relation with electricity 

consumption depends on internal gains, exterior temperatures, building size and 

thermal capacity of the walls and could not be described by a linear regression 

equation. The envelope efficiency label is obtained by the comparison of the electricity 

consumption indicator of the proposed building with the electricity consumption 

indicators of two other building envelopes presented. 

It is worth noted that there are significant surveys focusing on this topic in Greece.  

Papadopoulos et al. (Papadopoulos et al., 2002) after a monitoring survey determined 

the buildings’ energy consumption factors, which are the building size, their surface to 

heated volume ratio, the thermal insulation and the type and condition of the heating 

system. In that study the authors also determined the potential and feasibility of 

energy saving renovation measures.  
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Daskalaki and Santamouris (Daskalaki and Santamouris, 2002) reported another 

study in the same year which investigated the energy conservation potential of office 

buildings in five climatic zones in Europe for different passive retrofit scenarios.  

A. Papadopoulos and other authors in a more recent research have investigated the 

role of HVAC Systems in the energy and environmental efficiency of Greek buildings.  

Papadopoulos et al. in (Papadopoulos et al., 2008) research investigated the energy, 

economic and environmental performance of heating systems in Greek buildings. 

Papakostas and Papadopoulos in (Papakostas and Papadopoulos, 2004) discussed the 

impact of the relation between indoor and outdoor conditions on the ventilation loads 

of buildings. Also, Avgelis and Papadopoulos in (Avgelis and Papadopoulos, 2009) 

developed a method for choosing and managing in the best possible way heating, 

ventilating and air conditioning (HVAC) systems in new and existing buildings. The 

method utilises a combination of two analysis’ tools, the multicriteria decision-making 

and the building simulation towards the direction of a holistic assessment of HVAC 

systems. In order to evaluate the method, a series of HVAC systems are considered for 

installing in an office building and the multicriteria method Electre III is applied for 

their selection. The results show that the proposed model allows the classification of 

alternative technical solutions concerning the HVAC’s design, taking into 

consideration economic, energy and environmental criteria as well as criteria of users’ 

satisfaction.  

Karatasou et al. (Karatasou et al., 2006) presented an approach for modeling and 

predicting hourly building loads using feed forward neural networks where not only 

the inputs selection, but also the structure of the network is systematically treated. 

Also in this research the importance of input parameters (energy consumption factors) 

investigation is outlined.  The authors indicated that some of the environmental 

variables such as the ambient temperature and the solar radiation are important 

while others such as the wind velocity or humidity can be omitted.  

Database information availability is a different crucial issue. The knowledge of 

building stock energy data of a country is a very significant tool for energy 

benchmarks establishment. Gathering energy information to populate a database 

with a representative sample of the building stock is not only expensive but also 

technically complex. It is not surprising that only a few nations have undertaken this 
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task to date. Usually, information is collected on site from building owners, tenants, 

facility managers, etc.  

An outstanding example is the US Energy Information Administration (EIA) database 

and the later surveys for both the residential sector (RECS, EIA, 2001) and 

commercial buildings (CBECS, EIA, 2003).  

Different data collection methods for energy benchmark procedures are found in the 

literature (Jones et al., 2000), (Hernandez et al., 2008). Santamouris et al. 

(Santamouris et al., 2007) have collected energy consumption data through energy 

audits performed in 320 schools in Greece.  Argiriou et al. (Argiriou et al., 1994) 

developed specific questionnaires to perform surveys for office buildings and hospitals’ 

energy use and indoor air quality.  DATAMINE project (DATAMINE, 2007) provides 

the necessary platform to gather building energy data extracted by the energy 

performance certification procedure. 

At European level, the unavailability of building energy use databases has restricted 

the development of benchmarking tools. Recently, the European projects Euroclass 

(Santamouris et al., 2005), Europrosper (EUROPROSPER, 2004), EPlabel (EPlabel, 

2007) and ENPER-EXIST (ENPER-EXIST, 2007) have studied the complexity 

associated with the elaboration of a database of building energy consumptions in 

Europe and with identifying suitable reference levels as intermediate steps for the 

development of an energy performance certificate for existing buildings. 

Lompbard et al. (Lompbard et al., 2009) proposes a different approach to database    

generation based on the application of building energy simulation to a variety of 

building types for a range of energy parameters (parametric benchmarking). The 

author claims that careful selection of building types and calculation methods is 

critical to the validity of the database. Another added constraint is the need to 

customize building envelopes and HVAC sizing for each climate and system type. An 

advantage is the possibility of covering a wide range of building energy consumption 

characteristics with a suitable selection and variation of the energy parameters. 

Additionally, energy simulation provides a wider range of energy outputs for future 

comparisons. 

The core of benchmarking process is the comparative analysis. A subset of comparable 

buildings could be obtained by filtering the database against similarity parameters. 
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This is called the “comparison scenario”. Energy intensity frequency distribution 

curves for that scenario enables determination of a percentile ranking, percentage of 

buildings with better (or worse) energy performance. Programs such as Energy Star 

(ENERGY STAR, 1992) score from 1 to 100, based on models and normalization 

methods of statistical analysis applied to the EIA database. To obtain a certificate 

(Energy Star Label) the building must achieve a minimum of 75 points, equivalent to 

belonging to the quartile of better energy efficiency. Other tools such us Cal-Arch 

(CAL-ARCH, 2003) do not offer any score but represent the energy intensity frequency 

distribution curve and the relative position of the actual building. 

CEN Standard EN ISO 15217 “Energy performance of buildings - Methods for 

expressing energy performance and for energy certification of buildings” proposes 

procedures to define reference values and benchmarks. In this standard the global 

indicator of energy performance for a whole building is measured by an indicator’s 

value that is expressed (EP) by the weighted sum of a building’s delivered energy: 

∑
=

=
n

i
iperiod EnergydeliveredEP

1

 

Where i=1,2,…n  declares the months of a period (heating/cooling).  

The energy performance (EP) indicators should be based on two types of ratings 

according to EN 15203/15315. These types of ratings are ‘standard calculated’ and 

‘measured energy’ rating that is described in the following paragraph.  EP can 

represent Primary Energy of a building, Carbon Dioxide Emissions and Net Delivered 

Energy defined by national policies (e.g. delivered energy).  

Referring to EP requirements, there are two ways of expressing them: 

(a) Global EP requirement based on an asset rating. This should be an upper limit 

value of one of the following indicators: 

� Delivered energy 

� Primary energy 

� CO2 emissions 

The requirement can be written: EP ≤EPr where EP is the performance indicator and 

EPr is the value which defines the requirement 
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(b) Specific requirement based on: 

� Energy use for one specific purpose (e.g.: heating, cooling, lighting) 

� Building’s characteristics or of its systems installed considered as a whole 

� Building envelope’s characteristics or system components 

Reference values and benchmarks are used to compare the energy performance of a 

given building to the energy performance of similar buildings in terms of building use 

(e.g. apartment blocks, offices, hospitals).   

The Standard establishes three types of benchmarks: 

� Rr: Energy performance regulation reference/benchmark. 

� Rs: Building stock reference/benchmark, which represents the energy performance 

reached by approximately 50% of the national or regional building stock. 

� R0: Zero energy reference/benchmark, which corresponds to a building that 

produces as much energy as it uses. 

According to standard the use of energy considered when defining the reference 

values/benchmarks shall be the same as the use of energy considered when 

establishing the rating. If the rating used is an asset rating, the reference will be 

obtained with the same assumptions as the asset rating regarding use patterns and 

internal and external climate.  

2.3.2.3.2.3.2.3. Review on energy rating methodologiesReview on energy rating methodologiesReview on energy rating methodologiesReview on energy rating methodologies    

‘‘Rating’’ is perhaps the most confusing term within this framework, as it is 

indistinctly used to refer to the building energy classification (the rating system), its 

application (the action of rating) and its final result (the rating figure) (Lombard et 

al., 2009)  

According to literature the most common rating method is to normalize energy use 

with respect to building size, the annual energy use being divided by the heated floor 

area or by volume.  

In general, the expression energy rating system (ERS) may be used as a synonym of 

energy classification, that is, a method for assessing energy quality. Examples can be 

found in both the Home Energy Rating System (HERS) of the Energy Star program 
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and the US Green Building Council LEED building rating system (LEED-NC, 2005) 

HERS measure and rate the relative energy efficiency of any house, regardless of its 

age, location, construction type, or fuel use. The rating evaluates the performance of 

the thermal envelope, glazing strategies, siting, HVAC systems and other criteria. 

HERS calculations include estimates of annual energy performance and costs and can 

provide insight into cost-effective, cost-efficiency improvements (HERS, 2000). 

According to HERS, dwellings are subject to a standard simulation test for energy 

rating proposes with standard assumptions including: typical weather for building’s 

location and standard occupant behavior (thermostat set-points, hot water usage, 

personal appliances usage, etc. The drawback for using this “universal” rating tool is 

that, for a project where the above factors are different from the standard 

assumptions, the resulting design is likely to be far from optimum when judged by the 

normal criteria.  

Stein (Stain, 1997) while examining the accuracy of HERS found also that the case 

studies demonstrated that is more difficult to accurately predict energy use in mild 

climates than in more severe climates.   

Also, Stein and Meier (Stein and Meier, 2000) are more precise in the Energy Rating 

System definition: “a method for the assessment of predicted energy use use use use under 

standard conditions and its potential for improvement” and usual output (energy use 

prediction, rating score based on a comparison with a reference building and a list of 

improvements). 

Like HERS, energy rating of commercial buildings operates in several countries. 

ASHRAE Standard 90.1 (ASHRAE, 1989) which incorporates the Building Energy 

Cost Budget Method is used as the basis for Commercial Energy Codes in several 

states in the US. The method involves the use of an energy simulation program to 

estimate the performance of the proposed building compared to a prototype or 

reference building. The reference building approach is to be used when a prototype 

building description is not relevant for the proposed design. The method is intended 

“only for the purpose of demonstrating design compliance”. Input parameters for the 

prototype or reference buildings are suggested by the Standard, based on the type of 

the proposed building. The suggested input parameters include the quantity/density 

and schedules of the occupancy, light, HVAC, and water, HVAC system types, and the 

thermostat settings. It is also suggested that the prescriptive values for code 
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compliance be used for the reference building’s envelope’s thermal properties. The 

performance of the proposed building is compared to that of the prototype or reference 

building in terms of the predicted annual energy cost. Although this methodology is 

more comprehensive than the most energy rating schemes for residential buildings it 

also, however, poses limitations for the designer. First, since the criteria used are 

annual energy cost, nothing is known of other possible aims, such as the CO2 emission 

and life-cycle costs. Another limitation is that it does not take into account the 

building location in suggesting the thermostat settings and HVAC systems. 

Fels (Fels, 1986) presents the Princeton Scorekeeping Method (PRISM), where he 

uses the well-known linear relationship called energy signature, between heating 

energy use and outdoor temperature. Zmeureanu (Zmeureanu, 1992) further 

developed this normalization method, to analyze utility bills collected in heated or 

cooled buildings.  

Within the framework of Directive 2002/91, energy rating means the evaluation of the 

building energy performance. In the standard EN 15603 (EN 15603, 2008) CEN 

proposes two types of ratings: (1) calculated ratings, based on computer calculations to 

predict energy used by a building for HVAC systems, domestic hot water and lighting 

and (2) measured (or operational) ratings, based on real metering on-site. Calculated 

ratings are subdivided into standard (also called asset) and tailored ratings. The asset 

ratings use the calculation procedure within standard usage patterns and climatic 

conditions not to depend on occupant behavior, actual weather and indoor conditions, 

and are designed to rate the building and not the occupant. Asset ratings can be 

shaped to buildings during the design process (as designed), new buildings (as built) 

or to existing buildings. For the latter, when calculated under actual conditions 

(different to standard usage patterns) the rating becomes a tailored rating. In this 

sense, most of the American ERS are asset ratings for new or existing buildings, while 

benchmarking tools are normally based on measured ratings applicable only to 

existing buildings. Definition details for each rating are shown in Table 2-1. 

While the schemes described above deal with site energy consumption (or energy 

costs) as a single rating criterion, some authors propose multi-criteria assessment of 

building performance. Soebarto and Williamson (Soebarto and Williamson, 2001) 

developed a building performance assessment methodology and tool based on multi-

criteria decision-making approach where the performance of the building is always 
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compared to a reference building. The criteria include energy use, indoor air quality, 

thermal comfort, operating plan load, costs, and other environmental degradation, e.g. 

using nuclear fuel, atmospheric pollution, etc. 

Table Table Table Table 2222----1111: Definition of energy ratings according to CEN Standard: Definition of energy ratings according to CEN Standard: Definition of energy ratings according to CEN Standard: Definition of energy ratings according to CEN Standard    

Input DataInput DataInput DataInput Data    NameNameNameName    
UseUseUseUse    ClimateClimateClimateClimate    BuildingBuildingBuildingBuilding    

Utility or purposeUtility or purposeUtility or purposeUtility or purpose    

Design Standard Standard Design 
Building permit, certificate 
under conditions 

Standard Standard Standard Actual 
Energy performance 
certificate, regulation 

Calculated 

Tailored 
Depending on 
purpose 

Actual 
Optimization, validation, 
retrofit planning 

Measured Operational Actual Actual Actual 
Energy performance 
certificate, regulation 

 

In addition, within the framework of the European Joule-Thermie OFFICE project, 

Roulet et al. (Roulet et al., 2002) developed a multicriteria rating method (ORME) for 

office buildings. This method is based on a rating method that uses principal 

component analysis and aims to qualify and sort various retrofitting scenarios based 

on energy use and thermal comfort condition. The result of the rating method is a 

single indicator that combines energy and comfort parameters. This score globally 

characterizes the performance of the building under defined conditions regarding the 

parameters: energy use for heating, cooling and other appliances, impact on external 

environment, indoor environment quality and cost. ORME also includes a ranking 

method that uses partial aggregation techniques and purposes to rank buildings or 

retrofitting scenarios according to their performance with regard to several aspects. It 

requires a list of criteria along with an assignment of weight to each of them and 

allows the user to provide his scale of values. 

Several schemes also exist attempting to combine other environmental factors into a 

single rating score. Examples include the BREEAM technique (Prior, 1993) 

introduced in the UK in 1990 as a voluntary environmental assessment scheme 

intended to encourage building owners and operators to adopt “green” practices. The 

scheme provides a tool and authoritative assessment procedures for quantitative 

evaluation of the environmental impacts of a building. The evaluation relates to a 

number of broad issues including, operational energy use and CO2 emission, sick 

building syndrome, pollutants released during fire, embodied energy, radon emissions 
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and the life-cycle use of the building. Credit points are accumulated against the 

various performance requirements. These are summed to a total score to define Fair, 

Good, Very Good and Excellent overall performance, with additional requirements of 

having attained minimum scores in the three performance categories: 

Global/Resources, Local, and Indoor. 

The building energy and environmental assessment method (BE2AM,) was developed 

within the THERMIE programme. The aim is to provide a common and recognized 

system of assessing, at the design stage, the energy and environmental impact of 

buildings across Europe. BE2AM has three components: (i) Life-cycle analysis of 

energy in use and embodied energy; (ii) Environmental preference for materials; and 

(iii) Environmental design opportunities. The rating performance is obtained by 

comparison with the performance of two reference buildings that comply with local 

standards. An overall credit rating can be defined as a linear combination of the three 

credit factors. 

Also, LEEDTM “Leadership in Energy and Environmental Design” (LEED, 1998) 

works in a similar way. Applicant buildings must satisfy a number of performance 

prerequisites and obtain a number of performance credit points to qualify for Bronze, 

Silver, Gold or Platinum certification.  

An international initiative, initially involving the input of teams representing 14 

countries, was established to investigate the development of a comprehensive building 

environmental assessment methodology. The project titled Green Building 

Challenge’98 was lead by representatives from Canada. The overall goal of GBC’98 

was to “develop, test, and demonstrate an improved method of measuring building 

performance” (Larson and Cole, 1998). The project reconciled the work of many 

around the world and a so-called “second-generation” framework for assessing energy 

and environmental performance was developed during the process. The method is 

embedded in a computer tool GBTool (Anon, 1998). The work has been extended for 

GBC2000. 

2.4.2.4.2.4.2.4. Review on energy labeling methodsReview on energy labeling methodsReview on energy labeling methodsReview on energy labeling methods    

It was in the early 1990s when the EU introduced energy labeling with a double 

objective: to inform consumers about the energy performance of energy consuming 
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devices and to promote energy savings and energy efficiency. Following the success of 

its application to domestic appliances (Directive 92/75, 1992), energy labeling was 

extended to buildings a decade later (Directive 2002/91, 2002). 

Building energy labeling, consisting of assigning an energy performance class or label 

to the building, requires the development of a scale related to a Labeling Index (LI). 

The choice of the comparison scenario is a key issue for the scale definition.  

If there are enough comparable buildings, statistical analysis of the EPI through the 

cumulative frequency distribution curve allows the use of the percentile as an 

indicator of the energy position. At this point, labeling is equivalent to assigning 

percentile intervals (bands) to energy classes. According to Lombard et al. (Lombard 

et al., 2009), by normalizing the EPI distribution of cumulative frequencies using an 

average value such us the percentile of 50% (EPI50) the labeling index could be defined 

as: 

50EPI

EPI
LI = ((((2222----1111))))    

The scale is defined by fixing the transition values between classes.  

As it has been described in Chapter 2.2, standard EN 15217 describes a procedure to 

define limits between classes based on two references: building regulations and 

building stock. The first is the overall minimum efficiency requirement set by the 

regulation as a maximum limit for the energy performance index (EPI < EPIr). The 

second reference corresponds to the energy performance reached by 50% of the 

building stock (EPIS). If the EPI is normalized by the stock reference, the label index 

for the regulation reference is: 

S

r
r EPI

EPI
LI = ((((2222----2222))))    

According to this methodology CEN scale situates the regulations reference on the 

boundary between B and C and the stock reference on the boundary between D and E 

(Table 2-2).  

Table Table Table Table 2222----2222: Limits between classes for the scale proposed by CEN: Limits between classes for the scale proposed by CEN: Limits between classes for the scale proposed by CEN: Limits between classes for the scale proposed by CEN    

LILILILIABABABAB    LILILILIBCBCBCBC    LILILILICDCDCDCD    LILILILIDEDEDEDE    LILILILIEFEFEFEF    LILILILIFGFGFGFG    
0.5α α 0.5(α+1) 1 1.25 1.5 
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Lombard et al. (Lombard et al., 2009) comments that CEN scale suffers from a lack of 

sensitivity since every new building must comply with the regulation and would be 

labeled B or A depending on the saving percentage ahead regulations reference.  

Another labeling method is the self-reference method that should be used when the 

comparison with other buildings is not feasible and the only valid reference is set by a 

Reference Building (RB) generated from the actual building once a set of standard 

rules are applied. In this case, energy performance comparison must be done on the 

basis of a labeling index showing the saving percentage in relation to the self-

reference: 

RBEPI

EPI
LI =  

The latter approach does not require a database for the comparison, nor a statistical 

analysis of the building stock comparison scenario. However, bands must be adjusted 

for the scale to be sensitive enough to improvement measures. 

Criteria to set the scale are subjective and, perhaps, closer to policy decisions than to 

technical analysis. Thus, there is great disparity between different scales. A key issue 

is the level of definition or number of classes, with examples such as the 13 bands (A–

M) Danish system ELO and the Australian ABGR five stars system.  

The CEN’s scale reference is set by the regulations, while the BREEAM for office 

certification and the American LEED-NC propose different self-reference buildings. 

The latter, rewards with up to 10 points (from a total of 69) if the running costs of the 

building are below the reference established in Annex G of ASHRAE 90.1. 

2.5.2.5.2.5.2.5. Review on integrated building energy classification methodsReview on integrated building energy classification methodsReview on integrated building energy classification methodsReview on integrated building energy classification methods    

In the literature there are some significant researches that investigate integrated 

classification methods including the building energy database, the benchmarking 

method, the building energy performance evaluation and the energy boundaries 

(classes) definition. 

Hernandez et al. (Hernandez et al., 2008) in their research present a methodology to 

develop energy benchmarks and rating systems for classifying the Irish Primary 



       CHAPTER 2: REVIEW AND STATE-OF-THE-ART ON METHODOLOGIES OF BUILDINGS’ CLASSIFICATION  

 

                                                                                                                                           
46 

schools. The benchmarking building dataset (46 school buildings) was adopted by 

detailed in terms of building and energy consumption data questionnaires distribution 

and collection. Having comparison benchmarks for reference stock buildings and 

reference regulation buildings and applying the building energy performance 

classification method proposed in EN 15217 (EN 15217, 2007) the authors rate a 

sample school building according to asset and operational rating method, in order to 

compare these two methods that have been proposed by CEN Standard. (EN 15203, 

2007) The authors conclude that measured rating represents the actual use of 

building, while asset rating has the benefit of retrofit scenarios investigation. They 

also remark that both rating approaches require considerable efforts in data collection 

and data analysis and they propose, in terms of future prospects of their research, 

that rating methods should some-how take account of indoor environment issues. 

Santamouris et al. (Santamouris et al., 2007) in their research propose an energy 

classification technique based on intelligent clustering technique. The benchmarking 

building dataset consists of collected energy data from 320 school buildings from 

almost all geographic departments of the country. First the energy benchmarks 

regarding the heating, electricity and total energy consumption based on equal 

frequency rating procedures are defined (i.e. typical school building-50% of the stock, 

best practice school building-25% of the stock) leading to a four classes rating. At the 

next step a five classes rating for heating and total energy consumption is obtained 

with the application of fuzzy clustering techniques. The proposed method presents 

important advantages compared to the frequency rating procedures: it offers more 

robust classes avoiding problems of unbalanced classification, while it considers in a 

more concise way the common characteristics of the buildings and classify them 

according to existing similarities. 

Lee and Lee (Lee and Lee, 2008) investigate the application of data envelopment 

analysis (DEA) to classify government office buildings in Taiwan. The benchmarking 

building dataset consists of collected energy data from 47 office buildings. According 

to the proposed method the overall building energy efficiency is influenced by scale 

factors and management factors and then has the effect of scale factors removed to 

focus on the performance of management factors that may provide an optional 

indicator to refine the traditional focus on energy consumption per unit floor area.  

The scale factors for climate-adjusted building energy consumption after regression 
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analysis are floor area and the number of occupants. The overall energy efficiency is 

divided into scale efficiency and pure technical efficiency. The pure technical 

efficiency, calculated by comparing climate-adjusted energy consumption under the 

same scale, can be expected to represent the effect of management performance. The 

proposed method leads to a 4 classes rating system where the buildings are classified 

according to their management performance.  

Barelli et al. (Barelli et al., 2009) propose an energy building classification procedure 

where the corrected energy demand, separately for heating and cooling, is determined 

independently of buildings location and directly comparable to a standard seasonal 

performance scale, defined on the entire territory of application. The proposed 

corrective procedure allows comparing the construction quality of real buildings 

without taking into account their localization, in order to obtain a homogeneous 

criterion of evaluation at national level. 

By summarizing the research work performed so far in the buildings’ classification 

sector, the following points are revealed: 

� The knowledge of building stock energy data of a country is a very significant 

tool for energy benchmarks establishment, energy rating procedures and 

energy classes’ determination, according to the Directive 2002/91/EC and its 

implementation in EU member states. The lack of building energy databases in 

many EU Countries, including Greece, and the difficulties of collecting them 

through audits lead to the investigation of other potential solutions. A different 

approach to a database creation is the generation of representative building 

datasets based on the application of building simulation for a range of energy 

parameters, such as the building use, building size, constructional 

characteristics, operational characteristics and climatic conditions. Up to now, 

the author dealing with building database creation has found no research work 

that creates large simulated building datasets for energy and thermal comfort 

benchmarking.  

� A detailed building simulation model which provides, with relative accuracy, 

building performance indicators at hourly and yearly base, such as energy use 

demand, energy consumption for heating, cooling, ventilation, electric lighting, 

appliances and hot water, thermal comfort indicators such as indoor 
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temperature, humidity, PMV, PPD etc, is a core tool for energy and thermal 

comfort rating, validated building datasets creation, benchmarking and 

classification.  

� Several rating and classification schemes and standards combine indoor 

environmental performance with building energy performance. These schemes, 

apart from the building’s energy consumption, take into account environmental 

parameters such as thermal and visual comfort, indoor air quality and noise 

level (Wong and Mui, 2008) in order to establish environmental benchmarks 

for buildings. These classifications are based on expensive and time consuming 

methods and processes such as operational rating results, measurements of 

environmental parameters, building monitoring, building indoor environment 

management system application (Kolokotsa et al., 2005) and building audits. 

The energy performance calculation tools that have incorporated 

environmental parameters calculation methods has to be generalized in order 

to create simulated datasets that include not only energy data but also indoor 

environmental data of buildings, providing thus easier methods for 

environmental benchmarks establishment and boundaries determination for 

each building type at national or/and global level.  

� Up to now the various techniques been proposed to develop classification 

schemes (Santamouris, 2001) define energy classes based on the cumulative 

frequency distribution of the energy consumption of the buildings stock. Such a 

classification requires that the used sample of building energy data strictly 

follow a normal distribution, condition which rarely applies given the large 

variety of the buildings’ characteristics. To this direction, Santamouris et al. 

(Santamouris et al., 2007) in their research propose an energy classification 

technique based on intelligent clustering technique. The proposed method 

presents important advantages compared to the frequency rating procedures: it 

offers more robust classes avoiding problems of unbalanced classification, 

while it considers the common characteristics of the buildings in a more concise 

way and classifies them according to existing similarities. The outcomes of this 

research encourage the investigation of applying various clustering techniques, 

such as hierarchical, K-Means, Gaussian Mixture Models, Fuzzy and Neural 

clustering algorithms, to large building datasets for establishing buildings’ 
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performance benchmarks and boundaries towards an integrated classification 

scheme for Greek office building sector. The establishment of these 

classifications will permit the comparison of similar buildings in terms of their 

energy consumption and indoor environment quality. 

2.6.2.6.2.6.2.6. Problem StatementProblem StatementProblem StatementProblem Statement    

In the framework of this PhD thesis, an integrated classification method including the 

building energy performance evaluation method, the building stock database creation, 

the benchmarking process, the energy boundaries definition and building efficiency 

improvement methods recommendations, is developed and proposed for office building 

sector in Greece (Figure 2-1). 

  

Figure Figure Figure Figure 2222----1111: The steps of the integrated building classification method: The steps of the integrated building classification method: The steps of the integrated building classification method: The steps of the integrated building classification method    

The present PhD research targets to acknowledge to two research issues: The creation 

of a virtual building dataset and the development of a classification method based on 

clustering techniques.  

The steps of the methodology are (Figure 2-2):  

� The investigation of the office building characteristics in Greece through small 

audits. Office buildings located in Athens are audited by the author via detailed 

questionnaires distribution and many in-situ measurements with the aim of 

collecting individual details on the construction, activities, energy uses and energy 

bills.  

� The installation of a Building Management System (BMS) in an office building in 

order to conduct a detailed energy and environmental audit. The measured 

variables such as the indoor air temperature, the relative humidity, the CO2 

concentration and the energy consumption for heating, cooling and ventilation will 

be the tool for the (measured) operational rating procedure of the office building.  

Building EP 
evaluation  

Building stock 
database 

Benchmarking Boundaries 
definition 

 Improvements 

Classification methodClassification methodClassification methodClassification method    
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� The creation of a detailed office building simulation model, validated initially 

through the small audits and then through the detailed energy audit. The main 

aims of this simulation model are to approximate reality at a higher degree, since 

the study is based on the hourly measurements, to provide a reliable tool for 

calculated (asset) rating of office buildings and to constitute the starting point for a 

generalised energy rating model for large simulated building datasets creation.  

� The creation of large virtual building datasets of office buildings based on the 

application of building simulation for a range of energy parameters, such as 

building use, building size, constructional characteristics, operational 

characteristics and climatic conditions. Therefore, the proposed methodology 

overcomes the difficulties and time required for collecting building constructional 

properties and energy bills data by creating them virtually, taking into account all 

the parameters that may affect the energy performance and indoor thermal 

comfort.  Moreover the proposed method provides flexibility and expandability on 

building datasets’ characteristics, sample size and climatic conditions according to 

the relevant research scope. The large amount of the output data can be employed 

for energy and thermal comfort benchmarking, classification, sensitivity analysis, 

neural network training and eventually for any process that demands a significant 

number of building data.  

� The investigation of the application of available clustering techniques, such as 

Hierarchical, K-Means, Gaussian Mixture Models, Fuzzy and Neural clustering 

algorithms to the simulated office building dataset towards the establishment of 

benchmarks and classifications for office buildings in Greece. Using appropriate 

indexes and criteria such as validity indexes the present thesis focuses on the 

selection of the best classification algorithm. The energy and thermal comfort 

classes that will be produced by the selected method will be compared to the equal 

frequency distribution methods and the CEN proposed methodology.    

� The final classification results will be used for parametric study and detailed 

investigation of common buildings’ characteristics (constructional and operational) 

in each rating class in order to provide with a tool for adopting improvement 

recommendations  for office buildings’ energy efficiency in Greece.  
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The final target of the present doctorial thesis is to propose an integrated 

classification dynamic methodology for Greek office building sector with the following 

characteristics: reliability, time saving and low budget processes, large flexibility and 

expandability and an easy update to the new building data and/or policy decisions. 

 

 

 

 

 

Figure Figure Figure Figure 2222----2222: The methodology of the research: The methodology of the research: The methodology of the research: The methodology of the research    
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CHAPTER 3:CHAPTER 3:CHAPTER 3:CHAPTER 3: OFFICEOFFICEOFFICEOFFICE    BUILDINGBUILDINGBUILDINGBUILDING    SIMULSIMULSIMULSIMULATION ATION ATION ATION 

MODELS AND SIMPLIFIEDMODELS AND SIMPLIFIEDMODELS AND SIMPLIFIEDMODELS AND SIMPLIFIED AUDITS AUDITS AUDITS AUDITS        

3.1.3.1.3.1.3.1. Introduction Introduction Introduction Introduction     

The energy requirements of a building depend on the performance of the envelope 

components (walls, openings and roof), the lighting and HVAC systems, the local 

climate, the building orientation, the building surroundings, as well as the behavior of 

building users. To analyze all these interdependent parameters, especially when large 

buildings are involved, building simulation is required (Kreider et al., 2002).  

Building simulation begun in the 1960s and until 1980s most of the research activities 

were focused on studies of fundamental theory and algorithms of load and energy 

estimation.  Several methods are available, depending on the complexity of the case 

and the amount of detail one wants to take into account. A major distinction is 

between steady-state methods (based on degree-days or temperature bins) and 

dynamic methods (based on transfer functions) (Stephenson, 1967), (Stephenson and 

Mitalas, 1967), (Erbs et al., 1983).  

During the early 1990s computers were substantially less powerful than they are 

today; such computers typically allowed only the use of simplified models for 

calculating ground heat transfer. A common simplified model is ASHRAE’s slab-on-

grade perimeter heat-loss calculation, which uses perimeter length (m) and an F-

factor heat loss coefficient (W/m⋅K) to assimilate a typical steady-state thermal 

conductance (UA-value (W/K)) (ASHRAE, 2001), (Wang, 1979). For basement heat 

loss ASHRAE provides a simplified steady-state calculation method based on heat 

transfer path lengths that occur at given increments of basement wall depth (Wang, 

1979), (ASHRAE, 1993), (Latta and Boileau, 1969). These models can be modified to 

include one-dimensional (1-D) dynamic conduction modeling of a limited amount of 

ground, including thermal mass storage, but addressing further detail was typically 

beyond the capability of most computers (Judkoff and Neymark, 1995). 

Because of recent improvements to computers, the state-of-the-art in ground heat 

transfer modeling has improved. Consequently, a number of mid-level detailed models 

have been developed and applied to building energy simulation software, including 
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the following examples of models tested in BESTEST work (Neymark and Judkoff, 

2008). 

� BASECALC - produces quasi-3-D analysis by combining two dimensional (2-D) 

finite element simulations with corner correction factors (Beausoleil-Morrison, 

1996). 

� BASESIMP - correlation method based on more than 100,000 BASECALC 

simulations (Beausoleil-Morrison and Mitalas, 1997). 

� EnergyPlus - monthly 3-D numerical analysis in a preprocessor (Bahnfleth and 

Pedersen, 1990), (Crawley et al., 2004). 

� EN ISO 13370 - European standard below-grade heat transfer calculation 

methodology applying a 3-D heat loss component varied monthly and a 1-D heat 

loss component varied hourly; VA114 applies this method; however, the 3-D heat 

loss component is varied daily (ISO 13370, 1998). 

Recent ground heat transfer simulation improvements include the development of 

stand-alone 3-D detailed numerical models that have also been integrated with whole-

building energy simulation programs. Such detailed building and energy systems 

simulation programs include TRNSYS (TRNSYS, 2004), DOE-2.1E (DOE-2.1E, 2003) 

and ESP-r (ESP-r, 2005), (Clarke et al., 2007).   

In this part of the thesis, a simulation model of an office building has been created in 

TRNSYS 16 in order to evaluate the energy performance and the indoor thermal 

comfort at hourly and yearly base of any case study office building (Nikolaou et al, 

2008a), (Nikolaou et al., 2008b), (Kolokotsa et al., 2008).  

TRNSYS is a transient system simulation program with a modular structure that 

implements a component-based approach in order to simulate thermal energy 

systems. Each physical component (referred to as “Types’’) in the system is 

represented by a different FORTRAN subroutine. The subroutines are combined into 

an executable file controlled by an input file which describes what physical 

components are involved in the system and how they are interconnected.  

The components are configured and assembled using a fully integrated visual 

interface known as the TRNSYS Simulation Studio, while building input data is 

entered through a dedicated visual interface (TRNBuild). The simulation engine then 
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solves the system of algebraic and differential equations that represent the whole 

energy system. In building simulations, all HVAC-system components are solved 

simultaneously with the building envelope thermal balance and the air network at 

each time step. In addition to a detailed multizone building model, the TRNSYS 

library includes components for solar thermal and photovoltaic systems, low energy 

buildings and HVAC systems, renewable energy systems, cogeneration, fuel cells, etc. 

TRNSYS 16 simulation program has been chosen for the thesis’ purpose according to 

the following criteria: 

TRNSYS is included in the new IEA BESTEST cases. Field trials of the new IEA 

BESTEST cases were conducted with a number of detailed state-of-the-art numerical 

models and state-of-the art whole-building energy simulation programs, which 

contained a variety of ground-coupled heat transfer models from around the world 

(see Table 3-1).  

� According to Crawley et al. (Crawley et al., 2008), which in their research describe 

and contrast the capabilities of twenty energy performance simulation programs 

TRNSYS has the advantages of providing much more RES and HVAC system 

components than the other programs, user selectable and/or specified algorithms, 

all types of economic evaluations, availability of source code and of a large 

component library.  

� Another advantage of TRNSYS is that provides flexibility and modularity in 

libraries and component adoption by the user. The modular nature of TRNSYS 

facilitates the addition of new mathematical models to the program. New 

components can be developed in any programming language and modules 

implemented using other software (e.g. Matlab/Simulink, Excel/VBA, and EES) can 

also be directly embedded in a simulation.  

In order to investigate the constructional and operational characteristics of office 

buildings in Greece small audits have been conducted by the author. 10 office 

buildings located in Athens are audited via detailed questionnaires distribution and 

many in-situ measurements with the aim of collecting individual details on the 

construction, activities, energy uses and energy bills.  
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Table Table Table Table 3333----1111: IEA BESTEST : IEA BESTEST : IEA BESTEST : IEA BESTEST ---- Particip Particip Particip Participating Organizations and Models [ating Organizations and Models [ating Organizations and Models [ating Organizations and Models [Source: Source: Source: Source: Neymark and Neymark and Neymark and Neymark and 

Judkoff, 2008Judkoff, 2008Judkoff, 2008Judkoff, 2008]]]]    

 

Then the 10 audited office buildings have been modeled via the office simulation 

model according to the information collected by the audits. The calculated by the 

simulations annual energy consumption of the buildings has been compared to the 

respective real electricity and fuel consumption (energy and fuel bills). This 

comparison helps the calibration and validation of the office building model, in order 

to be used in further office building modeling.  

3.2.3.2.3.2.3.2. The mathematThe mathematThe mathematThe mathematical description of the ical description of the ical description of the ical description of the model in TRNSYSmodel in TRNSYSmodel in TRNSYSmodel in TRNSYS    

In this section the mathematical description and the relative equations of TRNSYS 

building model are presented in analytical way.  
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3.2.1.3.2.1.3.2.1.3.2.1. Thermal zoneThermal zoneThermal zoneThermal zone    

The building model in TYPE 56 is a non-geometrical balance model with one air node 

per zone, representing the thermal capacity of the zone air volume  and capacities 

which  are closely connected with the air node (furniture, for example). Thus the node 

capacity is a separate input in addition to the zone volume. 

 

 

Figure Figure Figure Figure 3333----1111: : : : Heat balance on the zone air modelHeat balance on the zone air modelHeat balance on the zone air modelHeat balance on the zone air model    

3.2.2.3.2.2.3.2.2.3.2.2. Convective Heat Flow to the Air NodeConvective Heat Flow to the Air NodeConvective Heat Flow to the Air NodeConvective Heat Flow to the Air Node    

The Convective heat flow to the air node is given by the equation: 

 

icpicgventiisurfi QQQQQQ lg,,,inf,,
&&&&&& ++++=                 (                (                (                (3333----1111))))    

Where: 

isurfQ ,
& = convective heat flow from all inside surfaces 

( )airiwalliwiwisurf TTAUQ −⋅⋅= ,,,,
&   

iQinf,
& = infiltration gains (airflow from outside only) 

( )airoutsidepi TTcVQ −⋅⋅⋅= ρ&&
inf,  

iventQ ,
& = ventilation gains (air flow from a user defined source, like HVAC system) 

( )airinventilatiopivent TTcVQ −⋅⋅⋅= ,, ρ&&  

icgQ ,,
& = internal convective gains (by people, equipment, illumination, radiators, etc.) 
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




=
h

kJ
Q icg ,,
&  

icpQ lg,
& = gains due to (connective) air flow from zone I to boundary condition 

( )airizonepicp TTcVQ −⋅⋅⋅= ,lg, ρ&&  

3.2.3.3.2.3.3.2.3.3.2.3. CouplingCouplingCouplingCoupling    

The coupling statement allows the definition an air mass flow a zone receives from 

another zone, considered as a heat flow from or to the air node. The statement does 

not automatically define the air flow back to the adjacent zone as would occur in an 

interzonal airchange.  To consider this return flow, the corresponding coupling must 

be defined in the adjacent zone to receive the same air flow in return. 

 

 

Figure Figure Figure Figure 3333----2222: The zone coupling: The zone coupling: The zone coupling: The zone coupling    

3.2.4.3.2.4.3.2.4.3.2.4. Radiative Heat Flows (only) to the Walls and WindowsRadiative Heat Flows (only) to the Walls and WindowsRadiative Heat Flows (only) to the Walls and WindowsRadiative Heat Flows (only) to the Walls and Windows    

 

Figure Figure Figure Figure 3333----3333: Radiative energy flows considering one wall with its surface temperature node: Radiative energy flows considering one wall with its surface temperature node: Radiative energy flows considering one wall with its surface temperature node: Radiative energy flows considering one wall with its surface temperature node    
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The radiative energy flow considering one wall with its surface temperature node is 

given by the equation:  

gainwallwlongwsolwirgwr QQQQQ
iiii −+++= &&&&&

,,,,,,    (   (   (   (3333----2222))))    

Where: 

iwrQ ,
& = radiative gains for the wall surface temperature node 





h

kJ
 

iwirgQ ,,,
& = radiative zone internal gains received by wall 





h

kJ
 

iwsolQ ,
& = solar gains through zone windows received by wall 





h

kJ
 

iwlongQ ,
& = long-wave radiation exchange between this wall and all other walls and 

windows ( )1=iε  





h

kJ
 

gainwallQ −
& = user specified heat flow to the wall or window surface 





h

kJ
 

 

3.2.5.3.2.5.3.2.5.3.2.5. Walls and WindowsWalls and WindowsWalls and WindowsWalls and Windows    

Figure 3-4 shows the heat fluxes and temperatures that characterize the thermal 

behavior of any wall or window. The nomenclature used in Figure 3-4  is defined as 

follows: 

isS , = radiation heat flux absorbed at the inside surface (solar and radiative gains) 

osS , = radiation heat flux absorbed at the outside surface 

isrq ,,& = net radiative heat transfer with all other surfaces within the zone 

0,,srq& = net radiative heat transfer with all surfaces in view of the outside surface 

igwq ,,& = user defined heat flux to the wall or window surface 
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isq .& = conduction heat flux from the wall at the inside surface 

0.sq& = conduction heat flux into the wall at the outside surface 

iscq ,,& = convection heat flux from the inside surface to the zone air 

oscq ,,& = convection heat flux to the outside surface from the boundary / ambient 

isT , = inside surface temperature 

osT , = outside surface temperature 

iT = temperature of zone i (air node) 

saT , = temperature of ambient air at the outer boundary of surface 

 

Figure Figure Figure Figure 3333----4444: Surface Heat Flux and Temperatures: Surface Heat Flux and Temperatures: Surface Heat Flux and Temperatures: Surface Heat Flux and Temperatures    

The walls are modeled according to the transfer function relationships of Stephenson 

and Mitalas (Stephenson and Mitalas, 1971), (Lechner, 1992) defined from surface to 

surface.   

For any wall, the heat conduction at the surfaces is: 
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These time series equations in terms of surface temperatures and heat fluxes are 

evaluated at equal time intervals.  The superscript k refers to the term in the time 

series.  The current time is k=0, the previous time is for k=l, etc.  
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3.2.5.1. Transfer Function Method by Mitalas 

The method of the transfer function or response factors can be described as the 

method to tell the "thermal history" of the wall. The wall is considered as a black box.  

The number of time steps (k) related to the time base (defined by the user) shows 

whether the wall is a heavy wall with a high thermal mass (k < 20) or if only a few 

time steps have to be considered to describe the thermal behavior of this wall.  If the 

time base of the considered wall is higher than the time- constant, the calculation of 

the Transfer-function matrix coefficients is stopped. Therefore such a "thin" wall can 

be replaced by a resistance definition neglecting the thermal mass.   

3.2.5.2. The Long-Wave Radiation 

The  long-wave  radiation  exchange  between  the  surfaces  within  the zone  and  the 

convective heat flux from the inside  surfaces to the zone air are approximated using 

the star network given by Seem (Seem, 1987) and represented in Figure 3-5.   

 

 

Figure Figure Figure Figure 3333----5555: Star network for a zone with three surfaces: Star network for a zone with three surfaces: Star network for a zone with three surfaces: Star network for a zone with three surfaces    

( )iStar
isurf

iSurfiiSTAR TT
Q

AafR −==
,

,,

1
),(  ( ( ( (3333----5555))))    

Methods to calculate the resistances Requiv,i and Rstar,i can be found in (Seem, 1987) 

Area ratios are used in these calculations to find the absorption factors between all 
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surfaces. The star temperature can be used to calculate a net radiative and convective 

heat flux from the inside wall surface: 

isrisciscomb qqq ,,,,,, &&& +=  

Then:  

( )staris
isiequiv

iscomb TT
AR

q −= ,
,,

,,

1
&   (  (  (  (3333----6666))))    

Where: 

iscombq ,,& = combined convective and radiative heat flux 

isA , = inside surface area 

For external surfaces the long-wave radiation exchange at the outside surface is 

considered explicitly using a fictive sky temperature, TSky, which is an input to the 

model and a view factor to the sky, fSky, for each external surface. The total heat 

transfer qcomb,s,o is given as the sum of convective and radiative heat transfer: 

osroscoscomb qqq ,,,,,, &&& +=         ((((3333----7777))))    

With:  

( )ossaosconvosc TThq ,,,,,, −⋅=&  

( )44
,,,, fskyosososr TTq −⋅⋅= εσ&  

( ) skyskysaskyfsky TfTfT ⋅+⋅−= ,1  

Where: 

oscombq ,,& = combined convective and radiative heat flux to the surface 

oscq ,,& = convective heat flux to the surface 

osrq ,,& = radiative heat flux to the surface 

osconvh ,, = convective heat transfer coefficient at the outside surface 

skyf = fraction of the sky seen by the outside surface 
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skyT = fictive sky temperature used for long-wave radiation exchange 

os,ε = long-wave emissivity of outside surface (e=l for walls, value read from window 

library for windows) 

σ = Stephan-Boltzmann constant 

Energy balances at the surfaces give: 

ainWalSqq iSiscombis lg,,,, ++= &&  ( ( ( (3333----8888))))    

OSoscombos Sqq ,,,, += &&   (  (  (  (3333----9999))))    

For internal surfaces Ss, can include both solar radiative and long-wave radiation 

generated form internal objects such as people or furniture. 

Wallgain is a user-defined energy flow to the inside wall or window surfaces.  It can 

describe solar gains changing during the day due to different sun positions or might 

be used as a simple way to model a floor heating or a ceiling cooling system. For 

external surfaces, Ss,o consists of solar radiation only. 

3.2.5.3. External Walls 

Equations (3-2) through (3-7) can be combined and manipulated to express the inside 

surface heat flux for an external wall as a function of the boundary air temperatures: 

sistarssasis DTCTBq +−= ,,,&   (  (  (  (3333----10101010))))    
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( ) isiequiv
o
ss

o
ss ARcebf ,,−=  

The values for Ksj and Ks>0 are defined by the transfer function equations. 
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3.2.5.4. Wall with Boundary Conditions 

Equation (3-10) also applies for a wall with a known boundary temperature, Tb,s, 

with Tb,s, substituted for Ta,s. 

3.2.5.5. Adjacent, Internal Walls and Walls with Identical Boundary Conditions 

For walls adjacent to another zone, internal walls, or walls adjacent zones with 

identical conditions, equation (3-10) applies, but with: 

adjacent zone:  jstarsa TT ,, =  

internal wall: istarsa TT ,, =  

adjacent  identical istarsa TT ,, =  

and 
s

jsjequiv
s

s f

AR
e

B
−

=
1

1

,,
    

jajequiv

o
s

o
s

s

AR
a

b
e

,,

1
+

=  

Note:  For an internal wall, both sides must be considered for the area As. 

It is also possible to specify a boundary condition for the outside surface temperature 

rather than an air temperature by setting HBACK < 0.001.  In this case, Tas = Tso = 

Tbs.  Equation (3-10) applies, but with: 
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3.2.5.6. Windows 

A window is thermally considered as an external wall with no thermal mass, partially 

transparent to solar, but opaque to long-wave internal gains. Long-wave absorption is 

considered to occur only at the surfaces. In the heat balance calculation of the TYPE 

56, the window is described as a 2-node model shown in the figure below. The detailed 

optical and thermal window model is described later. Equations (3 – 10) are valid for a 

window with: 
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k
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Figure Figure Figure Figure 3333----6666: : : : TwoTwoTwoTwo----node window model used in the TYPE 56 heat balance calculationnode window model used in the TYPE 56 heat balance calculationnode window model used in the TYPE 56 heat balance calculationnode window model used in the TYPE 56 heat balance calculation    
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3.2.5.7. Total Gains from Surfaces in a Zone 

The total gain to zone i from all surfaces is the sum of the combined heat transfers or 

from equations (3-9) and (3-10), is: 
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Where: sA = the inside area of surface s. 

Both sides of an internal wall are considered as inside surfaces and must be included 

twice in Equation (3-11). 

An energy balance on the star node in Figure 3-5 also shows that: 

( )iistar
istar

isurf TT
R

Q −= ,
,

,

1&   (  (  (  (3333----12121212))))    

3.2.6.3.2.6.3.2.6.3.2.6. Infiltration, Ventilation and Convective CouplingInfiltration, Ventilation and Convective CouplingInfiltration, Ventilation and Convective CouplingInfiltration, Ventilation and Convective Coupling    

Infiltration and ventilation rates are given in terms of air changes per hourair changes per hourair changes per hourair changes per hour for each 

zone. The mass flow rate is the product of the zone air volume, air density, and air 

change rate. Infiltration occurs always from outdoor conditions, while ventilation 

occurs from a specified (possibly variable) temperature.  Equal amounts of air are 

assumed to leave the zone at the zone temperature. The energy gains to any zone i 

due to infiltration and ventilation are: 

( )iapii TTCmQ −= inf,inf, &&   (  (  (  (3333----13131313))))    

( )∑ −=
nvent

k
ikvpikviv TTCmQ ,,,, &&  ( ( ( (3333----14141414))))    

Where: 

iminf,& = mass flow rate of infiltration air 
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ikvm ,,& = mass flow rate of ventilation air of ventilation type k 

pC = specific heat of the air 

kvT , = temperature of ventilation air of ventilation type k 

aT = ambient air temperature 

For each wall or window separating zones of floating temperature or each wall having 

a known boundary condition, it is possible to specify a convective coupling. This 

coupling is the mass flow rate that enters the zone across the surface. An equal 

quantity of air is assumed to leave the zone at the zone temperature.  The energy gain 

due to the convective coupling is the sum of all such gains for all walls or windows in 

the zone. 

( ) ( )∑ ∑∑ −++−=
itojsurfaces boundknown

isbpscpijpscp

zonesadj

icp TTCmTTCmQ ,lg,lg,

.

lg, ... &&&   (  (  (  (3333----15151515))))    

Where: 

scpm lg,& = the mass flow rate of air entering zone i across walls or windows 

3.2.6.1. Floating Zone Temperature (No Heating or Cooling) 

The rate of change of internal energy for any free floating zone is equal to the net heat 

gain or 

iii QT
dt

d
C &=   (  (  (  (3333----16161616))))    

Where: Cj is the thermal capacitance of zone i (minimal = Vj p-cp with Vj = zone 

volume) 

The net heat gain, Qj, is a function of Tj and the temperatures of all other zones 

adjacent to zone i.  Note:  To simplify the solution of the set of equations, Qj is 

considered constant during any time step, evaluated at average values of the zone 

temperatures.  In this case, the solution to the differential equation for final 

temperature for a given time interval is 
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i

ti
tii C

Q
TT ∆

∆− +=
&

ττ ,,  ( ( ( (3333----17171717))))    

Where: 

t∆ = the simulation time step 

tiT ∆−τ, = the zone temperature at the beginning of the timestep 

The temperature variation is linear, such that the average is 

2
,, tii

i

TT
T ∆−+
= ττ

  (  (  (  (3333----18181818))))    

If Equation (3-18) is solved for Ti,t and the result substituted into equation (3-17), 

along with the individual expressions representing the net heat gain, the following is 

obtained: 
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Equations (3-11) and (3-12) can be equated and regrouped to find: 
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The set of energy balances given by equations (3-19) and (3-20), written for all zones, 

results in a linear set of equations in average zone temperatures and average star 

temperatures.  In matrix form, 

[ ] [ ] [ ]ZTX =⋅   (  (  (  (3333----21212121))))    

The matrix can be partitioned such that: 
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For the case of all zones in floating temperature 
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[ ] [ ] [ ]ZXT 1−=         ((((3333----22222222))))    

tiii TTT ∆−−= ττ ,, 2         ((((3333----23232323))))    

3.2.7.3.2.7.3.2.7.3.2.7. Simplified Heating and CoolingSimplified Heating and CoolingSimplified Heating and CoolingSimplified Heating and Cooling    

It is possible to determine the energy requirement for zones controlled in an idealized 

way. Therefore the heating and cooling energy flow is directly connected to the zone 

air temperature node. The output of the heating and/or cooling equipment is a 

function of the zone temperature as shown in Figure 3-7. 

 

 

Figure Figure Figure Figure 3333----7777: : : : Power Output versus TemperaturePower Output versus TemperaturePower Output versus TemperaturePower Output versus Temperature    

Where: 

iP = power output for zone i (- heating, + cooling) 

iPmax, = absolute value of the maximum power for zone i (+ heating, + cooling) 

isetT , = set temperatures for heating or cooling in zone i 

For the simulation of heating equipment that produces a partially radiative gain to 

the zone, the radiative fraction of the supplied heating power may be defined. This 

fraction of the power is supplied as internal radiative gains and distributed to the 

walls of the zone. As the  set temperature for the heating equipment is related to the 

air temperature of the zone, the radiative fraction of the heating power cannot be 

higher than 0.99 in order to have a convective part left to ensure stable control of the 

heating equipment. 
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The zone temperature is free floating in the comfort region where the power is zero. If 

the temperature of a free floating zone is within the heating or cooling regions at the 

end of a timestep, power is applied throughout the timestep so that the final zone 

temperature just reaches Tset.  If the power required is greater than the maximum 

specified, than the maximum power is applied throughout the timestep and the zone 

temperature is again free floating. 

The temperature change of the zone air, when power is supplied, is assumed to be 

linear. 

If power is required and enough is available to maintain the final zone temperature at 

Tset,i then the final and average zone temperatures are known. 

isett TT ,=  

2
,

,
isett

ireq

TT
T

+
= ∆−τ

 ( ( ( (3333----24242424))))    

Where: 

iregT , = average zone temperature over the timestep if less than maximum power is 

required. 

It is necessary to consider the general case of zones that are in different control 

regions. With the inclusion of the control laws, the equations remain linear.  For the 

zones that have floating temperatures, the solution for average zone temperatures 

and star temperatures is again of the form: 

[ ] [ ] [ ]'' 1 ZXT −=  ( ( ( (3333----25252525))))    

The coefficients of the X' matrix and Z' vector depend upon the control region. In the 

comfort zone, with no energy requirement: 

ijij XX ='  for all i and j 

ii ZZ ='  

For zones whose temperature falls below the point for maximum heating or above that 

for maximum cooling 

ijij XX ='  for all i and j 
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hiii PZZ ,max,' +=  or ciii PZZ ,max,' −=  

For zones that fall within the heating or cooling regions and require less than 

maximum power, the final temperature is assumed to be equal to the heating or 

cooling  set temperature and the average room temperature is then  Treq,i.  Equation 

(3-16) can be rewritten to include the power requirements. 

iii PQT
dt

d
C −= &   (  (  (  (3333----26262626))))    

Pi and Qi are considered constant over the timestep and Qi is evaluated at the 

average zone temperature.  Substituting into Equation (3-26) yields: 
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Equation (3-27) is substituted into the set of energy balances on all zones for any zone 

that is in the less than maximum heating or cooling region. The solution given by 

equation (3-25) is valid with the following substitutions for zones evaluated with 

Equation (3-27). 

ijij XX ,11,11' =  for i j 

0.1' ,11 =iiX  

ijij XX ,12,12' =  

iiii XX ,22,22' =  

Equation (3-20) is corrected by 
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1
 to both sides of the equation, then 
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0' ,21 =iiX  

ireqiiii TXZZ ,,11,2,2' −=  

For any zone i connected to any zone m at a fixed setpoint, the X' matrix and the Z' 

vector are modified as 

0' ,11 =imX  

mreqimii TXZZ ,''' −=  

The solution given by Equation (3-25) using the adjusted matrix entries is valid with 

one further note.  The temperature vector actually contains the required power 

instead of the average zone temperature, for those zones in the less than heating or 

cooling regions. 

3.2.8.3.2.8.3.2.8.3.2.8. Optical and Thermal Window ModelOptical and Thermal Window ModelOptical and Thermal Window ModelOptical and Thermal Window Model    

A detailed window model has been incorporated into the TYPE 56 component using 

output data from the WINDOW 4.1 program developed by Lawrence Berkeley 

Laboratory, USA. This window model calculates transmission, reflection and 

absorption of solar radiation in detail for windows with up to six panes. External and 

internal shading devices and an edge correction for different glazing spacer types are 

considered. More details about mathematical description of glazing, internal and 

external shading can be found in TRNSYS manual (TRNSYS, 2004). 

3.2.9.3.2.9.3.2.9.3.2.9. Moisture BalanceMoisture BalanceMoisture BalanceMoisture Balance    

In parallel with the sensible energy balance calculation, the model calculates a 

moisture balance considering free floating humidity ratios or humidification 

/dehumidification to a certain set-point. In this case it calculates the latent load. 

There are two models for the calculation of the moisture balance available in 

TRNSYS. The first model considers sorption effects with an enlarged moisture 

capacity of the zone air the second, more sophisticated, model offers a surface and a 

deep moisture buffer in the walls of the zone. More details about the mathematical 

description of these models can be found in TRNSYS manual (TRNSYS, 2004). 
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3.3.3.3.3.3.3.3. The Simulation Model descriptioThe Simulation Model descriptioThe Simulation Model descriptioThe Simulation Model descriptionnnn    

The office building model was adopted using the TRNSYS Simulation Studio visual 

interface. TRNBuild is the tool used to enter input data for multizone buildings, in 

order all the building structure details, as well as everything that is needed to 

simulate the thermal behavior of the building, such as windows optical properties, 

heating and cooling schedules, etc to be specified (See Figure 3-8).  

 

Figure Figure Figure Figure 3333----8888: TRNBui: TRNBui: TRNBui: TRNBuild interfacld interfacld interfacld interfaceeee    

 

3.3.1.3.3.1.3.3.1.3.3.1. TRNBuild Input DataTRNBuild Input DataTRNBuild Input DataTRNBuild Input Data    

In the following sections, the program inputs are described for each data group. 

3.3.1.1. Building’s input data description 

The building’s envelope data required for the simulation of the building’s thermal 

behavior are listed in Table 3-2. 
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Table Table Table Table 3333----2222: Building’s envelope input data : Building’s envelope input data : Building’s envelope input data : Building’s envelope input data     

 Envelope Envelope Envelope Envelope Data Description Data Description Data Description Data Description     
1 Zone volume [m3] 
2 Zone Capacitance [kJ/K] 
3 External Walls 
3.1 Wall Type: The user may select a wall type from TRNSYS wall Library or create a new wall 

using layers. There is a layer library in TRNSYS but the user may also create new layer type. 
3.2 Area of inside surface of wall including windows[m2] 
3.3 Wall orientation  
3.4 Fraction of the sky in the total hemisphere seen by the wall, used as a weighting factor between 

Tamb and Tsky [%/100] 
3.5 Energy flux to the inside wall surface [kJ/hr] 
3.6 Fraction of the total direct solar radiation entering the zone that strikes this surface [%/100] 
4. Walls between the zones 
4.1 Area of inside surface of wall 
4.2 Name of the zone which is adjacent to current zone having this wall in common 
4.3 FRONT or BACK - keyword defining whether the front or back of the wall is in the zone. 
4.4 Convective flow from adjacent zone to the current zone across this wall [kg/hr] 
4.5 Energy flux to the inside wall surface [kJ/hr] 
4.6 Fraction of the total direct solar radiation entering the zone that strikes this surface [%/100] 
5. Internal Walls: An internal wall is a wall with both surfaces within the same zone. Internal 

walls are assumed to affect building response only as the result of their mass. 
5.1 Total surface area of wall within zone (includes both sides of the wall) 
5.2 Energy flow to the wall surface in the current zone [kJ/hr] 
5.3 Fraction of the total direct solar radiation entering the zone that strikes this surface [%/100]. 
6. Walls with known boundary conditions: a wall having a known boundary condition might be a 

concrete floor resting on ground of a known temperature or a wall adjacent to a zone whose 
temperature is known. The front of the wall is considered to be at the inside of the zone. 
Normally, the boundary condition is the temperature of a node connected to the back surface of 
the wall through a pure resistance.  

6.1 Area of inside surface of wall [m2] 
6.2 Temperature associated with boundary at side of wall; use the keyword IDENTICAL for a 

boundary temperature equal to the zone temperature [°C] 
6.3 A convective flow from the boundary to the zone across this wall [kg/hr] 
6.4 The relative humidity associated to the convective flow from the boundary to the zone across 

this wall [%] 
6.5 Energy flow to the wall surface in the current zone [kJ/hr] 
6.6 Fraction of the total direct solar radiation entering the zone that strikes this surface [%/100] 
7. External Windows 
7.1 Area of inside surface of window opening [m²] 
7.2 Orientation for this window 
7.3 Fraction of the sky in the total hemisphere seen by the window, used as a weighting factor 

between Tamb and Tsky [%/100] 
7.4 Energy flow to the surface in the current zone [kJ/hr] 
7.5 Fraction of the total direct solar radiation entering the zone that strikes this surface [%/100] 
7.6 Shading factor of the internal shading device (opaque fraction of the device) [%/100] 
7.7 Shading factor of the external shading device (opaque fraction of the device) [%/100] 
8. Adjacent Window Data 
8.1 Area of inside surface of window opening [m²] 
8.2 Name of the zone which is adjacent to current zone having this window in common 
8.3 FRONT or BACK - keyword defining whether the front or back of the window is in the zone. 
8.4 A convective flow from the adjacent zone to the current zone across this wall [kg/hr] 
8.5 Orientation for this window 
8.6 Energy flow to the surface in the current zone [kJ/hr] 
8.7 Fraction of the total direct solar radiation entering the zone that strikes this surface [%/100] 
8.8 Shading factor of the internal shading device [%/100] 
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Table Table Table Table 3333----3333: B: B: B: Building’suilding’suilding’suilding’s operational  operational  operational  operational input input input input datadatadatadata    

 Operational Data DescriptionOperational Data DescriptionOperational Data DescriptionOperational Data Description    
1. Schedules 

Schedules are periodic functions whose output may vary according to the time of day and/or 
week. Two forms of SCHEDULE TYPEs may be defined. The first requires values of the 
schedule as a function of the time of day: 

1.1 Hourly SCHEDULE TYPE Data 
The hours of the day at which the output of the schedule will change (starting from 0, ending at 
24) [h]. The values of the schedule corresponding to the hours given The hourly SCHEDULE 
VALUES change with a step at each of the HOURS given, producing a square-wave.  

1.2 Daily SCHEDULE TYPE Data 
The form for SCHEDULE TYPES is for specifying the use of different hourly SCHEDULEs as a 
function of the day of the week. 
Daily schedule: the days of the week on which the schedule changes [1-7] 
Hourly schedule: names of previously defined hourly schedules corresponding to the days given. 
The days of the week are relative to the first day of the simulation. For TRNSYS, the year 
starts with Monday. 

2. Heating Type  
The heating power required by a building zone subject to idealized heating control can be 
determined by specifying a HEATING TYPE for that regime. VENTILATION, AIRCHANGE, 
TEMPERATURE and HUMIDITY should be defined as INPUTS. A temperature set-point and 
maximum heating power are required to describe the HEATING TYPE.  

2.1 Temperature below which heating begins [°C] 
2.2 The maximum heating power [kJ/hr] 
2.3 The relative humidity of zone air below which there is humidification of the air (0 for free 

floating) [%] 
2.4 Radiative fraction of the heating power [%/100] 
3. Cooling Type 

The cooling requirement of any zone subject to idealized cooling control can be determined by 
specifying a COOLING TYPE for that regime.  VENTILATION AIRCHANGE, 
TEMPERATURE and HUMIDITY should be defined as INPUTS. A temperature setpoint and 
maximum cooling rate are required to describe the COOLING TYPE.  

3.1 Temperature above which cooling begins [°C] 
3.2 The maximum cooling power [kJ/hr] 
3.3 The relative humidity of zone air above which there is dehumidification of the air (100 for free 

floating) [%] 
4. Ventilation Type 

As with infiltration, the ventilation rates are expressed in zone air changes per hour.  
4.1 Number of air changes per hour for ventilation flow stream [1/h] 
4.2 Temperature of ventilation air flow (ambient temperature if the keyword OUTSIDE is entered) 

[°C] 
4.3 Relative humidity of ventilation air flow [%] 
5. Infiltration Type 

Infiltration is given in terms of the number of zone air changes per hour. Thus, the infiltration 
mass flow rate for any zone is the product of the air changes, the zone volume, and the air 
density. Infiltration air is assumed to be at outside ambient conditions. Air changes per hour 
from ambient source [1/h] 

6. Gain Types 
Gains are used within the description of each zone. They are considered to include energy 
convection, radiation, and humidity. It is possible to scale gains for any zone within the 
BUILDING description. This scaling may also vary according to a SCHEDULE (Section 1). In 
this way, generalized gains such as from a single person or single computer terminal may be 
defined with GAIN TYPES and subjected to different scales and/or schedule. 

6.1 Convective energy gain rate 
6.2 Radiative energy gain rate 
6.3 Humidity gain (mass per time) 
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A COMFORT type is used within the description of each zone. The thermal comfort 

calculation is based on EN ISO 7730. (EN ISO 7730, 2005) A COMFORT type is 

considered to include clothing factor, metabolic rate, external work and relative air 

velocity. Note that no influence of direct or diffuse solar radiation onto the occupants 

is considered for PMV and PPD calculation.  

Table Table Table Table 3333----4444: Building’s comfort input data: Building’s comfort input data: Building’s comfort input data: Building’s comfort input data    

 Comfort Data DescriptionComfort Data DescriptionComfort Data DescriptionComfort Data Description    
1 Clothing Factor [clo] 
2 Metabolic Rate [met] 
3 External Work [met] 
4 Relative Air Velocity [m/s] 

 

EN ISO 7730 provides large variety of clothing factors. Table 3-5 gives a brief 

summary for common clothing ensembles. 

Table Table Table Table 3333----5555: Clothing factor of different clothing ensemble: Clothing factor of different clothing ensemble: Clothing factor of different clothing ensemble: Clothing factor of different clothing ensemble    

Clothing EnsembleClothing EnsembleClothing EnsembleClothing Ensemble    Clothing Factor [clo]Clothing Factor [clo]Clothing Factor [clo]Clothing Factor [clo]    
Nude 0 
Shorts 0.1 
Light summer clothing 0.5 
Light working ensemble 0.6 
Typical business suit 1.0 
Typical business suit and cotton coat 1.5 
Light outdoor sportswear 0.9 
Heavy traditional European business suit 1.5 

 

The metabolic rate represents a heat production depending on the activity level. Table 

3-6 gives a brief summary of common values. 

Table Table Table Table 3333----6666: Metabolic Rate: Metabolic Rate: Metabolic Rate: Metabolic Rate    

Degree of activityDegree of activityDegree of activityDegree of activity    Metabolic rate Metabolic rate Metabolic rate Metabolic rate 
[met][met][met][met]    

Seated, relaxed 1.0 
Seated, light work (office, home, school, laboratory) 1.2 
Standing, light work (shopping, laboratory) 1.6 
Standing moderate work (sale activity, housework) 2.0 
Walking, 2 km/h 1.9 
Walking, 3 km/h 2.4 
Walking, 4 km/h 2.8 
Walking, 5 km/h 3.4 
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3.3.2.3.3.2.3.3.2.3.3.2. Model Output DataModel Output DataModel Output DataModel Output Data    

Multiple output specifications are possible. Thus it is possible to specify different 

outputs for different zones. There are optional outputs for zone quantities, for the 

surfaces within zones or for quantities summed up for a group of zones.  

The output types are divided into so called “zone outputs” where a single output is 

produced for each zone specified and so called “surface outputs” where a single output 

is produced for specified surfaces of a zone. In addition, outputs for groups of zones 

can be defined. For this thesis’s purposes the selected outputs are listed in Table 3-7.  

Table Table Table Table 3333----7777: : : : Simulation model ouSimulation model ouSimulation model ouSimulation model output datatput datatput datatput data    

 Output DescriptionOutput DescriptionOutput DescriptionOutput Description    
1 Air temperature of zone [oC] 
2 Relative humidity of zone air [%] 
3 Absolute humidity of zone air [kgwater / kgdry_air] 
4 Sensible heating demand of zone (positive values) [kJ/hr] 
5 Sensible cooling demand of zone (positive values) [kJ/hr] 
6 Sum of sensible heating demand for specified zones (positive) [kJ/hr] 
7 Sum of sensible cooling demand for specified zones (positive) [kJ/hr] 
8 Predicted mean vote (PMV) value of zone [-] 
9 Predicted percentage of dissatisfied persons (PPD) value of zone [%] 

  

3.3.3.3.3.3.3.3.3.3.3.3. TRNSYS TRNSYS TRNSYS TRNSYS FilesFilesFilesFiles    

TRNBUILD provides data files necessary for using the TRNSYS TYPE 56 Multi-Zone 

Building component. The user creates a file (*.BUI), using the interactive interface 

TRNBUILD describing the building using the BID language. In addition to 

TRNBUILD, the user may also use any text editor for creating the BUI file.  

Apart from the file for the building description (*.BLD) TRNSYS creates another for 

the transfer function coefficients (*.TRN) that characterize the wall constructions. 

These two files are assigning internally to TYPE and include all information TYPE56 

needs about the building.  

The information file (*.INF) contains the processed BUI file followed by the values of 

wall transfer function coefficients, the overall heat transfer conductance U and the 

related k-value. Next, the list of inputs required for the Type 56 is printed. These will 

most commonly be outputs of other components in the TRNSYS simulation. Also, the 

information file (*.INF) provides a list of outputs of Type 56 as selected by the user. 
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These outputs may be inputs to other components. Finally, a brief table with all of the 

wall types and their k-values is printed to the information file. 

3.4.3.4.3.4.3.4. Small Audits ofSmall Audits ofSmall Audits ofSmall Audits of    office buildings in Athensoffice buildings in Athensoffice buildings in Athensoffice buildings in Athens    

For the purpose of the thesis office buildings located in Athens have been audited by 

the author for the years 2005 and 2006. In the following sections the data collection 

procedure and the findings of the audits are presented. 

3.4.1.3.4.1.3.4.1.3.4.1. BBBBuilding data collection uilding data collection uilding data collection uilding data collection     

For the audits purpose questionnaires were conducted in order to collect the required 

information in terms of building construction characteristics as well as building 

operational data. Then they have been distributed to a group of office buildings. The 

building group selection for the auditing was based on the following criteria: 

� The research targeted only office buildings, since they were considered to comprise 

a sector with reasonably homogeneous buildings, occupancy and activity. 

� The group should be consist of buildings with various year of construction in order 

various construction methods to be covered (e.g. with and without thermal 

insulation, with single and double windows, etc). 

� The selected group should cover a variety of building size and occupancy (small to 

large buildings). 

The questionnaires were distributed to 50 office buildings to be filled by each building 

responsible. Many in-situ measurements were conducted in all office buildings with 

the aim of collecting details on construction, activities and energy uses in each 

building and also for thermal zoning determination in each building.  

A set of the detailed questionnaires was distributed to the 50 office buildings in 

Athens. Only 15 (30%) building’s responsibles were positive to participate in the 

survey and finally just 10 of the 15 collected questionnaires (20% of the distributed) 

were valid for the simulation.  

The following information has been collected from each building: 

� General information about the building and the occupants (owner, construction 

year, the heated surface, the daily occupation time schedule). 
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� Specific information about the building envelope (orientation, walls, ceiling, floors, 

openings, type of glazing and shading). 

� Detailed information about the heating, cooling and lighting systems (power, set 

points, operation time schedule) and information about the office equipment. 

� The annual energy consumption of the building. The consumed electricity and the 

quantity of fuel were recorded from the building energy bills.  

In Table 3-8 the collected data from the audits are presented. As it is observed the 

sample can not be characterized as representative of Greek office building. The offices 

that responded to the questionnaires are small (total area < 300 m2) and construction 

year before 1995. The 9 of them have been constructed before 1980. The 30% have 

walls without insulation, the 80% have single pane windows, while the 60% use glow-

lamp lighting system and only 10% use mechanical ventilation system. The annual 

energy consumption per floor area for each building is presented in Figure 3-9. The 

minimum energy consumption is 29.85 kWh/m2/year, the maximum 238.53 

kWh/m2/year and the average 104.68 kWh/m2/year. 

It is observed that building No 8 has high energy consumption compared to the rest. 

This is explained because of the high energy consumption for lighting 124.58 kWh/m2. 
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Figure Figure Figure Figure 3333----9999: The annual energy consumption per floor area of audited office buildings: The annual energy consumption per floor area of audited office buildings: The annual energy consumption per floor area of audited office buildings: The annual energy consumption per floor area of audited office buildings    
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Table Table Table Table 3333----8888:::: Office building data collected by the audits Office building data collected by the audits Office building data collected by the audits Office building data collected by the audits    

BldBldBldBld    ConstrConstrConstrConstr    
yearyearyearyear    

No of No of No of No of 
floorsfloorsfloorsfloors    

Floor area Floor area Floor area Floor area     
(m(m(m(m2222))))    

Wall Wall Wall Wall     
Type Type Type Type     

Window Window Window Window     
TypeTypeTypeType    

ShadingShadingShadingShading    ElectricElectricElectricElectric        
Lighting Lighting Lighting Lighting     
SystemSystemSystemSystem    

Heating Heating Heating Heating     
systemsystemsystemsystem    

Cooling Cooling Cooling Cooling     
systemsystemsystemsystem    

Ventilation Ventilation Ventilation Ventilation 
sysysysystemstemstemstem    

Office equipmentOffice equipmentOffice equipmentOffice equipment    OccupantsOccupantsOccupantsOccupants    TimeTimeTimeTime    
 schedule schedule schedule schedule    

1 1930 1 45 1 2 1 1, 2 2 
1x12.000 btu/h  
1x 9.000 btu/h 

2 
1x12.000 btu/h  
1x 9.000 btu/h 

1 2 PC, 2 Printers, 1 
photocopy machine 

3 Monday-Friday 
09:00-14:30 
18:00-20:30 

2 1955 1 135 2 1 0 1, 2 1 2 
 5x9000btu/h 

1 2 PC, 1 Printer, 1 
Scanner, 1 photocopy 
machine 

5 Monday-Friday 
11:00-21:30 

3 1977 1 53 2 1 0 2 2, 1x12000btu/h 2 
1x12000btu/h 

1 3 PC, 2 printers, 1  
photocopy machine 

2 Monday-Saturday 
07:00-20:00 

4 1964 1 22 2 1 0 2 1 2 
9000btu/h 

1 1 PC, 1 Printer, 1 
Scanner, 

1 Monday-Saturday 
09:00-13:00 

5 1910 1 26.1 1 1 0 2 1 2 
1x9000 btu/h 

1 1 PC, 1 Scanner, 
1Plotter 

2 Monday-Friday 
07:30-14:30 

6 1960 1 64.6 2 1 1 1,2 1 2 
3x9000btu/h 

1 2 PC, 2 Printers, 1 
photocopy machine 

2 Monday-Friday 
08:00-15:00 
19:00-22:00 

7 1975 1 269.9 1 1 0 2 1 2 
10x9000btu/h 

1,2 20 PC, 3 Printers, 1 
plotter, 2 photocopy 
machine, 1 fax 

23 Monday-Friday 
08:00-16:00 
 

8 1975 1 50 2 1 0 1 1 1 and 2 
1x24000btu/h 

1 1 PC, 1Printers, 1 
photocopy machine, 1 fax 

1 Monday-Friday 
08:00-14:00 
19:00-21:00 
Weekend 08:00-14:00 

9 1975 1 86.9 2 1 1 1,2 2, 1x12000btu/h 2 
1x12000btu/h 

1 2 PC, 2 Printers, 2 
scanners,  1 photocopy 
machine, 1 plotter  

3 Monday-Friday 
08:00-15:00 
18:00-21:00 
Weekend 09:00-14:00 

10 1995 1 85 2 2 0 1,2 1 2 
3x9000btu/h 

1 No 1 Monday-Friday 
17:30-21:00 
 

Wall Type: 1=no insulation, 2 =insulation 
Window Type: 1=single, 2=double 
Shading: 0=no shading, 1=internal shading, 2=external shading 
Electric Lighting System: 1= incandescent lamp, 2=fluorescent 
 

Heating System: 1=Central System, 2=Fun Coils 
Cooling System: 1=Central System, 2=Fun Coils 
Ventilation System: 1=Natural, 2=Mechanical 
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3.4.2.3.4.2.3.4.2.3.4.2. The The The The office buildings’ simulations in TRNSYSoffice buildings’ simulations in TRNSYSoffice buildings’ simulations in TRNSYSoffice buildings’ simulations in TRNSYS    

The thermal behavior of the 10 audited office buildings has been simulated with the 

aid of the adopted simulation model in TRNSYS. The collected analytical building 

data (See Table 3-8) are the inputs to the model with the aid of TRNbuild. The 

simulation parameters (TRNSYS routines-TYPES) are listed in Table 3-9.  

Table Table Table Table 3333----9999: Parameters of the office building simulation model: Parameters of the office building simulation model: Parameters of the office building simulation model: Parameters of the office building simulation model        

Simulation Simulation Simulation Simulation ParameterParameterParameterParameter    TRNSYSTRNSYSTRNSYSTRNSYS    
TypeTypeTypeType    

CommentsCommentsCommentsComments    

Climatic Data Data 
Reader 

National Observatory of Athens –Meteorological Data 
for the years2005 and 2006  

  Building Data 56 From the data of the 10 buildings in TRNBuild 
environment 

Psychrometrics 33e  

Effective sky temperature for long-
wave radiation exchange 

69b  

Overhang and Wingwall Shading 34  

Outputs QHEAT 
QCOOL 

Heating and Cooling Demand for the building 

 

 

Figure Figure Figure Figure 3333----10101010: Office : Office : Office : Office building simulation model realization building simulation model realization building simulation model realization building simulation model realization     
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In order to verify the reliability of the model, the actual energy consumption of the 10 

buildings is compared to the outputs of the simulation model. The model, though, 

yields only the Heating and Cooling Demand for the building. Therefore, in order to 

calculate the total energy consumption that would be comparable to the electricity and 

fuel bills of the buildings, the annual energy consumption for lighting and equipment 

was assessed and the total energy consumption was calculated according to the 

following equation: 

Ε (KWh/m2/year) = (Qh/nh + Qc/nc + Elight + Eequip  )/  S                                         (3-28) 

where: 

� Qh,Qc: Annual Heating and cooling demand for the building (from the outputs of 

the model)  

� nh, nc: Efficiency factor of the heating and cooling system accordingly  

� Elight: Annual energy consumption for lighting  

� Eequip: Annual energy consumption of electrical appliances and equipment 

� S: Floor area (m2) 

It is noted that the climatic data that are used for the simulations referred to the 

respective year that the energy consumption data were collected. (8 buildings with  

climatic data of 2005 and 2 with climatic data of 2006)  

Table 3-10 presents the actual energy consumption of each building and the energy 

consumption calculated from the simulation model.  

Table Table Table Table 3333----10101010: Ac: Ac: Ac: Actual vs tual vs tual vs tual vs simulatedsimulatedsimulatedsimulated total annual energy consumption for the 10 offices in Athens total annual energy consumption for the 10 offices in Athens total annual energy consumption for the 10 offices in Athens total annual energy consumption for the 10 offices in Athens    

BuildingBuildingBuildingBuilding    Actual energy consumptionActual energy consumptionActual energy consumptionActual energy consumption    
(kWh/m(kWh/m(kWh/m(kWh/m2222/year)/year)/year)/year)    

Simulated energy consumptionSimulated energy consumptionSimulated energy consumptionSimulated energy consumption    
(kWh/m(kWh/m(kWh/m(kWh/m2222/year)/year)/year)/year)    

1 137.40 116.38 

2 108.57 103.57 

3 47.17 41.00 

4 36.00 37.10 

5 153.85 166.35 

6 29.85 28.25 

7 130.00 142.96 

8 238.53 224.54 

9 56.26 58.08 

10 109.20 107.41 
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The average difference between simulated and actual values is +2.12 kWh/m2 and it is 

also systematic, as depicted in Figure 3-11, by the satisfactory linear regression 

between them (R2=0.97). 
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Figure Figure Figure Figure 3333----11111111: Annual Energy Consumption : Annual Energy Consumption : Annual Energy Consumption : Annual Energy Consumption ----Experimental values versus TRNSYS calculationsExperimental values versus TRNSYS calculationsExperimental values versus TRNSYS calculationsExperimental values versus TRNSYS calculations    
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ConclusionsConclusionsConclusionsConclusions    

In this part of the thesis, a simulation model of an office building has been created in 

TRNSYS 16 in order to evaluate the energy performance at hourly and yearly base of 

any case study office building.  

Small audits have been conducted by the author to 10 office buildings located in 

Athens in the aim of collecting individual details on the construction, activities, 

energy uses and energy bills. The audits were conducting for two aims: 

� For the investigation of the constructional and operational characteristics of 

office buildings in Greece. 

� For the validation of the adopted simulation model. The 10 audited office 

buildings have been modeled via the office simulation model according to the 

information collected by the audits. The calculated by the simulations annual 

energy consumption of the buildings has been compared to the respective real 

electricity and fuel consumption (energy and fuel bills). This comparison helps 

the calibration and validation of the office building model, in order to be used in 

further office building modeling.  

The group of 10 audited office buildings has not be representative for the Greek stock 

since the majority of the buildings responded to the questionnaires have small floor 

area and have been constructed before 1980. However, the information gathered from 

the audits has been a very useful tool for the simulation model accuracy testing and 

the model improvement. The comparison between the actual and the calculated 

annual consumption of the buildings has been shown that the model has great 

accuracy in energy calculations at yearly base.  

Given the above conclusions the following points are revealed: 

� A detailed audit based on hourly measurements (and not only on energy bills) is 

necessary in order to investigate parameters such as indoor temperature, 

humidity, thermal comfort, indoor air quality etc. 

� The office building simulation model has to be improved in order to calculate 

with accuracy the aforementioned parameters apart from energy consumption. 
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The nest step of the research, in the thesis framework, is to conduct a detailed audit 

to an office building and then a detailed simulation model creation based on measured 

data. 
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DETAILED AUDIT AND DETAILED DETAILED AUDIT AND DETAILED DETAILED AUDIT AND DETAILED DETAILED AUDIT AND DETAILED 

MODELMODELMODELMODEL    
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CHAPTER 4:CHAPTER 4:CHAPTER 4:CHAPTER 4: DETAILED AUDIT AND DETAILED AUDIT AND DETAILED AUDIT AND DETAILED AUDIT AND DETAILED DETAILED DETAILED DETAILED 

MODELMODELMODELMODEL    

4.1.4.1.4.1.4.1. IntroductionIntroductionIntroductionIntroduction    

In the Framework of “E-Management for indoor environment and energy savings in 

buildings” Project of General Secretariat for Research and Technology, a Building 

Management System (BMS) installed in the office building of BYTE in Athens. The 

BMS had the purpose to collect and store data at hourly base for energy and 

environmental rating of the building. Gathering the stored by the BMS data a 

detailed audit has been conducted for the BYTE office building. 

Apart for project’s purposes, these detailed data have been used in order to improve 

the accuracy of the office building thermal model in TRNSYS.  The building is 

modelled in detail by splitting it into 45 thermal zones. The simulation results are 

compared with the measured values provided by the BMS for two periods (winter and 

summer) and the model has been improved based on the monitoring results.  

In this chapter the characteristics of the audited office buildings are presented in 

details. Then the BMS installation of the building is described and the data 

measurements of the audit are analyzed. In the next step the BYTE building is 

modeled in TRNSYS and the comparison of measured parameters values with the 

calculated by the model lead as to significant conclusion regarding the reliability of 

the model, the accuracy of asset rating compared to operational rating, as well as 

model application as a general energy audit model for office buildings in Greece. 

4.2.4.2.4.2.4.2. Building DescriptionBuilding DescriptionBuilding DescriptionBuilding Description    

4.2.1.4.2.1.4.2.1.4.2.1. General informationGeneral informationGeneral informationGeneral information    

The BYTE’s building is located on Kallirois street in Athens, Greece and constitutes a 

self-contained building construction, with extensive reflective glass panels on the 

majority of the front walls. The building consists of two parts: the existing and the 

new one (Figure 4-1). The building is mainly used for office accommodation, except 
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some basement storage spaces and some server rooms. The general information and 

the design values of BYTE’s building are listed on Table 4-1. 

Table Table Table Table 4444----1111: : : : General information and design values of BYTE’s buildingGeneral information and design values of BYTE’s buildingGeneral information and design values of BYTE’s buildingGeneral information and design values of BYTE’s building    

Items Items Items Items     Description Description Description Description     
General IGeneral IGeneral IGeneral Information nformation nformation nformation     
Location Athens, Greece 
Building type and stories Office building, 7 stories above ground.  

Operation hours  
During weekdays 09:00 – 17:00, although some users still 
occupy the building spaces afterwards. 

Design values Design values Design values Design values     

Space design temperature  
20-21 οC during winter period  
26 οC during summer period 
18-22 οC in the servers’ room 

Humidity  <60  in the servers’ room 

Ventilation  
For offices where smoking is prohibited, the demand is 30 
m3/h/person. Where smoking is allowed, the demand is 90 
m3/h/person. 

Lighting  

In office spaces the national and international standards are 
applied, which demand 500 lux on the desktop. In hallways and 
spaces where permanent user occupation is not required, the 
demands lower to 200 lux.  

 

    

Figure Figure Figure Figure 4444----1111: The Building of BYTE: The Building of BYTE: The Building of BYTE: The Building of BYTE    

New buildingNew buildingNew buildingNew building    

Existing Existing Existing Existing buildingbuildingbuildingbuilding    
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4.2.2.4.2.2.4.2.2.4.2.2.  Envelope Data Envelope Data Envelope Data Envelope Data    

General envelope data are presented in Table 4-2. The layers of walls along with their 

density, thickness and thermal conductivity coefficient are described on Table 4-3, 

while the characteristics of the building’s openings are described on Table 4-4. 

Table Table Table Table 4444----2222: General building’s envelope data: General building’s envelope data: General building’s envelope data: General building’s envelope data        

Surface TypeSurface TypeSurface TypeSurface Type    Surface areaSurface areaSurface areaSurface area    
Outside walls FW=592.58 m2 
Openings FF=326.69 m2 
Ceiling, roof and ceiling under roof non heat-insulated FD=182.72 m2 
Floor FG=182.72 m2 
Pilotis Ceiling FDL=182.72 m2 
Total Construction Surface F= 1284.71 m2 
Construction Volume V=3800.00 m3 
Ratio F/V 0.338 

Table Table Table Table 4444----3333: : : :     Walls’s constructional characteristics  Walls’s constructional characteristics  Walls’s constructional characteristics  Walls’s constructional characteristics      

Layers (outer to Layers (outer to Layers (outer to Layers (outer to 
inner)inner)inner)inner)    

DensityDensityDensityDensity    
(kg(kg(kg(kg////mmmm3333))))    

Layer Layer Layer Layer 
thicknessthicknessthicknessthickness    
d (m)d (m)d (m)d (m)    

Thermal conductivityThermal conductivityThermal conductivityThermal conductivity    
coef.coef.coef.coef.    K (W/mK (W/mK (W/mK (W/m2222 K) K) K) K)    

External WallExternal WallExternal WallExternal Wall    
Lime Cement Mortar 1900 0.020 
Air Brick 1200 0.060 
Insulation 600 0.050 
Air Layer 1204 0.030 
Air Brick 1200 0.060 
Lime Cement Mortar 1900 0.020 

0.468 

Internal WallInternal WallInternal WallInternal Wall    
Lime Cement Mortar 1900 0.020 
Air Brick 1200 0.090 
Air Layer 1204 0.040 
Insulation 600 0.040 
Air Brick 1200 0.090 

0.487 

RoofRoofRoofRoof    
Terrace plates 2000 0.020 
Cement Mortar 1900 0.020 
Water-proof material 1050 0.005 
Concrete with tilt 
1000 

1000 0.100 

Insulation 600 0.070 
Concrete Β>160 2400 0.140 
Water vapor barrier 600 0.020 
Lime Cement Mortar 1900 0.020 

0.368 

Floor/CeilingFloor/CeilingFloor/CeilingFloor/Ceiling    
Marble plates 3000 0.020 
Lime Cement Mortar 1900 0.020 
Concrete Β>160 2400 0.150 
Insulation 600 0.050 
Lime Cement Mortar 1900 0.020 

0.507 
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Table Table Table Table 4444----4444: Openings: Openings: Openings: Openings    

 Opening TypeOpening TypeOpening TypeOpening Type    
SurfaceSurfaceSurfaceSurface    
F (mF (mF (mF (m2222))))    

Thermal conductivityThermal conductivityThermal conductivityThermal conductivity    
coef.coef.coef.coef.    K (kcal/ mK (kcal/ mK (kcal/ mK (kcal/ m2222 h h h h    ooooC)C)C)C)    

Ground Floor openings, Sides 1-5 Double Panel 2-4cm 29.12 2.600 
Ground Floor openings, Side 6 Double Panel 2-4cm 22.75 2.600 
Floor A openings, Side 1 Double Panel 2-4cm 37.38 2.600 
Floor A openings, Side 2 Double Panel 2-4cm 9.66 2.600 
Floor A openings, Side 3 Double Panel 2-4cm 2.10 2.600 

 

4.2.3.4.2.3.4.2.3.4.2.3. Mechanical/Electrical equipment descriptionMechanical/Electrical equipment descriptionMechanical/Electrical equipment descriptionMechanical/Electrical equipment description    

The heating/cooling system of the BYTE’s building is a VRV (Variable Refrigerant 

Volume) system. The fundamental characteristic of this system is that it can 

simultaneously operate in heating and cooling mode at the indoor units (Figure 4-2). 

It also presents a satisfactory Coefficient of Performance (COP) both in heating and 

cooling mode. Moreover, the master units (VAM) of the system can connect directly 

with an automatic control system, such as the one developed by Honeywell (described 

in following section), which is installed in the building. 

 

Figure Figure Figure Figure 4444----2222: Operation of Daikin’s VRV: Operation of Daikin’s VRV: Operation of Daikin’s VRV: Operation of Daikin’s VRV    

The local heating/cooling units are of fan coil units and they are shown in Figure 4-3. 

The outdoor units of the system are shown in Figure 4-4 and the Control Unit in 

Figure 4-5. Also, the air vents of ventilation system are shown in Figure 4-6.  
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Figure Figure Figure Figure 4444----3333: Lo: Lo: Lo: Local unit of VRV System in BYTEcal unit of VRV System in BYTEcal unit of VRV System in BYTEcal unit of VRV System in BYTE building building building building    

 

Figure Figure Figure Figure 4444----4444: The outdoor u: The outdoor u: The outdoor u: The outdoor units of the VRV system in BYTEnits of the VRV system in BYTEnits of the VRV system in BYTEnits of the VRV system in BYTE building building building building    
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Figure Figure Figure Figure 4444----5555: The cont: The cont: The cont: The control unit of VRV system in BYTErol unit of VRV system in BYTErol unit of VRV system in BYTErol unit of VRV system in BYTE building building building building    

 

Figure Figure Figure Figure 4444----6666: The air vents : The air vents : The air vents : The air vents of the of the of the of the ventilation systemventilation systemventilation systemventilation system    

Regarding the electric lighting system, it consists of lights with fluorescent lamps and 

aluminum reflector with relatively high performance (Figure 4-7). The electric 



                                                                                                CHAPTER 4: DETAILED AUDIT AND DETAILED MODEL 

                                                                                                                                           
94 

lighting system is controlled separately in each zone, allowing for more efficient 

management.  

   

Figure Figure Figure Figure 4444----7777: The : The : The : The electricelectricelectricelectric lighting system of BYTE  lighting system of BYTE  lighting system of BYTE  lighting system of BYTE buildingbuildingbuildingbuilding....    

4.3.4.3.4.3.4.3. The BMS System The BMS System The BMS System The BMS System     

In the BYTE S.A. building the Building Management System (BMS) is installed, in 

order to serve three main purposes:  

(i) The installation and test of the platform developed for the Ε-Building project 

(Kolokotsa et al., 2006)  

(ii) The rational energy use and the eventual reduction of the total energy 

consumption and  

(iii) The full supervision of all controlled equipment as well as its administration, 

where applicable, using the main task console (BMS Server).  

The main equipment of the BYTE premises consumes electricity:  

(i) VRV air conditioning system 

(ii) Lighting  

(iii) Generators  

(iv) Elevators 

(v) Fire and Access Plants 
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(vi) Water and sewage pumps. 

In addition, with the aid of BMS it is possible to monitor regularly the functional 

parameters of the building, and store them in appropriate log files.  

The measured variables per zone, recorded by the automation system, are the 

following:   

� Indoor air temperature,  

� Relative humidity,  

� CO2 concentration,  

� Energy consumption per VRV unit (heating, cooling, and ventilation). 

All the measurements are stored in ASCII files (history files) in order to have simple 

and easy access to them.   

4.3.1.4.3.1.4.3.1.4.3.1. HoneywellHoneywellHoneywellHoneywell    ExcelExcelExcelExcel 5000  5000  5000  5000 OpenOpenOpenOpen    LonLonLonLon    

The installed BMS is a Lonworks network (Figure 4-10). This network is selected as it 

provides interoperability and expandability. This means that various components 

from various manufacturers can be integrated into the network either at the present 

time or in the future. The application of the above to BYTE building is the 

incorporation of the followings to the control network (Figure 4-8):  

� Honeywell Excel 5000 for the algorithm creation and data collection.   

� Daikin Lon Gateway for the VRVs (internal and external units) control and 

management. 

� Tyco Ιntegra multi-meters for electrical values measurements of the substation. 

� Echelon iLon100e for data and alarm transfer to the Internet Web Server. 

The controllers are connected to the network type TP/FT-10 via transceiver Echelon 

FTT-10A. The network communication speed is 78 Kbps. The network topology can 

only be terminated as Bus, Star, Loop, free-form (Free Topology) or double 

termination. The network supports 64 open communication nodes. With the use of 

router and repeater it supports up to 32385 nodes. The Figure 4-10 refers to the 

topology of the network for the new and the existing building. 
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Figure Figure Figure Figure 4444----8888: The : The : The : The Lonworks Lonworks Lonworks Lonworks control control control control networknetworknetworknetwork....    

The inspection of the installation is carried out after programming and connecting the 

Honeywell controller to the LONWORKS network. The controllers are of EXCEL 500 

Smart series with external digital and analog input - output control ports modules, 

direct digital control technology DDC, bear Echelon 3120 or 3150 processor and are 

certified according to LONMARK 3.2. EXCEL 500 smart controller is the central unit, 

which manages physical control points and on which the computational algorithms 

are developed. Data collection from the sensors is performed by external input – 

output port modules - mounted in special slots - terminal blocks (XSL) and then 

connected to the central unit and the network. In order to cover the floors in terms of 

input - output port the following XSL module combinations are employed: 

� 12 digital input ports (XFL523B) for dry contact connections. 

� 6-port digital output ports (XFL 524B). 

� Combination of 2 analogue - 8 digital input and 4 digital output ports (XFC3X). 

For the purposes of this project, open programmable controllers are used for 

controlling the electromechanical applications for which there is no standard control 

software. They are fully programmable, providing ultimate flexibility in designing 

control sequences and maintain all necessary commands to control the building 

equipment (PID, mathematical, logical, time functions and energy management 
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programs such as optimum start stop, cycling etc). The main application area is that 

of the central HVAC systems which communicate with one of the terminal unit types 

(VAV, FCU, etc.). The programming of the controllers is done with the CARE design 

tool. CARE has been designed by Honeywell to offer a friendly and reliable graphical 

programming environment. 

 

 

 

 

 

 

 

 

 

    

    

Figure Figure Figure Figure 4444----9999: The BMS hardware: The BMS hardware: The BMS hardware: The BMS hardware    

2ND BASEMENT

1ST BASEMENT

GROUND FLOOR

MEZZANINE

1ST FLOOR

2ND FLOOR

3RD FLOOR

4TH FLOOR

5TH FLOOR

6TH FLOOR

CONTINUE OF LON 
NETWORK TO THE EXISTING 
BUILDING

iLon 100 Internet 
Server

VRV LON Gateway

DAIKIN VRV Bus

LONWORKS

TCP / IP

C-Bus

2ND BASEMENT

1ST BASEMENT

GROUND FLOOR

MEZZANINE

1ST FLOOR

2ND FLOOR

3RD FLOOR

4TH FLOOR

5TH FLOOR

6TH FLOOR

7TH FLOOR

8TH FLOOR
CONTINUE OF LON
NETWORK TO THE NEW 
BUILDING Outdoor VRV Units

Indoor VRV Units

 

Figure Figure Figure Figure 4444----10101010: The BMS installation using Lonworks: The BMS installation using Lonworks: The BMS installation using Lonworks: The BMS installation using Lonworks    
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4.3.2.4.3.2.4.3.2.4.3.2. Monitoring and management of the installationMonitoring and management of the installationMonitoring and management of the installationMonitoring and management of the installation    

In the monitoring station the control and management operating system (Honeywell 

SYMMETRE R300.2) is installed, which is basically the "interface" between the 

controlled electromechanical equipment and the user. The user is able to control the 

installation during the various operation phases, but also to intervene more or less in 

operation and management, depending on the circumstances and needs that arise. 

The user could, for example, to change the time schedules, if it was appropriate or 

even to isolate any part of the installation of the automated mode, by activating and 

deactivating it. 

The main page of the monitoring and management application of the installation is 

presented in Figure 4-11.    

From this front page the user may explore all the building’s floors and see the 

monitored installations. SYMMETRE offers the ability of monitoring all the devices 

and the hubs of the network.  

 

    

Figure Figure Figure Figure 4444----11111111: The basic interface of the application: The basic interface of the application: The basic interface of the application: The basic interface of the application.... 
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Figure Figure Figure Figure 4444----12121212: The monitoring front page of the installation devices and hubs: The monitoring front page of the installation devices and hubs: The monitoring front page of the installation devices and hubs: The monitoring front page of the installation devices and hubs    

In the following paragraphs the detailed description of the systems controlled by the 

BMS is presented. 

4.3.3.4.3.3.4.3.3.4.3.3. Heating, Cooling, VentilatHeating, Cooling, VentilatHeating, Cooling, VentilatHeating, Cooling, Ventilation VRV Systemion VRV Systemion VRV Systemion VRV System    

The air conditioning loads are covered by a system of VRV central units that serve 

terminal units in the building zones. For the pre-conditioning purposes roof air 

exchangers (VAM) have been installed. The installed VRV system of DAIKIN has a 

socket for LON Gateway which, when connected to the LonWorks network, provides 

information for monitoring units such as:  

� Supervision: indoor temperature, thermostat set points, compressor operation, 

filters control. 

� Control: Remote ON-OFF, set-point control, mode (cool/heat/fan/auto) control 
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The new and existing building of BYTE has been divided into 45 district thermal 

zones based on building’s geometry. Each zone has 1 to 3 local VRV units and 

functions individually from the others.  

In Figure 4-13, Figure 4-14, Figure 4-15, Figure 4-16, Figure 4-17, Figure 4-18, Figure 

4-19 and Figure 4-20, there is an illustration of the floor plans of BYTE building. In 

these floor plans, the distribution of local VRV units in each building floor is 

presented in detail. 

 

 

Figure Figure Figure Figure 4444----13131313: Ground Floor : Ground Floor : Ground Floor : Ground Floor and thermal zones pand thermal zones pand thermal zones pand thermal zones plan of BYTElan of BYTElan of BYTElan of BYTE....    

    

Figure Figure Figure Figure 4444----14141414: M: M: M: Mezzanine ezzanine ezzanine ezzanine and thermal zones pand thermal zones pand thermal zones pand thermal zones plan of BYTElan of BYTElan of BYTElan of BYTE....    
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Figure Figure Figure Figure 4444----15151515: 1: 1: 1: 1stststst Floor  Floor  Floor  Floor and thermal zones and thermal zones and thermal zones and thermal zones plan of BYTEplan of BYTEplan of BYTEplan of BYTE    

    

Figure Figure Figure Figure 4444----16161616: 3: 3: 3: 3rdrdrdrd Floor  Floor  Floor  Floor and thermal zones and thermal zones and thermal zones and thermal zones plan of BYTEplan of BYTEplan of BYTEplan of BYTE    

    

FigurFigurFigurFigure e e e 4444----17171717: 4: 4: 4: 4thththth Floor  Floor  Floor  Floor and thermal zones and thermal zones and thermal zones and thermal zones plan of BYTEplan of BYTEplan of BYTEplan of BYTE    
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Figure Figure Figure Figure 4444----18181818: 5: 5: 5: 5thththth Floor  Floor  Floor  Floor and thermal zones pand thermal zones pand thermal zones pand thermal zones plan of BYTElan of BYTElan of BYTElan of BYTE    

    

Figure Figure Figure Figure 4444----19191919: 6: 6: 6: 6thththth Floor Floor Floor Floor and thermal zones p and thermal zones p and thermal zones p and thermal zones plan of BYTElan of BYTElan of BYTElan of BYTE    

    

    

Figure Figure Figure Figure 4444----20202020: 7: 7: 7: 7thththth Floor  Floor  Floor  Floor and thermal zones pand thermal zones pand thermal zones pand thermal zones plan of BYTE lan of BYTE lan of BYTE lan of BYTE     
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Opening the 1st Floor front page, for example, the image illustrated in Figure 4-21 is 

appeared.     

 

Fault 

    

Figure Figure Figure Figure 4444----21212121: The detailed representation of the instant values of the monitoring parameters in : The detailed representation of the instant values of the monitoring parameters in : The detailed representation of the instant values of the monitoring parameters in : The detailed representation of the instant values of the monitoring parameters in 

the 1the 1the 1the 1stststst Floor Floor Floor Floor    

In the front page are depicted for the existing and the new building:  

� Relative Humidity and CO2 concentration values. 

� The thermal zones, the VRV units with the relative temperature values. 

� The VAM units. 

The green color indicates that VRV functions, while the indication “fault” indicates a 

fault existence. The same representation is applied for all the building floors. 

4.3.3.1. Control strategy of heating/cooling and ventilation units 

There are three control strategy scenarios: 

1st scenario: Fully automated operation (set/reset). All thermal zones begin and stop 

automatically heating or cooling at the same time, based on a common time schedule. 

When the zones are activated the indications on the control are “auto”, “occupancy 

checked” and “occupied”. There are also the choices the program user to put a zone out 

of function “occupancy unchecked” or an occupant to put out of function a VRV unit 
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using the manual control “override”. The VAM unit is activated when one at least 

VRV unit is activated. From this set/reset function are excluded the following zones 

(Table 4-5): 

Table Table Table Table 4444----5555: Zones of BYTE excluded set/rest VRV function: Zones of BYTE excluded set/rest VRV function: Zones of BYTE excluded set/rest VRV function: Zones of BYTE excluded set/rest VRV function    

ZoneZoneZoneZone    UseUseUseUse    
Ground Floor -Zone 2 Secretary (local control) 
Ground Floor -Zone 3 Seminar Room (local control) 
Ground Floor -Zone 4 Conference Room (local control) 
Mezzanine -Zone 2 Seminar Room (local control) 
Mezzanine -Zone 3 Corridor (local control) 
1st Floor * - Zone 2 Meeting Room 
3rd Floor* – Zone 2 Meeting Room 
4th Floor* – Zone 2 Meeting Room 
5th Floor* - Zone 3 Meeting Room 
6th Floor*-Zone 1 Meeting Room 
7th Floor*- Zone 1 Meeting Room 

 

The zones with (*) are out of set/reset schedule because are not occupied during the 

most of the day. The VRVs function is based on presence detectors or manual control. 

2nd Scenario: Extension of the system’s operation. In case of an occupant wishing to 

stay after the working hours, VRVs operation is extended automatically. For new 

building the units remain activated with the use of presence detectors, with a time 

delay of 17 minutes, for system stability. In case of existing building’s zones the VRVs 

delay is achieved with special extension panel, located in each floor entrance. Each 

button has an indication led and corresponds to an individual thermal zone (Figure 

4-22). When the led is on, means that the zone is activated during the time schedule. 

In case of some occupants want to extend the VRVs operation they have to press the 

button until the led is on, and then 2 hours operation extension for the specific zone is 

achieved.  In order to ensure that no VRV will stay activated unintentionally, set/reset 

procedure is applied twice, once after working time schedule at 17:30 and again at 

20:30. 

3rd scenario: Partially automated operation (set/reset). In this scenario there is the 

set/reset procedure at 17:30 and 20:30, but the automated beginning of system 

operation, using a time schedule, is excluded. The operation of the building is as 

follows: 

� In new building VRVs are activated automatically, when occupants’ presence is 

detected by presence detectors installed in each zone. In existing building the 
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occupants activate local units (VRV and VAM) every morning using manual 

control.  

� Alternatively a special extension panel could be used, ensuring the automated 

operation of VAM, but keeping the relative zone activated only for two hours per 

button press. Manual controls might be use only for turning off a unit in an 

activated zone. 

 

door 

unlock 

 

Figure Figure Figure Figure 4444----22222222: Control zones of heating/coolon: Control zones of heating/coolon: Control zones of heating/coolon: Control zones of heating/coolong system during operation extensiong system during operation extensiong system during operation extensiong system during operation extension    

4.3.3.2.  VRVs operation recording 

VRVs are operated for heating, cooling or for ventilation only. In both BYTE’s 

buildings there are 19 VRVs groups, the operation of which is controlled by the head 

VRV of each group (i.e. 19 “master VRVS”). All the local units that belong to the same 

group have the same external unit. The option “HEAT/COOL OPERATION” in the 

first front page of SYMMETRE R300.2 leads to Figure 4-23. 

In front page of Figure 4-23 the 19 master VRVS, the building area that their group 

represents and their operation status (heating/cooling/ventilation) are depicted. 
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FigureFigureFigureFigure    4444----23232323: VRVs ope: VRVs ope: VRVs ope: VRVs operation recordingration recordingration recordingration recording    

 

4.3.4.4.3.4.4.3.4.4.3.4. EnergyEnergyEnergyEnergy consumption measurements  consumption measurements  consumption measurements  consumption measurements     

The option “ΚWH ENERGY METERS” in the first front page of SYMMETRE R300.2 

leads to front page of Figure 4-24 . 

 

Figure Figure Figure Figure 4444----24242424: The front page of energy consumption recording per building’s floor: The front page of energy consumption recording per building’s floor: The front page of energy consumption recording per building’s floor: The front page of energy consumption recording per building’s floor    
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The energy consumption meters deal with the energy consumption of external local 

units and of the lighting systems of the 1st Floor of the new building.   

4.3.5.4.3.5.4.3.5.4.3.5. Control of Control of Control of Control of electricelectricelectricelectric l l l lighting systemighting systemighting systemighting system    

The electric lighting system has been automated only in the new building. The 

scenarios are the same to those of VRVs units of new building. The electric lighting in 

the zones of 1st, 2nd, 3rd, 4th and 5th floor and of the ground floor and mezzanine is 

activated and deactivated automatically, since the relative switches on the lighting 

electric board are in AUTO position. If this doesn’t occur the electric lighting is 

operated only by the wall type button panels. 

External lighting system’s operation is also automated, based on daily time schedule 

(20:00-06:00). The front page of control system of electric lighting is depicted in Figure 

4-25. 

 

Figure Figure Figure Figure 4444----25252525: The front page of : The front page of : The front page of : The front page of electricelectricelectricelectric lighting control system lighting control system lighting control system lighting control system    
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From this front page the user has the option to override the time schedule and control 

the lighting system manually (change the status mode from “auto” to “manual”). 

4.3.6.4.3.6.4.3.6.4.3.6. Connection of automation system withConnection of automation system withConnection of automation system withConnection of automation system with the substation of electrical  the substation of electrical  the substation of electrical  the substation of electrical 

supplysupplysupplysupply----DynamotorDynamotorDynamotorDynamotor    

The Substation of electrical supply and the Dynamotor are located in the 2nd basement 

of the existing building. In Figure 4-26  the relative front page is depicted. 

    

Figure Figure Figure Figure 4444----26262626: The substation of electrical supply representation: The substation of electrical supply representation: The substation of electrical supply representation: The substation of electrical supply representation    

By pressing the button “Electric Plant” we go to the front page presented in Figure 

4-27. The building is supplied by the transformer (i.e. by P.P.C.) and only if there is 

power cut off it is supplied automatically by the Dynamotor.  

    

Figure Figure Figure Figure 4444----27272727: Real time representation of the substation status: Real time representation of the substation status: Real time representation of the substation status: Real time representation of the substation status 
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4.3.7.4.3.7.4.3.7.4.3.7. Connection Connection Connection Connection of automationof automationof automationof automation system with the elevators system with the elevators system with the elevators system with the elevators    

BYTE buildings have 4 elevators. The new building has an elevator for occupants and 

the existing building has 2 elevators for occupants and one for cargo. Their connection 

to the central control system deals with 8 signals in total. Each elevator can trigger a 

fault signal or a signal to free the passengers from the cabinet. The representation of 

the aforementioned signals are depicted for the existing building in the front page of 

6th Floor and for the new building in front pages of 5th Floor and the 2nd basement. 

    

Figure Figure Figure Figure 4444----28282828: The representation of status mode of elevators’ system: The representation of status mode of elevators’ system: The representation of status mode of elevators’ system: The representation of status mode of elevators’ system 

The «normal operation» signal indicates that the elevator is fault free, while the 

«alarm operation» signal indicates a fault in the system. Finally the “alarm” signal 

indicates that in the elevator there are people trapped. 

4.3.8.4.3.8.4.3.8.4.3.8. Fire and Access PlantFire and Access PlantFire and Access PlantFire and Access Plant---- Water and sewage pumps Water and sewage pumps Water and sewage pumps Water and sewage pumps    

The integration of Fire Plant and Access Plant in the central control and management 

system regards 2 control signals: The “fire alarm” and the “alarm operation” signal. 

In the areas of the 2nd basement of the existing building there is the fire extinguish 

installation, which includes 3 fire pumps, the sewage pump, the rainwater pump and 

the potable water pump installation. 
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The signs of the above installations of the 2nd basement have supervisory character. 

When a pump is depicted as “on” is in operation and when the sign is “off” is out of 

operation. Especially for the water pump system, the fault is depicted in SYMMETRE 

as «alarm operation». 

    

FigureFigureFigureFigure    4444----29292929: : : : TheTheTheThe    representationrepresentationrepresentationrepresentation    ofofofof    statusstatusstatusstatus    modemodemodemode    ofofofof    the fire extinguishthe fire extinguishthe fire extinguishthe fire extinguisheseseses installation installation installation installation, the , the , the , the 

rainwater pumprainwater pumprainwater pumprainwater pump    and the potable water pump installaand the potable water pump installaand the potable water pump installaand the potable water pump installationtiontiontion    

4.4.4.4.4.4.4.4. Analysis of the Analysis of the Analysis of the Analysis of the BMS BMS BMS BMS measured measured measured measured data data data data     

In this section the collected by the BMS measured data are analyzed in order to 

investigate the energy and environmental performance of the building in detail and 

therefore to evaluate the measured (operational) rating of BYTE building.  The 

measurements: indoor air temperature, relative humidity, PMV index and CO2 

concentration are analyzed and presented in each floor for new and existing building 

in the following paragraphs. The monitoring time period is from 4/12/05 until 

22/02/06. 
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4.4.1.4.4.1.4.4.1.4.4.1. Measured Measured Measured Measured data of Ground Floordata of Ground Floordata of Ground Floordata of Ground Floor    

4.4.1.1. Thermal performance 

The ground floor has divided into 6 thermal zones in which the temperature values for 

each zone are measured. Those areas are: 

� The reception (existing building), 

� The cargo (existing building),  

� 3 rooms in the new building, and 

� 1 room in the existing building.  

The indoor temperature measurements of Ground Floor for new building are 

presented in Figure 4-30, while for the existing in Figure 4-31. 
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Figure Figure Figure Figure 4444----30303030: Temperature measurements of Ground Floor: Temperature measurements of Ground Floor: Temperature measurements of Ground Floor: Temperature measurements of Ground Floor----New BuildingNew BuildingNew BuildingNew Building    
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Figure Figure Figure Figure 4444----31313131: Temperature measurements of Ground Fl: Temperature measurements of Ground Fl: Temperature measurements of Ground Fl: Temperature measurements of Ground Flooroorooroor----Existing BuildingExisting BuildingExisting BuildingExisting Building    

It is observed that in some cases the temperature values of new building are higher 

than 25oC. This had to be investigated in relation with the VRVs energy consumption 

during the relative time period. As it is referred in Chapter 4.3 the 19 master VRVs 

operation status is recorded by BMS, i.e. whether they are in cool mode (status 3), in 

heat mode (status 1) or in ventilation mode (status 9). After investigating this, is has 

been observed that VRVs had been operated in heat mode except the time period from 

3/2/06 to 6/2/06, when due to system error had been operated in cool mode (Figure 

4-32) 
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Figure Figure Figure Figure 4444----32323232:::: VRVs operation status in Ground Floor of  VRVs operation status in Ground Floor of  VRVs operation status in Ground Floor of  VRVs operation status in Ground Floor of new buildingnew buildingnew buildingnew building    
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The relative humidity values of the Ground Floor are depicted in Figure 4-33. The 

environment is characterized rather dry, since the mean relative humidity value 

varies between 35%-38%. In fact, the relative humidity values are low (30%) during 

the non-working hours and higher (45%-55%) during the working hours. The PMV 

index values of Ground floor are depicted in Figure 4-34 and they are in satisfactory 

levels.  

0

10

20

30

40

50

60

70

1/12/05 0:00 11/12/05 0:00 21/12/05 0:00 31/12/05 0:0010/1/06 0:00 20/1/06 0:00 30/1/06 0:00 9/2/06 0:00 19/2/06 0:00 1/3/06 0:00

Date and Time

R
el

at
iv

e 
H

um
id

ity
 (

%
)

 

Figure Figure Figure Figure 4444----33333333: Relative humidity measurements of Ground Floor: Relative humidity measurements of Ground Floor: Relative humidity measurements of Ground Floor: Relative humidity measurements of Ground Floor----new buildingnew buildingnew buildingnew building    
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Figure Figure Figure Figure 4444----34343434: PMV index for Ground Floor: PMV index for Ground Floor: PMV index for Ground Floor: PMV index for Ground Floor        
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4.4.1.2. Indoor air quality performance 

The indoor air quality of BYTE building is estimated from the CO2 concentration 

measurements, as they are presented in Figure 4-35. The indoor air quality is good, 

given the fact that the major time interval the CO2 concentration value is between 

400-700 ppm. The concentration increment to unacceptable levels occurs instantly and 

the management system resets the values to satisfactory levels immediately.   
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Figure Figure Figure Figure 4444----35353535: CO: CO: CO: CO2222 c c c concentration measurements for Ground Flooroncentration measurements for Ground Flooroncentration measurements for Ground Flooroncentration measurements for Ground Floor    

4.4.2.4.4.2.4.4.2.4.4.2. MeasuredMeasuredMeasuredMeasured data of Mezzanine data of Mezzanine data of Mezzanine data of Mezzanine    

4.4.2.1. Thermal performance 

The measured temperature values in 3 zones of the mezzanine of new building are 

rather high (Figure 4-36). The average temperature value of zone 3 for this time 

period is over the 25oC.  

The measured temperature values in zones of the mezzanine of existing building are 

depicted in Figure 4-37. The temperature values of restaurant are high because of the 

high heat gains. VRV in restaurant does not function in cool mode (Figure 4-38) and 

the energy consumption is low. 
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Figure Figure Figure Figure 4444----36363636: Temperature measur: Temperature measur: Temperature measur: Temperature measurements of mezzanineements of mezzanineements of mezzanineements of mezzanine----new buildingnew buildingnew buildingnew building    
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Figure Figure Figure Figure 4444----37373737: Temperature measurements of mezzanine: Temperature measurements of mezzanine: Temperature measurements of mezzanine: Temperature measurements of mezzanine----existing buildingexisting buildingexisting buildingexisting building    
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Figure Figure Figure Figure 4444----38383838: VRVs operation status in Mezzanine (Res: VRVs operation status in Mezzanine (Res: VRVs operation status in Mezzanine (Res: VRVs operation status in Mezzanine (Restaurant) of existing buildingtaurant) of existing buildingtaurant) of existing buildingtaurant) of existing building    

The measured relative humidity values of mezzanine are depicted in Figure 4-39 and 

PMV index values in Figure 4-40 and are in satisfactory levels. 
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Figure Figure Figure Figure 4444----39393939: Relative humidity measurements of Mezzanine: Relative humidity measurements of Mezzanine: Relative humidity measurements of Mezzanine: Relative humidity measurements of Mezzanine    
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Figure Figure Figure Figure 4444----40404040: PMV index for Mezzanine: PMV index for Mezzanine: PMV index for Mezzanine: PMV index for Mezzanine    

4.4.3.4.4.3.4.4.3.4.4.3. Measured data of 1Measured data of 1Measured data of 1Measured data of 1stststst Floor Floor Floor Floor    

4.4.3.1. Thermal performance 

The 1st Floor is divided into one thermal zone in new building and into three thermal 

zones in the existing building. The temperature values in new building are lower in 

comparison with the mezzanine and ground floor, having average value for the 

specific time period 16oC (Figure 4-41). The temperature values of the existing 

building are increased as we move from zone 2 to zone 5 (Figure 4-42). The VRV of 

zones 4 and 5 measures energy consumption 92 kWh for the specific time period, 

while the VRV of zones 2 and 3 measures no energy consumption. This fact explains 

the higher temperature values in zones 4 and 5, given the fact that zones 2 and 3 are 

meeting rooms (they are not in every day use). 

The relative humidity values of 1st Floor are in satisfactory levels (Figure 4-43). There 

is a decrease of relative humidity during the working hours and an increase during 

night hours (Figure 4-44).   
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Figure Figure Figure Figure 4444----41414141: Temperature measurements of 1: Temperature measurements of 1: Temperature measurements of 1: Temperature measurements of 1stststst Floor  Floor  Floor  Floor ----new buildingnew buildingnew buildingnew building    

0

5

10

15

20

25

30

4/12/05 0:00 14/12/05 0:00 24/12/05 0:00 3/1/06 0:00 13/1/06 0:00 23/1/06 0:00 2/2/06 0:00 12/2/06 0:00 22/2/06 0:00 4/3/06 0:00

Date and Time

T
em

pe
ra

tu
re

 (o C
)

Temperature of 1st Floor Zone 2 -Existing Building

Temperature of 1st Floor Zone 3 -Existing Building

Temperature of 1st Floor Zone 4 -Existing Building

Temperature of 1st Floor Zone 5 -Existing Building

 

Figure Figure Figure Figure 4444----42424242: Temperature measurements of 1: Temperature measurements of 1: Temperature measurements of 1: Temperature measurements of 1stststst Floor Floor Floor Floor    ----existing buildingexisting buildingexisting buildingexisting building    
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Figure Figure Figure Figure 4444----43434343: Relative humidity measurements of 1: Relative humidity measurements of 1: Relative humidity measurements of 1: Relative humidity measurements of 1stststst Floor Floor Floor Floor    
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Figure Figure Figure Figure 4444----44444444: Relative humidity measurements of 1: Relative humidity measurements of 1: Relative humidity measurements of 1: Relative humidity measurements of 1stststst Floor Floor Floor Floor----existing buildingexisting buildingexisting buildingexisting building fo fo fo for one day r one day r one day r one day 

(19/2/2006)(19/2/2006)(19/2/2006)(19/2/2006)    
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4.4.3.2. Indoor air quality performance 

The indoor air quality performance in 1st Floor is estimated from the CO2 

concentration measurements presented in Figure 4-45. It is characterized “good”, 

given the fact that the major time interval the CO2 concentration values range 

between 400-700 ppm. The concentration increment to unacceptable levels occurs 

instantly and the management system resets the values to satisfactory levels 

immediately.   
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Figure Figure Figure Figure 4444----45454545: CO: CO: CO: CO2222 concentration measurements for 1st Floor concentration measurements for 1st Floor concentration measurements for 1st Floor concentration measurements for 1st Floor    

4.4.4.4.4.4.4.4.4.4.4.4. Measured data of 2Measured data of 2Measured data of 2Measured data of 2ndndndnd Floor Floor Floor Floor    

4.4.4.1. Thermal performance 

The temperature measurements of 2nd Floor in new and existing building are depicted 

in Figure 4-46 and in Figure 4-47. The recorded values are in normal levels, apart 

from these of server room which are higher.  The relative humidity measured values 

are in acceptable levels (Figure 4-48) and the PMV index values are in comfort area (-

0.7<PMV<0.7) (Figure 4-49).  
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Figure Figure Figure Figure 4444----46464646: Temperature measurements of 2: Temperature measurements of 2: Temperature measurements of 2: Temperature measurements of 2ndndndnd Floor  Floor  Floor  Floor ----new buildingnew buildingnew buildingnew building    
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Figure Figure Figure Figure 4444----47474747: Temperature measurements of 2: Temperature measurements of 2: Temperature measurements of 2: Temperature measurements of 2ndndndnd Floor  Floor  Floor  Floor ––––existing buildingexisting buildingexisting buildingexisting building    
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Figure Figure Figure Figure 4444----48484848: Relative Humidity measurements of 2: Relative Humidity measurements of 2: Relative Humidity measurements of 2: Relative Humidity measurements of 2ndndndnd Floor Floor Floor Floor    
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FiguFiguFiguFigure re re re 4444----49494949: PMV index for 2: PMV index for 2: PMV index for 2: PMV index for 2ndndndnd    Floor Floor Floor Floor ––––Zone 3Zone 3Zone 3Zone 3    
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4.4.4.2. Indoor air quality performance 

The CO2 concentration measured values are in satisfactory levels (400-800 ppm) 

(Figure 4-50).  
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Figure Figure Figure Figure 4444----50505050: CO: CO: CO: CO2222 concentration measurements for 2 concentration measurements for 2 concentration measurements for 2 concentration measurements for 2ndndndnd    FloorFloorFloorFloor    

4.4.5.4.4.5.4.4.5.4.4.5. Measured data of 3Measured data of 3Measured data of 3Measured data of 3rdrdrdrd Floor Floor Floor Floor    

4.4.5.1. Thermal performance 

The 3rd floor is divided into one thermal zone in the new building into three zones in 

the existing building. The temperature values in the area of the new building are 

lower than these of the existing building (Figure 4-51 and Figure 4-52). The VRV is in 

heat mode for the entire time period. In general the recorded temperatures are in 

satisfactory levels. The relative humidity and the PMV index values of the 3rd floor 

are in comfort area (Figure 4-53 and Figure 4-54). 
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Figure Figure Figure Figure 4444----51515151: Temperature measurements of 3: Temperature measurements of 3: Temperature measurements of 3: Temperature measurements of 3rdrdrdrd Floor  Floor  Floor  Floor ----new buildingnew buildingnew buildingnew building    
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Figure Figure Figure Figure 4444----52525252: Temperature measurements of 3: Temperature measurements of 3: Temperature measurements of 3: Temperature measurements of 3rdrdrdrd Floor  Floor  Floor  Floor ----existingexistingexistingexisting building building building building    
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Figure Figure Figure Figure 4444----53535353: Relative Humidity measurements of 3: Relative Humidity measurements of 3: Relative Humidity measurements of 3: Relative Humidity measurements of 3rdrdrdrd Floor Floor Floor Floor    
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Figure Figure Figure Figure 4444----54545454: PMV index for 3: PMV index for 3: PMV index for 3: PMV index for 3rdrdrdrd Floor Floor Floor Floor    
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4.4.5.2. Indoor air quality performance 

The indoor air quality performance in 1st Floor is estimated from the CO2 

concentration measurements presented in Figure 4-55. It is characterized “good”, 

given the fact that the major time interval the CO2 concentration values range 

between 600-800 ppm. As it is observed that there is not variation of the 

concentration values and this occurs because of the low zone use.  
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Figure Figure Figure Figure 4444----55555555: CO: CO: CO: CO2222 concentration measurements for 3 concentration measurements for 3 concentration measurements for 3 concentration measurements for 3rdrdrdrd Floor Floor Floor Floor    

4.4.6.4.4.6.4.4.6.4.4.6. MeasuredMeasuredMeasuredMeasured data of 4 data of 4 data of 4 data of 4thththth Floor Floor Floor Floor    

4.4.6.1. Thermal performance 

The 4th floor is also divided into one thermal zone in the new building into three zones 

in the existing building. The temperature measurements are presented in Figure 4-56 

and Figure 4-57. In general the temperatures values are at satisfactory levels (22˚C 

on average). The relative humidity and the PMV index values are in comfort area 

(Figure 4-58 and Figure 4-59). 
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Figure Figure Figure Figure 4444----56565656: Temperature measurements of 4: Temperature measurements of 4: Temperature measurements of 4: Temperature measurements of 4thththth Floor  Floor  Floor  Floor ----new buildingnew buildingnew buildingnew building    
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Figure Figure Figure Figure 4444----57575757: Temperature measurements of 4: Temperature measurements of 4: Temperature measurements of 4: Temperature measurements of 4thththth Floor  Floor  Floor  Floor ----existing buildingexisting buildingexisting buildingexisting building    
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Figure Figure Figure Figure 4444----58585858: Relative Humidi: Relative Humidi: Relative Humidi: Relative Humidity measurements of 4ty measurements of 4ty measurements of 4ty measurements of 4thththth Floor Floor Floor Floor    
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Figure Figure Figure Figure 4444----59595959: PMV index for 4: PMV index for 4: PMV index for 4: PMV index for 4thththth Floor Floor Floor Floor    
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4.4.6.2. Indoor air quality performance 

The indoor air quality is characterized “good”, since the CO2 concentration varying 

between 500-750 ppm during the time period of measurements (Figure 4-60). 
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Figure Figure Figure Figure 4444----60606060: CO: CO: CO: CO2222 concentration measurements for 4 concentration measurements for 4 concentration measurements for 4 concentration measurements for 4thththth Floor Floor Floor Floor    

4.4.7.4.4.7.4.4.7.4.4.7. Measured data of 5Measured data of 5Measured data of 5Measured data of 5thththth Floor Floor Floor Floor    

4.4.7.1. Thermal performance 

The 5th floor is also divided into one thermal zone in the new building into three zones 

in the existing building. The temperature measurements are presented in Figure 4-61 

and Figure 4-62. In general the temperatures values are at satisfactory levels.  The 

relative humidity of the 5th floor ranges between 45-75% and rises the hours the 

building is not in use (Figure 4-63). The PMV index indicates that the thermal 

comfort in satisfactory levels (Figure 4-64). 
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Figure Figure Figure Figure 4444----61616161: Temperature measurements of 5: Temperature measurements of 5: Temperature measurements of 5: Temperature measurements of 5thththth Floor  Floor  Floor  Floor ----new buildingnew buildingnew buildingnew building    
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Figure Figure Figure Figure 4444----62626262: Temperature measurements of 5: Temperature measurements of 5: Temperature measurements of 5: Temperature measurements of 5thththth Floor  Floor  Floor  Floor ----existing buildingexisting buildingexisting buildingexisting building    
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Figure Figure Figure Figure 4444----63636363: Relative Humidity measurements of 5: Relative Humidity measurements of 5: Relative Humidity measurements of 5: Relative Humidity measurements of 5thththth Floor Floor Floor Floor    
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Figure Figure Figure Figure 4444----64646464: PMV index for 5: PMV index for 5: PMV index for 5: PMV index for 5thththth Floor Floor Floor Floor    
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4.4.7.2. Indoor air quality performance 

The indoor air quality in 5th Floor is in very good levels, from the CO2 values 

presented in Figure 4-65. 
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Figure Figure Figure Figure 4444----65656565: : : : COCOCOCO2222 concentration measurements for 5 concentration measurements for 5 concentration measurements for 5 concentration measurements for 5thththth Floor Floor Floor Floor    

4.4.8.4.4.8.4.4.8.4.4.8. Measured data of 6Measured data of 6Measured data of 6Measured data of 6thththth Floor Floor Floor Floor    

4.4.8.1. Thermal performance 

The 6th floor has only zones in the existing building. The temperature measurements 

are presented in Figure 4-66. The thermal comfort is at a satisfactory level as shown 

by the relative humidity and PMV index values (Figure 4-67 and Figure 4-68). 
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Figure Figure Figure Figure 4444----66666666: Temperature measurements of 6: Temperature measurements of 6: Temperature measurements of 6: Temperature measurements of 6thththth Floor  Floor  Floor  Floor ----existing buildingexisting buildingexisting buildingexisting building    
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Figure Figure Figure Figure 4444----67676767: Relative Humidity measurements of 6: Relative Humidity measurements of 6: Relative Humidity measurements of 6: Relative Humidity measurements of 6thththth Floor Floor Floor Floor    
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Figure Figure Figure Figure 4444----68686868: PMV index for: PMV index for: PMV index for: PMV index for 6 6 6 6thththth Floor Floor Floor Floor    

4.4.8.2. Indoor air quality performance 

The zone of the 6th floor where the CO2 concentration is measured is a meeting 

room, so the fluctuations of indoor air quality are minimal (Figure 4-69). 
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Figure Figure Figure Figure 4444----69696969: CO: CO: CO: CO2222 concentration measurements for 6 concentration measurements for 6 concentration measurements for 6 concentration measurements for 6thththth Floor Floor Floor Floor    
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4.4.9.4.4.9.4.4.9.4.4.9. Measured data of 7Measured data of 7Measured data of 7Measured data of 7thththth Floor Floor Floor Floor    

4.4.9.1. Thermal performance 

The temperature levels of the 7th floor and the indoor thermal comfort are in 

satisfactory levels (Figure 4-70 and Figure 4-71 and Figure 4-72). 
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Figure Figure Figure Figure 4444----70707070: Temperature measurements of 7: Temperature measurements of 7: Temperature measurements of 7: Temperature measurements of 7thththth Floor  Floor  Floor  Floor ----exexexexisting buildingisting buildingisting buildingisting building    
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Figure Figure Figure Figure 4444----71717171: Relative Humidity measurements of 7: Relative Humidity measurements of 7: Relative Humidity measurements of 7: Relative Humidity measurements of 7thththth Floor Floor Floor Floor    
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Figure Figure Figure Figure 4444----72727272: PMV index for 7: PMV index for 7: PMV index for 7: PMV index for 7thththth Floor Floor Floor Floor    

4.4.9.2. Indoor air quality performance 

The zone of the 7th floor where the CO2 concentration is measured is a meeting room, 

so the fluctuations of indoor air quality are minimal (Figure 4-73). 
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Figure Figure Figure Figure 4444----73737373: CO: CO: CO: CO2222 concentr concentr concentr concentration measurements for 7ation measurements for 7ation measurements for 7ation measurements for 7thththth Floor Floor Floor Floor    
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4.4.10.4.4.10.4.4.10.4.4.10. The energy consumption of BYTE buildingThe energy consumption of BYTE buildingThe energy consumption of BYTE buildingThe energy consumption of BYTE building    

Based on the annual energy consumption, the building of BYTE consumes 135kWh/m2 

annually. The total energy consumption for the months that e-building had been 

installed in BYTE was about 107600 kWh and consumption for heating was 17130 

kWh i.e. the 16% of the total. BYTE therefore consumes for heating about the 15-16% 

of total consumption while the remaining 85% is the consumption for electric lighting 

and appliances. The energy consumption per floor area for January and February of 

2006 are shown in Figure 4-74 and Figure 4-75 respectively. The highest consumption 

is recorded at the server rooms where the recorded temperature values are higher 

than the other zones. 

0

200

400

600

800

1000

1200

A B C D E F G H I J K L M N O P Q R

Group of Zones

E
n

er
g

y 
C

on
su

m
p

tio
n

 (
kW

h)

 

A=Reception-Cargo1 J=Zones 4+5 3rd floor 

B=Seminar room K=Zones 2+3 4th floor 

C=Restaurant L=Zones 4+5 4th floor 

D=Cargo 2 M=Zones 3+4 5th floor 

E=Zones 1+2 1st floor N=Zones 5+6 5th floor 

F=Zones 4+5 1st floor O=Zones 1+2 6th floor 

G=Server Room+Zone 2 2nd floor P=Zones 3+4 6th floor 

H=Zones 3+4 2nd floor Q=Zones 1,2,3 7th floor 

I=Zones 2+3 3rd floor R=Zones 4+5 7th floor 

Figure Figure Figure Figure 4444----74747474: : : : The energy consumption for heating, cooling and ventilation of BYTE in January The energy consumption for heating, cooling and ventilation of BYTE in January The energy consumption for heating, cooling and ventilation of BYTE in January The energy consumption for heating, cooling and ventilation of BYTE in January 

2006200620062006    
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Figure Figure Figure Figure 4444----75757575: : : : The energy consumption for heating, cooling and ventilation of BYTE in February The energy consumption for heating, cooling and ventilation of BYTE in February The energy consumption for heating, cooling and ventilation of BYTE in February The energy consumption for heating, cooling and ventilation of BYTE in February 

2006200620062006    

4.5.4.5.4.5.4.5. The simulation The simulation The simulation The simulation of BYTE of BYTE of BYTE of BYTE bbbbuilding in TRNSYSuilding in TRNSYSuilding in TRNSYSuilding in TRNSYS    

4.5.1.1. Measured Data 

The measured data from the existing ASCII log files were used, as collected from the 

sensors installed in the building. From this data set, the following measured data 

were used for the model validation:    

� The hourly values of indoor air temperature for each thermal zone of building 

� The VRV units’ hourly energy consumption values in each building zone.  

The measurements period was from 01/01/06 to 20/02/06 and from 23/05 0:00 to 25/07 

23:00. Due to a system malfunction no data were available for the period from 

07/01/06 to 11/01/06.  

4.5.1.2. Building thermal zones 

As needed by the simulation process, the building (both the existing and the new part) 

was divided in 45 thermal zones. A first definition of the zones was available from the 

Ε-Building project (Kolokotsa et al., 2006). However, the final definition of the zones 
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was made after taking into consideration the distribution of thermal and cooling 

loads, the use of each space and its exposure to solar radiation 

4.5.1.3. Simulation parameters 

The main inputs to the simulation program are the following:  

a) The hourly climatic data of Athens Greece was obtained by National Observatory of 

Athens measurements for the year 2006 that correspond to the same days of the 

BYTE’s building measurements (ambient temperature, relative humidity, diffuse and 

global radiation, wind speed and direction). The meteorological data for the time 

periods of measurements (winter period 1/1/2006-20/2/2006 and summer period 

23/5/2006 – 25/7/2006) are depicted in Figures 4-76 to 4-85. 

b) The geometric and construction elements of the building. For each thermal zone, 

walls, openings, floor and ceiling were modeled according to the architectural 

diagrams. In addition, the external environment of the building was modeled 

(building orientation, shading from neighboring buildings). 

c) The heating/cooling system. VRV local units of varying power (1.3 HP, 1.6 HP and 2 

ΗΡ) are installed in all thermal zones. Based on the mechanical floor plans and also 

the in-situ measurements, the heating and cooling power was measured and 

calculated for each thermal zone. 

d)  The infiltration and ventilation of the building. There were not available 

measurements of ventilation rates for BYTE building. The zone infiltration rate was 

presumed to be equal to 0.3-0.5 ach, while ventilation was considered to be 30 

m3/h/person in spaces where smoking is prohibited and 90 m3/h/person in spaces 

where smoking is allowed (design values provided by the building designer and the 

insulation study for the building). In order to correct and verify these values, in situ 

visits to the building were conducted, during which the difference in ventilation rates 

between the various zones especially due to occupants’ behavior was noticed.  

Therefore for the non smoking zones the ventilation rate for the simulation procedure 

is equal to 30 m3/h/person while for the smoking zones is ranging between 4-8 ach, 

taking into account the TOTEE 1986 standards for offices [Technical Guideline 

2425/86, 1986].    
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e) The internal gains of the building. In order to calculate the internal gains for each 

zone, the number of workers, computers, the number and power of lights, as well as 

other devices (printers, scanners, photocopiers, and restaurant ovens) was measured.  

The main outputs of TRNSYS are the indoor air temperature at each thermal zone, 

the heating, cooling and ventilation load. The simulation parameters (TRNSYS 

routines-TYPES) are listed in Table 4-6. 
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Figure Figure Figure Figure 4444----76767676: Ambient Temperature for winter period : Ambient Temperature for winter period : Ambient Temperature for winter period : Ambient Temperature for winter period     
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Figure Figure Figure Figure 4444----77777777: Ambient Temperature for summer period : Ambient Temperature for summer period : Ambient Temperature for summer period : Ambient Temperature for summer period     
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Figure Figure Figure Figure 4444----78787878: Diffuse Solar Radiation for winter period : Diffuse Solar Radiation for winter period : Diffuse Solar Radiation for winter period : Diffuse Solar Radiation for winter period     
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Figure Figure Figure Figure 4444----79797979: Diffuse Solar Radiation for summer period : Diffuse Solar Radiation for summer period : Diffuse Solar Radiation for summer period : Diffuse Solar Radiation for summer period     
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Figure Figure Figure Figure 4444----80808080: Total Solar Radiation : Total Solar Radiation : Total Solar Radiation : Total Solar Radiation in ain ain ain a    horizontal surface horizontal surface horizontal surface horizontal surface for winter period for winter period for winter period for winter period     
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Figure Figure Figure Figure 4444----81818181: Total Solar Radiation in a horizontal surface for summer period : Total Solar Radiation in a horizontal surface for summer period : Total Solar Radiation in a horizontal surface for summer period : Total Solar Radiation in a horizontal surface for summer period     
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Figure Figure Figure Figure 4444----82828282: Wind speed for winter period : Wind speed for winter period : Wind speed for winter period : Wind speed for winter period     
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Figure Figure Figure Figure 4444----83838383: Wind speed for summer period : Wind speed for summer period : Wind speed for summer period : Wind speed for summer period     
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Figure Figure Figure Figure 4444----84848484: Relative Humidity for winter period : Relative Humidity for winter period : Relative Humidity for winter period : Relative Humidity for winter period     
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Figure Figure Figure Figure 4444----85858585: Relative Humidity for summer period : Relative Humidity for summer period : Relative Humidity for summer period : Relative Humidity for summer period     

In Figure 4-86 the TRNBuild Input Interface for BYTE building is presented and in 

Figure 4-87 the Simulation Model of BYTE building is depicted.  
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Figure Figure Figure Figure 4444----86868686: TRNBuild Input Data interface for the building of BYTE: TRNBuild Input Data interface for the building of BYTE: TRNBuild Input Data interface for the building of BYTE: TRNBuild Input Data interface for the building of BYTE    

Weather data of Athens

Type16c

Type69b

Type33e

Type56a Type25a

 

Figure Figure Figure Figure 4444----87878787: The Simulation Model of BYTE building in TRNSYS Simulation Studio: The Simulation Model of BYTE building in TRNSYS Simulation Studio: The Simulation Model of BYTE building in TRNSYS Simulation Studio: The Simulation Model of BYTE building in TRNSYS Simulation Studio    
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Table Table Table Table 4444----6666: The parameters of BYTE’s simulation model: The parameters of BYTE’s simulation model: The parameters of BYTE’s simulation model: The parameters of BYTE’s simulation model    

 

 

The simulation was performed from 01/01 0:00 to 31/12 23:00 with simulation time 

step equal to 1h. The hourly values of the indoor zone temperature and the 

heating/cooling/ventilation loads for each zone of the building have been calculated. 

4.5.2.4.5.2.4.5.2.4.5.2. Simulation results and comparison with measurementsSimulation results and comparison with measurementsSimulation results and comparison with measurementsSimulation results and comparison with measurements    

4.5.2.1. Indoor air temperature results 

In order to evaluate the validity and reliability of the building model, the hourly 

measurements of the indoor air temperature for the 45 thermal zones of the building 

are compared to their equivalents in the model result set. The time period of 

comparison was between 01/01 0:00 and 20/02 0:00 (winter period) and between 23/05 

0:00 and 25/07 23:00 (summer period).   

Due to the large volume of the results, the simulated mean temperature for each floor 

and for each zone for the existing and the new part of the building is compared to the 

measured values.  In Table 4-7, the measured and calculated (through the TRNSYS 

simulation) values are presented, for each floor for the 2 time periods we have 

obtained measurements. As illustrated in Figure 4-88 and Figure 4-89, there is a good 

level of agreement between the two sets of data. 

    

ParameterParameterParameterParameter    TRNSYS TypeTRNSYS TypeTRNSYS TypeTRNSYS Type    CommentsCommentsCommentsComments    

INPUTSINPUTSINPUTSINPUTS    

Climatic Data Data reader Athens (Greece) 

Building Data 56 Using TRNBuild 

Psychrometrics 33e  

Effective sky temperature for 
long-wave radiation exchange 

69b  

OUTPUTSOUTPUTSOUTPUTSOUTPUTS    

TIN  
Indoor air temperature 
for each thermal zone 

QHEAT 
QCOOL 
QVENT 

 
Energy Demand for 
heating, cooling and ventilation. 
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Table Table Table Table 4444----7777: : : : Measured and calculated mean temperature for each floor of BYTE’s buildingMeasured and calculated mean temperature for each floor of BYTE’s buildingMeasured and calculated mean temperature for each floor of BYTE’s buildingMeasured and calculated mean temperature for each floor of BYTE’s building    

Group of zonesGroup of zonesGroup of zonesGroup of zones    measuredT  ( ( ( (ooooC)C)C)C)    TRNSYST  ( ( ( (ooooC)C)C)C)    DIFFDIFFDIFFDIFF    DIFF (%)DIFF (%)DIFF (%)DIFF (%)    

Time Period: 01/01/2006 – 20/02/2006 
Basement new 17.8 16.9 -0.91 -5.11 
Basement existing 19.9 17.8 -2.08 -10.46 
Mezzanine new 22.2 20.5 -1.74 -7.82 
Mezzanine existing 22.2 20.1 -2.16 -9.73 
1st Floor new 15.8 15.3 -0.54 -3.44 
1st Floor existing 19.9 19.0 -0.84 -4.25 
2nd Floor new 17.3 16.6 -0.74 -4.27 
2nd Floor existing 20.7 20.1 -0.66 -3.16 
3rd Floor new 18.1 17.6 -0.48 -2.63 
3rd Floor existing 20.8 19.6 -1.15 -5.55 
4th Floor new 19.3 17.6 -1.67 -8.66 
4th Floor existing 21.9 20.2 -1.75 -7.98 
5th Floor new 16.2 14.6 -1.57 -9.71 
5th Floor existing 22.2 20.5 -1.71 -7.71 
6th Floor existing 21.5 18.9 -2.60 -12.08 
7th Floor existing 19.3 18.4 -0.82 -4.26 
AVERAGEAVERAGEAVERAGEAVERAGE            ----1.341.341.341.34    ----6.686.686.686.68    
Time Period: 23/05/2006 – 25/07/2006 
Basement new 25.1 25.9 0.78 3.12 
Basement existing 26.4 27.1 0.74 2.81 
Mezzanine new 28.0 28.8 0.83 2.97 
Mezzanine existing 26.4 27.1 0.65 2.47 
1st Floor new 27.3 28.2 0.91 3.32 
1st Floor existing 25.4 26.0 0.57 2.24 
2nd Floor new 26.1 27.3 1.24 4.75 
2nd Floor existing 25.4 26.3 0.93 3.66 
3rd Floor new 25.1 26.7 1.63 6.49 
3rd Floor existing 25.8 26.2 0.43 1.65 
4th Floor new 25.1 26.9 1.83 7.31 
4th Floor existing 26.1 27.4 1.31 5.02 
5th Floor new 25.6 26.3 0.65 2.54 
5th Floor existing 26.4 26.9 0.49 1.84 
6th Floor existing 26.0 26.8 0.78 3.00 
7th Floor existing 25.7 26.5 0.83 3.25 
    AVERAGEAVERAGEAVERAGEAVERAGE            0.910.910.910.91    3.533.533.533.53    

Where: measuredT  is the measured mean temperature, TRNSYST  is the predicted mean 

temperature, DIFF is the difference between the measured and the predicted value and D% 

the difference percentage between the measured and the predicted value. 
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Figure Figure Figure Figure 4444----88888888: Comparison of the calcula: Comparison of the calcula: Comparison of the calcula: Comparison of the calculated mean temperatures of the group of zones using the ted mean temperatures of the group of zones using the ted mean temperatures of the group of zones using the ted mean temperatures of the group of zones using the 

simulation model in TRNSYS and the measured values for the time period 01/01/2006 simulation model in TRNSYS and the measured values for the time period 01/01/2006 simulation model in TRNSYS and the measured values for the time period 01/01/2006 simulation model in TRNSYS and the measured values for the time period 01/01/2006 ––––    

20/02/2006.20/02/2006.20/02/2006.20/02/2006.    
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Figure Figure Figure Figure 4444----89898989: Comparison of the calculated mean temperatu: Comparison of the calculated mean temperatu: Comparison of the calculated mean temperatu: Comparison of the calculated mean temperatures of the group of zones using the res of the group of zones using the res of the group of zones using the res of the group of zones using the 

simulation model in TRsimulation model in TRsimulation model in TRsimulation model in TRΝΝΝΝSYS and the measured values for the tSYS and the measured values for the tSYS and the measured values for the tSYS and the measured values for the tιιιιme period 23/05/2006 me period 23/05/2006 me period 23/05/2006 me period 23/05/2006 ––––    

25/07/2006.25/07/2006.25/07/2006.25/07/2006.    
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Regarding the maximum and minimum temperatures during the two time periods 

being studied, we can observe the following:  

For the time period 01/01/2006 – 20/02/2006: The temperature in all zones ranges 

from 13.2 οC to 25.1 οC in average, while the corresponding value range produced by 

the TRNSYS simulation is from 13.7 οC to 25.8 οC.  

For each individual thermal zone, the maximum temperature value calculated by 

TRNSYS differs from the maximum measured one at a percentage ranging from 0.1% 

(7th Floor Zone 2) to 9.2% (Mezzanine Zone 3), while for the minimum values the 

difference percentage ranges from 0.1%  (1st Floor Zone 2) to 10.5% (Ground Zone 5). 

For the second time period, 23/05/2006 – 25/07/2006: The temperature in all zones 

ranges from 19.7 οC to 31.4 οC in average, while the corresponding value range 

produced by the TRNSYS simulation is from 20.5 οC έως 32.2 οC. 

For each individual thermal zone, the maximum temperature value calculated by 

TRNSYS differs from the maximum measured one at a percentage ranging from 0.4% 

(7th Floor Zone 2) to 10.2% (Mezzanine Zone 3), while for the minimum values the 

difference percentage ranges from 0.2% (Mezzanine Zone 3) to 10.1% (2nd Floor Zone 

2). 

Based on the simulation results, we observe that the simulation model calculates, in 

average, lower values of indoor temperature compared to the corresponding 

measurements in winter, and higher ones compared to the measurements in summer. 

This is due to the fact that the simulation model cannot predict the human factor, 

namely the building users who reported, during interviews, that they increase the set 

point of the local units during winter and lower the set point during summer in order 

to achieve a subjective level of thermal comfort. On the contrary, the model considers 

a fixed set point for all thermal zones (21ο C during winter and 26ο C during summer).  

Moreover, the differences observed can be attributed to the fact that the majority of 

the workers extend their stay beyond the standard working hours. As a result, the 

local heating and cooling units operate beyond the time periods taken into account by 

the model. Consequently, the average winter temperature calculated by TRNSYS is 

slightly higher than the measured one, while the opposite is true for the average 

summer temperatures. 
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The above observations apply to the occupied thermal zones of the building, which 

also is the majority of the zones.  For the thermal zones that are not occupied daily 

(seminar and meeting rooms) we cannot accurately predict the indoor temperature 

because the local heating and cooling units are activated only in case these zones 

become occupied, and during an undefined period. In order to reduce the deviations 

between simulation and measured values, we assumed that the meeting rooms are 

occupied once a week and for a 4-hour period, while the seminar rooms are considered 

to be occupied twice a month for a 6-hour period. The unoccupied zones are located in 

the new part of BYTE building which explains the fact that in the Table 4-7, the 

greater difference in calculated and measured mean temperature values are observed 

in zones located in the new part of the building. 

For the validation of the model, a comparison between the real and simulated hourly 

values of the internal zonal temperatures of the building had to be carried out. Taking 

into account the real HVAC operation schedule, according to the audit, and the 

standard operation of BMS schedule, two days (one of winter and one of summer 

period) have been selected where the operation of the air conditioners followed the 

given daily schedule in representative zones. In Table 4-8 the RMSE day between 

measured and calculated values has been calculated for the representative zones.  

24
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Also, the Figure 4-90 to Figure 4-97 contain plots of the measured indoor 

temperature, the corresponding values calculated by simulation, the difference 

between measurements and simulation and the ambient temperature for the four 

thermal zones and for the days of 15/02/06 and 05/07/06. 
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Figure Figure Figure Figure 4444----90909090: Measured and calculated indoor air temperature of Basement Zone 2 (Seminar : Measured and calculated indoor air temperature of Basement Zone 2 (Seminar : Measured and calculated indoor air temperature of Basement Zone 2 (Seminar : Measured and calculated indoor air temperature of Basement Zone 2 (Seminar 

Room) for the day of 15/02/2006Room) for the day of 15/02/2006Room) for the day of 15/02/2006Room) for the day of 15/02/2006    
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Figure Figure Figure Figure 4444----91919191: Measured and calculated indoor air temperature of 2: Measured and calculated indoor air temperature of 2: Measured and calculated indoor air temperature of 2: Measured and calculated indoor air temperature of 2ndndndnd Floor Zone 5 (Laboratory)  Floor Zone 5 (Laboratory)  Floor Zone 5 (Laboratory)  Floor Zone 5 (Laboratory) 

for the day of 15/02/2006for the day of 15/02/2006for the day of 15/02/2006for the day of 15/02/2006    
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Figure Figure Figure Figure 4444----92929292: Measured and calculated indoor air temperature of 5: Measured and calculated indoor air temperature of 5: Measured and calculated indoor air temperature of 5: Measured and calculated indoor air temperature of 5thththth Floor Zone 4 (Offi Floor Zone 4 (Offi Floor Zone 4 (Offi Floor Zone 4 (Office) for ce) for ce) for ce) for 

the day of 15/02/2006the day of 15/02/2006the day of 15/02/2006the day of 15/02/2006    
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Figure Figure Figure Figure 4444----99993333: Measured and calculated indoor air temperature of 6: Measured and calculated indoor air temperature of 6: Measured and calculated indoor air temperature of 6: Measured and calculated indoor air temperature of 6thththth Floor Zone 3 (Office) for  Floor Zone 3 (Office) for  Floor Zone 3 (Office) for  Floor Zone 3 (Office) for 

the day of 15/02/2006the day of 15/02/2006the day of 15/02/2006the day of 15/02/2006    
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Figure Figure Figure Figure 4444----94949494: Measured and calculated indoor air temperature of Basement Zone 2 (Seminar : Measured and calculated indoor air temperature of Basement Zone 2 (Seminar : Measured and calculated indoor air temperature of Basement Zone 2 (Seminar : Measured and calculated indoor air temperature of Basement Zone 2 (Seminar 

Room) for the day of 05/07/2006Room) for the day of 05/07/2006Room) for the day of 05/07/2006Room) for the day of 05/07/2006    
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Figure Figure Figure Figure 4444----95959595: Measured and calculated indoor air temperature of 2: Measured and calculated indoor air temperature of 2: Measured and calculated indoor air temperature of 2: Measured and calculated indoor air temperature of 2ndndndnd Floor Zone 5 (Laboratory)  Floor Zone 5 (Laboratory)  Floor Zone 5 (Laboratory)  Floor Zone 5 (Laboratory) 

for for for for the day of 05/07/2006the day of 05/07/2006the day of 05/07/2006the day of 05/07/2006    
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Figure Figure Figure Figure 4444----96969696: Measured and calculated indoor air temperature of 5: Measured and calculated indoor air temperature of 5: Measured and calculated indoor air temperature of 5: Measured and calculated indoor air temperature of 5thththth Floor Zone 4 (Office) for  Floor Zone 4 (Office) for  Floor Zone 4 (Office) for  Floor Zone 4 (Office) for 

the day of 05/07/2006.the day of 05/07/2006.the day of 05/07/2006.the day of 05/07/2006.    
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Figure Figure Figure Figure 4444----97979797: Measu: Measu: Measu: Measured and calculated indoor air temperature of 6red and calculated indoor air temperature of 6red and calculated indoor air temperature of 6red and calculated indoor air temperature of 6thththth Floor Zone 3 (Office) for  Floor Zone 3 (Office) for  Floor Zone 3 (Office) for  Floor Zone 3 (Office) for 

the day of 05/07/2006.the day of 05/07/2006.the day of 05/07/2006.the day of 05/07/2006.    
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Table Table Table Table 4444----8888: RMSE : RMSE : RMSE : RMSE for hourly indoor temperature values of selected zones for 2 selected daysfor hourly indoor temperature values of selected zones for 2 selected daysfor hourly indoor temperature values of selected zones for 2 selected daysfor hourly indoor temperature values of selected zones for 2 selected days    

Thermal ZoneThermal ZoneThermal ZoneThermal Zone    RMSE foRMSE foRMSE foRMSE for hourly indoor temperature valuesr hourly indoor temperature valuesr hourly indoor temperature valuesr hourly indoor temperature values    
((((ºC)C)C)C)    

    15/02/200615/02/200615/02/200615/02/2006    05/07/200605/07/200605/07/200605/07/2006    
Basement Zone 2 (Seminar Room) 2.7 1.5 
2nd Floor Zone 5 (Laboratory) 0.5 1.5 
5th Floor Zone 4 (Office) 2.6 1.0 
6th Floor Zone 3 (Office) 3.0 1.8 

 

We can observe in the above figures that the measured indoor air temperature is 

higher than the corresponding calculated one during the operating hours of the 

building. These differences are obviously caused by the higher thermal gains due to 

the higher number of people occupying the zone in comparison to the number 

considered by the model. 

In Figure 4-91, the deviations are considerably smaller compared to the Figure 4-90, 

due to the fact that this zone is a laboratory that operates on predefined conditions 

and is occupied daily by a fixed number of workers. 

In Figure 4-92, we observe a relatively good approximation of the indoor air 

temperature by the simulation model. During a certain time period, the measured 

values are slightly higher than the calculated ones. 

In Figure 4-93, we note that during the hours that the thermal zone is unoccupied, the 

measured and calculated values of the indoor air temperature are in total agreement. 

In simulation, we considered that the office and therefore the thermal unit located 

inside, operates from 09:00, which leads to elevated indoor air temperature values, 

while in reality the one worker that occupies this thermal zone activates the unit from 

12:00 to 21:00.  

In Figure 4-94, it should be noted that there is a variation of the measured 

temperature during the operating hours of the building, which can be attributed to 

the occasional use of the seminar room during that day. 

Similarly in Figure 4-95, the indoor air temperature is subject to variations during the 

operation of the laboratory, apparently attributed to the activation/deactivation of the 

air-conditioning system. 

In Figure 4-96 and Figure 4-97, the calculated temperature values are higher than the 

measured ones and there are great variations in measured values during the day. 
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This may be caused by a decrease of the local units’ set point and by consecutive 

activations/deactivations of the cooling system. 

4.5.2.2. Energy consumption for heating, cooling and ventilation 

During the installation of the ΒΜS in the BYTE’s building, energy consumption 

meters were installed on every VRV unit. These meters record the total hourly energy 

consumption for heating, cooling and ventilation. Having obtained measurements for 

the time period from 01/01/06 to 20/02/06, a comparison is performed with the 

corresponding energy consumption values produced by the simulation of the BYTE’s 

building during the same time period. It should be mentioned that no energy 

consumption data were available for the summer period. The results are presented in 

Table 4-9. 

From Table 4-9 and Figure 4-98, we note that during the period 01/01/06-20/02/06 the 

values calculated by the simulation model are lower than the measured ones. This 

conforms to the observations so far and is justified by the fact that local units operate 

for a longer time than the one assumed by the model either because of workers 

staying late at their offices or because of some offices being occupied on weekends 

when the model considers the heating/cooling system to be deactivated in the whole 

building. Moreover, in case of rooms that are not permanently occupied (seminar and 

meeting rooms), it is not possible to predict the energy consumption since we cannot 

determine the frequency and duration of the operation of the heating/cooling system. 

In Figure 4-99, we conclude that there is a good agreement between the measured and 

the calculated energy consumptions for the group of studied zones. 
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Table Table Table Table 4444----9999: Measured and Calculated energy consumption for heating, cooling and ventilation : Measured and Calculated energy consumption for heating, cooling and ventilation : Measured and Calculated energy consumption for heating, cooling and ventilation : Measured and Calculated energy consumption for heating, cooling and ventilation     

    Energy Consumption of thermal zones (kWh)Energy Consumption of thermal zones (kWh)Energy Consumption of thermal zones (kWh)Energy Consumption of thermal zones (kWh)    

Thermal ZonesThermal ZonesThermal ZonesThermal Zones    EXPEXPEXPEXP    TRNTRNTRNTRN    DIFFDIFFDIFFDIFF    

Reception-Cargo1 0 0 0 

Seminar room 0 36 36 

Restaurant 330 316 -14 

Cargo 2 740 715 -25 

Zones 1 and 2 1st floor 0 70 70 

Zones 4 and 5 1st floor 560 544 -16 

Server room and zone 2 2nd floor 1590 1513 -77 

Zones 3 and 4 2nd floor 1330 1210 -120 

Zones 2 and 3 3rd floor 990 938 -52 

Zones 4 and 5 3rd floor 1010 986 -24 

Zones 2 and 3 4th floor 700 580 -120 

Zones 4 and 5 4th floor 1690 1514 -176 

Zones 3 and 4 5th floor 890 783 -107 

Zones 5 and 6 5th floor 1040 963 -77 

Zones 1 and 2 6th floor 970 845 -125 

Zones 3 and 4 6th floor 320 297 -23 

Zones 1,2,and 3 7th floor 940 872 -68 

Zones 4 and 5 7th floor 220 200 -20 

TOTALTOTALTOTALTOTAL    13320133201332013320    12382123821238212382    ----938938938938    

EXP: experimental values, TRN: TRNSYS results, DIFF: Difference between TRNSYS results 

and experimental values 

According to the above results, the measured energy consumption in the case study 

building was 13,320 kWh for cooling, heating and ventilation during the time period 

01/01/06-20/02/06, while according to the simulation results, the consumption for the 

same time period is 12,382 kWh, 7% lower. In the seminar room and zones 1 and 2 on 

the first floor, there was no recorded energy consumption, apparently because these 

zones were not occupied during this period. However, the model assumes that they 

were occupied twice a month for a 6-hour period each time. 
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4.6.4.6.4.6.4.6. ConclConclConclConclusionsusionsusionsusions    

In this Chapter of the thesis the detailed audit to BYTE office building and the 

simulation model improvement based on the findings of the audit have been presented 

and analyzed. In the Framework of “E-Management for indoor environment and 

energy savings in buildings” Project, a BMS had been installed in the premises of 

BYTE in Athens, with the aid to provide hourly measurements of energy and 

environmental building parameters.  

The monitored detailed data have been used in order to improve the accuracy of the 

office building thermal model in TRNSYS.  The BYTE building simulation results are 

compared with the measured values for two periods (winter and summer) and the 

model has been improved based on the monitoring results. The improvements of 

detailed model compared to the simple simulation model are the followings:   

� The model approximates reality at a higher degree, since the study is based on 

hourly measurements and not on energy bills. 

� Apart from energy consumption data the model takes in to account and calculates 

environmental parameters such as indoor temperature, humidity and PMV 

indicator in each thermal zone of the building at hourly base. 

� In the improved model there is the ability to compare separately the real values of 

energy consumption for heating, cooling, ventilation, lighting and equipment with 

the respective simulated values, which is not possible with the energy bills. 

However there are difficulties to the whole process such as: 

� The hardness of collecting the building data with accuracy (the occupancy of each 

thermal zone, the equipment, the operating hours per zone etc). Many in-situ 

measurements are needed as well.  

� It was challenging to model some parameters, such as the behavior of the building 

users. Many users did not use the indoor sunshades (louvers), kept windows open 

and activated/deactivated the local heating/cooling units at their will. This 

unpredictable behavior however, contains semantics for the parameters studied by 

the model (indoor temperature, energy consumption of heating-cooling-ventilation 

units). 
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The comparison of the measured data with those produced by simulation showed that 

the model is reliable enough in predicting the thermal behaviour of the building. 

However, apart from accuracy of the model, the comparison between measured and 

calculated values leads as to conclusions related on asset and operational rating of 

buildings. It is showed that the calculated (asset) energy rating, based on a 

mathematical validated model of the building can give a rough estimate of the indoor 

air temperature and the heating/cooling energy consumption of the building. 

However, a 7% difference between the actual and the calculated energy consumption 

found in our research is important for the energy rating of the building as it could 

lead to a higher energy category. Consequently, the calculated energy rating method 

could be used as a preliminary energy consumption estimation method while the 

measured method could be used for the final energy classification of the building. 

The development of the BYTE building model constitutes the starting ground for a 

generalized energy rating model for office buildings which, through a series of 

simulations of a considerable number of buildings, with exhaustive search on the 

building constructive parameters variations, will provide very useful results for the 

definition of the energy rating categories of office buildings in Greece and the EU 

countries in general.  
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CHAPTER 5:CHAPTER 5:CHAPTER 5:CHAPTER 5: VIRTUAL BUILDING DATASET (VBD) VIRTUAL BUILDING DATASET (VBD) VIRTUAL BUILDING DATASET (VBD) VIRTUAL BUILDING DATASET (VBD) 

FOR BENCHMARKING AND CLASSIFICATION OF FOR BENCHMARKING AND CLASSIFICATION OF FOR BENCHMARKING AND CLASSIFICATION OF FOR BENCHMARKING AND CLASSIFICATION OF 

OFFICE BUILDINGSOFFICE BUILDINGSOFFICE BUILDINGSOFFICE BUILDINGS    

5.1.5.1.5.1.5.1. Introduction Introduction Introduction Introduction     

The knowledge of building stock energy data of a country is a very significant tool for 

energy benchmarks establishment, energy rating procedures and building 

classification boundaries determination, according to the Directive 2002/91/EC and its 

implementation in EU member states. The lack of building energy databases in many 

EU Countries, including Greece, and the difficulties of collecting them lead to the 

investigation of other potential solutions.  

Different data collection methods for energy benchmark procedures are found in the 

literature (Jones et al., 2000), (Hernandez et al., 2008) Santamouris et al. 

(Santamouris, 2007) have collected energy consumption data through energy audits 

performed in 320 schools in Greece.  Argiriou et al. (Argiriou et al., 1994) developed 

specific questionnaires to perform surveys for office buildings and hospitals’ energy 

use and indoor air quality.  DATAMINE project (DATAMINE, 2007) provides the 

necessary platform to gather building energy data extracted by the energy 

performance certification procedure. Lack of energy data still remains a significant 

drawback. This leads to the investigation of other approaches in order to define the 

necessary boundaries based on local characteristics.  

Lombard et al. in their survey (Lombard et al., 2009) claim that “building database 

information availability is a crucial issue. Gathering energy information to populate a 

database with a representative sample of the building stock is not only expensive but 

also technically complex. It is not surprising that only a few nations have undertaken 

this task to date”. Usually, information is collected on site from building owners, 

tenants, facility managers, etc. An outstanding example is the US Energy Information 

Administration (EIA) database and the later surveys for both the residential sector 

(RECS, EIA 2001) and commercial buildings (CBECS, EIA 2003). According to the 

authors “A different approach to database generation is the application of building 

energy simulation to a variety of building types for a range of energy parameters 
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(parametric benchmarking). Careful selection of building types and calculation 

methods is critical to the validity of the database. Another added constraint is the 

need to customize building envelopes and HVAC sizing for each climate and system 

type. An advantage is the possibility of covering a wide range of building energy 

consumption characteristics with a suitable selection and variation of the energy 

parameters. Additionally, energy simulation provides a wider range of energy outputs 

for future comparisons”. 

The aim of this part of the thesis is to create a Virtual Building Dataset (VBD) of 

office buildings in Greece, as a benchmarking and classification tool.  The philosophy 

of the VBD is based on the creation and simulation of random office buildings that 

could be found or built in Greece, taking in to account the Greek constructional and 

operational characteristics of office buildings and Greek legislation. The VBD consists 

of 30,000 buildings (10,000 in each Climatic Zone) with their detailed constructional 

and operational data and of their simulation outputs: the annual specific energy 

consumption for heating, cooling, electric lighting, office equipment and an indoor 

thermal comfort indicator (Nikolaou et al., 2009).  

Therefore, the proposed methodology overcomes the difficulties and time required for 

collecting building constructional and energy bills data by creating them virtually, 

taking into account all parameters that may affect the energy performance and indoor 

thermal comfort of office buildings.  

The VBD results will be used, in the next steps of the thesis for: 

(a) Assessing energy and thermal comfort benchmarks and classes, based on CEN 

proposed method. 

(b) Applying clustering algorithms in order to investigate the appropriate method for 

office building classification and labeling. 

(c) Buildings’ characteristics investigation (U-value of walls and roofs, glazing type, 

shading, ventilation etc) in order to understand common features of buildings rated in 

the same class. 

The proposed VBD provides flexibility and expandability on building datasets’ 

characteristics, sample size and climatic conditions according to the relevant research 

scope.  The large number of the developed data can also be used for sensitivity 
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analysis, neural network training as well as to any process that demands a significant 

number of building data. 

5.2.5.2.5.2.5.2. DescriDescriDescriDescription of the VDB creation process ption of the VDB creation process ption of the VDB creation process ption of the VDB creation process     

The virtual dataset philosophy is based on the creation and modeling of random 

buildings. These random buildings rely on the constructional and operational 

characteristics of office buildings in Greece (NHSS, 2000) and on the related Greek 

legislation. The term “random” refers to the random selection of all the parameters 

that determine the energy performance of the building. Based on this concept, a 

sample of 30,000 office buildings (10,000 buildings per climatic zone) in Greece was 

modeled and simulated using the validated office building model in TRNSYS (See 

Chapter 4).  

The overall procedure is developed by coupling TRNSYS with Matlab™. TRNSYS is 

the core of the process, employed for the simulation of each building while MatLab 

was used for all the peripheral tasks (building input file creation, result file parsing, 

etc.). 

Each virtual building’s parameter (i.e. weather data, constructional characteristics, 

physical building description, internal gains, time schedules, infiltration and 

ventilation, installed heating and cooling capacity, electric lighting, office equipment 

and indoor environment, see Figure 5-1) is selected randomly from its prescribed 

range following a uniform stochastic distribution. A suitable batch file is created to 

convert these MatLab input files to TRNSYS building model files (Described in detail 

in Chapter 4) and allow the virtual building’s simulation. The values of heating and 

cooling demand as well as the PMV for each virtual building are then stored along 

with the values of its parameters creating thus a fully exploitable input/output data 

entry. For calculating the energy consumption for heating and cooling the heating 

load has to be divided with heating efficiency factor (i.e.0.75, 0.8 etc) and the cooling 

demand with COP values (i.e. 2,3,4, 5 etc). The procedure is executed automatically 

for the 30,000 buildings using the suitable batch file. Figure 5-1 illustrates the overall 

VBD creation process.  
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Figure Figure Figure Figure 5555----1111: Schematic of VBD creation proces: Schematic of VBD creation proces: Schematic of VBD creation proces: Schematic of VBD creation proces    

5.3.5.3.5.3.5.3. The TRNSYS office building thermal modelThe TRNSYS office building thermal modelThe TRNSYS office building thermal modelThe TRNSYS office building thermal model    

The building thermal model used by TRNSYS for the VBD creation is based on the 

validated office building thermal model (Chapter 4). For 30,000 simulations of random 

buildings and VBD creation this model has been generalized in terms of: 

� Creating templates input files, where each parameter will be written 

automatically. 

� Automating the creation of the building input files for each climate zone. 

� Random selection of input values. 

� Automatically execution of 30,000 simulation runs 

� Automatically storage of simulation outputs. 

Section 5.6.1 includes a detailed description of the VBD creation process (thermal 

model, input data, and selected values).  

5.4.5.4.5.4.5.4. The input dataThe input dataThe input dataThe input data    

5.4.1.5.4.1.5.4.1.5.4.1. Weather dataWeather dataWeather dataWeather data    

Three climatic zones, as determined in Technical Guideline 2425/86 of Technical 

Chamber of Greece, (Technical Guideline 2425/86, 1986) are considered for the virtual 

dataset creation procedure.  
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Climatic Zone A:Climatic Zone A:Climatic Zone A:Climatic Zone A: South region of Greece including the prefectures of:  Crete, Cyclades, 

Dodecanese, Samos, Messinia, Lakonia, Argolida, Zakynthos, Kefalonia, and Ithaki. 

Climatic Zone B:Climatic Zone B:Climatic Zone B:Climatic Zone B: Central region of Greece including the prefectures of:  Korinthos, 

Ilia, Achaia, Aitoloakarnania, Fthiotida, Fokida, Viotia, Attica, Evoia, Magnisia, 

Sporades, Lesvos, Chios, Kerkyra, Lefkada, Thesprotia, Preveza and Arta. 

Climatic Zone C:Climatic Zone C:Climatic Zone C:Climatic Zone C: North region of Greece including the prefectures of: Arcadia, 

Evritania, Ioannina, Larissa, Karditsa, Trikala, Pieria, Imathia, Pella, Thessaloniki, 

Kilkis, Halkidiki, Serres, Kavala, Drama, Thasos, Samothraki, Xanthi, Rodopi, Evros, 

Grevena, Kozani, Kastoria, Florina. 

For each climatic zone a city has been selected for the simulations: 

� Heraklion, Crete hourly data (Climatic Zone A) 

� Athens, hourly data (Climatic Zone B) 

� Thessaloniki, hourly data (Climatic Zone C). 

The criterion for selecting these cities is not the climate but the office building stock 

size of the cities. For example, the climatic data of Thessaloniki are not typical for 

zone C because the high humidity of the city leads to cooling loads similar to those of 

Athens (Papakostas and Papadopoulos, 2004). However, the office building stock of 

Thessaloniki accounts for more than 70% of the total number of buildings in zone C. 

For the buildings’ simulation Meteonorm hourly Weather Datasets have been used for 

the three aforementioned cities.   

5.4.2.5.4.2.5.4.2.5.4.2. Material and element library creationMaterial and element library creationMaterial and element library creationMaterial and element library creation    

Based on databases of materials and structural elements dominating the Greek 

building sector (Papadopoulos et al., 2008), (Papamanolis, 2005), a new material and 

element library is created in TRNSYS for the purpose of VBD creation. This library 

formulates the constructional characteristics of the Greek building stock and is used 

for the development of each virtual building following the common buildings’ 

manufacturing practice for different periods. (Thermal Insulation Code for Buildings, 

1979), (Karekos, 2001), (Papadopoulos, 1987).  

The breakdown of the Greek building stock for different periods of construction is 

illustrated in Figure 5-2. The buildings constructed before 1980 (pre-1980) correspond 
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to 74.6% of the total building stock. These buildings are not thermally insulated since 

they constructed before the implementation of the national Thermal Insulation 

Regulation (TIR) (Thermal Insulation Code for Buildings, 1979), and exhibit a poor 

energy performance, while for the vast majority of them they are equipped with old 

electromechanical installations (NHSS, 2000). The percent of buildings that have been 

constructed during 1990s is estimated based on the building construction activity for 

this period (NHSS, 1997).  

The main categories of the Greek building stock according to end use of the buildings 

are: dwellings, hospitals, hotels, schools and offices/commercial buildings (Figure 5-3). 

There are also other uses including industrial buildings, churches, athletic facilities, 

storage areas, closed parking spaces, etc., which account for 21.9% of the total stock, 

the majority of which have periodic use and a limited overall contribution to the total 

energy consumption.  
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According to EPA-NR Survey (EPA-NR, 2005), office and commercial buildings 

accounts 150,317 in Greece with total floor area 81,123,291 m2. Referring to typical 

construction 35% have insulated walls (U=0.7 W/m2K), 45% have insulated roof 

(U=0.5 W/m2K), 45% have single glazing and 55% double glazing.  

Referring to typical HVAC and electromechanical installations office and commercial 

buildings use according to the survey: 

� For Heat Production: 80% use central heat production (oil fired boilers), 5% use 

central heat production (gas fired boilers) and 15% use electricity. 

� For Cold Production: 25% use central cold production (electric compressor chillers) 

15% use central heat pumps, and 45% use local heat pumps. 

� For Air Conditioning: 15% use central air-handling units, 60% use local air-

conditioning units (i.e. split units, compact wall units), 20% use natural ventilation 

and 5% use fans.  

� For Lighting: 20% use incandescent, 75% use fluorescent and 5% use high vapor. 

� For Controls: 80% use simple time controls, 10% space thermostats, 15% central 

system temperature regulation and 2% BMS. 

For this library construction the particularities of Greek office building sector, as they 

have been described by Papadopoulos et al. in (Papadopoulos et al., 2008), have been 

taken into account. It is noted that in case that the dataset referred to buildings other 

than office buildings (i.e. dwellings, hotels, schools, hospitals, etc) different 

construction elements should have been taken into account.  

5.4.3.5.4.3.5.4.3.5.4.3. Physical description of the buildingsPhysical description of the buildingsPhysical description of the buildingsPhysical description of the buildings    

Since the building’s shape, fraction of openings and orientation influence significantly 

its energy consumption (Depecker et al., 2001) all possible combinations of the above 

are included in the dataset development process taking into consideration the Greek 

building stock characteristics (Balaras et al., 2007).  

Therefore the number of stories for the virtual buildings varies from 1 to 8, the floor 

dimensions from 16 to 80m, the floor area per story from 256 to 6400 m2 the fraction 

of openings is between  40 and 80% and all possible orientations (NSEW, SEW, NEW, 
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NSW, NSE, NS, EW, NE, NW, SW, SE) are considered. The height of each floor is 

supposed to remain constant for all buildings and equal to 2.8m.  

The shading coefficients range (internal and external shading factors) is selected 

based on a research of thesis’ author related to the contribution of shading in 

improving the energy performance of office buildings (Nikolaou et al., 2007). 

According to this survey the shading factor of internal and the external shading 

devices ranges from 0-0.8.  

5.4.4.5.4.4.5.4.4.5.4.4. Internal gainsInternal gainsInternal gainsInternal gains    

Every office building is supposed to accommodate 6-14 persons per 100m2. The heat 

gains from occupants are calculated by TRNSYS based on ISO 7730 (EN ISO 7730, 

2005). The selected degree of activity is seated, light work, typing (typical application 

for offices) with total heat adjusted 150W, sensible heat 75W and latent 75W.  

Every person is supposed to operate a PC with a color monitor, while the heat gains 

from electric lighting are almost 55W/m2 (halogenstrahler).  

5.4.5.5.4.5.5.4.5.5.4.5. Energy consumptEnergy consumptEnergy consumptEnergy consumption for electric lighting and office equipment ion for electric lighting and office equipment ion for electric lighting and office equipment ion for electric lighting and office equipment     

The electric lighting energy consumption for each office building produced by the VBD 

is evaluated by considering a luminance level of 500 lm/m2 for each thermal zone, 

according to the CEN related standard (EN 15251, 2006) and a lighting efficacy equal 

to 50 lm/W according to the related literature (Kreider et al., 2002). Depending on the 

randomly chosen zone dimensions, the lighting efficacy and the operating hours, the 

annual electric lighting energy consumption is calculated by a specific subroutine in 

MatLab. The energy consumption of office appliances (computers, printers, faxes etc.) 

is calculated by considering a constant value of 0.2217 kWh per occupant according to 

the literature (Krarti, 2000).  

5.4.6.5.4.6.5.4.6.5.4.6. Time Time Time Time SchedulesSchedulesSchedulesSchedules    

The typical operating schedules for office buildings are considered, according in-situ 

measurements for the survey performed by the author in BYTE office building.  

 Monday to Friday 08:00-22:00 with occupancy schedule: 

08:00-09:30 with 70% occupancy. 
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09:30-17:30 with 100% occupancy. 

17:30-22:00 with 30% occupancy. 

Saturday 08:00 -14:00 with 20%occupancy. 

5.4.7.5.4.7.5.4.7.5.4.7. Infiltration and ventilationInfiltration and ventilationInfiltration and ventilationInfiltration and ventilation    

The infiltration and ventilation rates of the building’s zones are strongly related to the 

energy consumption for heating and cooling. The infiltration rate for the dataset 

development ranges between 0.2 to 2 ach (Kreider et al., 2002), (Krarti, 2000), 

(Kolokotsa and Nikolaou, 2007) and the ventilation rate between 0.5 to 10 ach 

(Technical Guideline 2425/86, 1986), (Kreider et al., 2002), (ASHRAE Standard 62-99, 

1999).  

5.4.8.5.4.8.5.4.8.5.4.8. The installed Heating and Cooling powerThe installed Heating and Cooling powerThe installed Heating and Cooling powerThe installed Heating and Cooling power    

The building thermal model requires the installed heating and cooling capacity for 

each thermal zone. In real buildings, these capacities are determined based on the 

heating and cooling loads assessed during the design phase. In real buildings these 

values are determined from the thermal and cooling loads study during the design 

phase of the building.  

For the specific application the steady-state method for peak heating loads (Kreider et 

al., 2002) and the ASHRAE CLF-CLTD method (ASHRAE, 2009) for cooling load 

calculation are modeled and incorporated in the overall procedure. According to the 

randomly selected parameters for each virtual building (climatic zone, building size, 

orientation of openings, type of wall, window, occupants, infiltration and ventilation 

rates etc.) the installed heating and cooling power at zone level  is calculated and 

forwarded to the TRNSYS model as input.  

Because in quite many office buildings in Greece there is a combination of natural 

ventilation with central HVAC systems (Avgelis and Papadopoulos, 2009) the 

simulated buildings are considered to be fully air-conditioned, in combination with 

natural ventilation. For each building an average natural ventilation rate is selected 

randomly (see Section 5.4.7). 

All parameters that are randomly selected together with their selected range are 

tabulated in Table 5-1. 
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Table Table Table Table 5555----1111: The simulation parame: The simulation parame: The simulation parame: The simulation parameters and their range of valuesters and their range of valuesters and their range of valuesters and their range of values    

ParameterParameterParameterParameter    Range of ValuesRange of ValuesRange of ValuesRange of Values    CommentsCommentsCommentsComments----ReferencesReferencesReferencesReferences    
Climatic Zones  Α, B, C Determined in (Technical 

Guideline 2425, 1986 ) 
No of  storeys 1-8  
Floor area  256-6400 m2  
Wall unit conductance U=0.452-1.743 W/m2 K  
Roof unit conductance U=0.335-3.18 W/m2 K  
U values of used glass according to window type U=5.68 W/m2 K Single 
 U=2.83 W/m2 K Double 
 U=1.4 W/m2 K Low-e 
Fraction  of Openings 40-80% Percentage of opening area 

on a wall of a specific 
orientation. 

Orientation of openings NSEW, SEW, NEW, NSW, NSE, 
NS, EW, NE, NW, SW, SE 

Facades with openings, 
with all the possible 
combinations.  

Infiltration rate 0.2-2 ach (EN 1525, 2006), (Kreider 
et al., 2002) 

Ventilation rate  0.5-10 ach (Technical Guideline 2425, 
1986), (EN 1525, 2006), 
(Kreider et al., 2002)  

Internal shading factor 0-0.8 (EN 1525, 2006) 
External shading factor 0-0.8 (Nikolaou et al., 2007) ,(EN 

1525, 2006) 
Set Point for Heating 20-26 οC  (Technical Guideline 2425, 

1986) 
Set Point for Cooling 22-26 οC  (Technical Guideline 2425, 

1986), 
Power of the heating and cooling system Calculated in MatLab (Kreider et al., 2002), 

(ASHRAE, 2009) 
Occupancy (occupants/ 100 m2) 6-14  
Electric lighting  50 lumen/W (Krarti, 2000) 
Office equipment consumption 0.2217 kW/h/occupant (Krarti, 2000) 
Operating time schedule   
 

Monday-Friday 
08:00-22:00 
Saturday  08:00-14:00 

Monday-Friday 
08:00-09:30  
– 70% occupancy 
09:30-17:30-
100%occupancy 
17:30-22:00-30%occupancy 
Saturday 20%occupancy 

 

5.5.5.5.5.5.5.5. Indoor EnvironmentIndoor EnvironmentIndoor EnvironmentIndoor Environment    

Apart from the energy consumption, the thermal simulation model evaluates the 

indoor thermal comfort by calculating the Predicted Mean Vote (PMV) of a 

representative thermal zone on hourly basis. The annual indoor environmental 

performance of each building is evaluated by calculating the percentage of time of the 

occupied hours that PMV lies between the acceptable range -0.7<PMV<+0.7, 

according to the recommended values of the relevant CEN Standard (EN 1525, 2006),  
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According to Standard, assuming different criteria for the PPD-PMV (EN ISO 7730) 

different categories of the indoor environment are established. Recommended PMV 

and PPD ranges are given in the Table 5-2. The PMV-PPD index takes in to account 

the influence of all 6 thermal parameters (clothing, activity, air- and mean radiant 

temperature, air velocity and humidity) and can be directly used as criteria. By an 

assumed combination of activity and clothing, an assumed 50% relative humidity and 

low air velocities it is possible to establish a corresponding range of operative 

temperatures and express the criteria as a temperature range. For the design and 

dimensioning further criteria for the thermal environment (draught, vertical air 

temperature differences, floor temperature, and radiant temperature asymmetry) 

should be taken into account (see EN ISO 7730). 

Table Table Table Table 5555----2222:::: Recommended PMV and PPD ranges according EN 15251 Standard Recommended PMV and PPD ranges according EN 15251 Standard Recommended PMV and PPD ranges according EN 15251 Standard Recommended PMV and PPD ranges according EN 15251 Standard    

Thermal State of the body as a wholeThermal State of the body as a wholeThermal State of the body as a wholeThermal State of the body as a whole    Building Building Building Building 
CategoryCategoryCategoryCategory    

ExplanationExplanationExplanationExplanation    
PPD (%)PPD (%)PPD (%)PPD (%)    PMVPMVPMVPMV    

I High level of expectation and is recommended for spaces 
occupied by very sensitive and fragile persons with 
special requirements like handicapped, sick, very young 
children and elderly persons 

<6 -0.2<PMV<+0.2 

II Normal level of expectation and should be used for new 
buildings and renovations 

<10 -0.5<PMV<+0.5 

III An acceptable, moderate level of expectation and may be 
used for existing buildings 

<15 -0.7<PMV<+0.7 

IV Values outside the criteria for the above categories. This 
category should only be accepted for a limited part of the 
year 

<15 PMV<-0.7 or PMV>+0.7 

 

5.6.5.6.5.6.5.6. The simulation process The simulation process The simulation process The simulation process     

Like every model in TRNSYS, the building thermal model referred herein is defined 

by a computer input file, named with the extension *.dck, while the parameter values 

are defined in another input file with the extension *.bui. These two files are both in 

ASCII format and they are user editable. This is the feature that was properly 

exploited for the creation of the VBD. Particularly, the simulation process of 30,000 

buildings comprises three distinct stages; construction of input files, batch execution 

of simulations and result data unification. 

5.6.1.5.6.1.5.6.1.5.6.1. Construction of Input FilesConstruction of Input FilesConstruction of Input FilesConstruction of Input Files    

The creation of each virtual building was materialized by the proper construction of 

its BUI and DCK input files. At first, a template BUI and a template DCK file were 



                                     CHAPTER 5: VBD FOR BENCHMARKING AND CLASSIFICATION OF OFFICE BUILDINGS 

                                                                                                                                           
174 

created, where the values of each parameter to be defined were replaced by a machine 

distinguishable verbal variable (e.g. @@VENTILATIONVALUE@@). A script in 

MatLab was then written to automate the creation of the building input files for each 

climate zone (Figure 5-4). After prescribing the number of virtual buildings to produce 

as well as the range of each parameter, the script starts to prepare the input files for 

each virtual building.  

First, it randomly selects the values of each definition parameter (number of stories, 

orientation, etc.) supposing a uniform distribution scheme for each variable range. As 

soon as the parameters are set, the script ensures that the virtual building defined in 

this iteration is unique and no identical building has already been defined in a 

previous iteration.  

If the building is unique, its parameter values are written into an index file along 

with the index number of the building. Afterwards, the script creates a directory 

named after the index number of the building and starts reading, line-by-line, the 

template input files. If there is a verbal variable present in the ASCII line read, it 

replaces it with its numerical value already defined and appends it to the building's 

bui or dck file. Otherwise, it copies the line unchanged. As soon as the construction of 

the input files of a building is completed, the script starts a new iteration for the 

definition of the next virtual building. 

 

Figure Figure Figure Figure 5555----4444: The automated creation of the: The automated creation of the: The automated creation of the: The automated creation of the building input files for each climate zone building input files for each climate zone building input files for each climate zone building input files for each climate zone    
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5.6.2.5.6.2.5.6.2.5.6.2. Batch Execution of SimulationsBatch Execution of SimulationsBatch Execution of SimulationsBatch Execution of Simulations    

One feature of TRNSYS is that it can be used in batch mode where its simulation 

engine can be executed directly from DOS command prompt. Thus, a specific building 

simulation can be run solely with a single command, in a proper syntax form, 

eliminating the need to open TRNSYS and run a simulation by hand.  The use of the 

DOS switch "/h" after the command suppresses the loading of TRNSYS graphical 

interface, reducing dramatically the total simulation time. Exploiting this feature, a 

script was written in MatLab that produces DOS batch files with the respective DOS 

commands for each simulation. After each DOS simulation command, another six 

DOS commands are added in the batch file in order to delete the TRNSYS 

intermediate log files after the simulation is completed; a step necessary to minimize 

waste of hard disk space and retain only the results output file. 

Additionally, as the execution time required for the 30,000 virtual building 

simulations on one computer was calculated to be in the order of magnitude of weeks, 

the script is written in a way that permits the user to define how many building 

simulation commands to include in each batch file. Thus, a number of batch files can 

be created which allows for the parallel execution of TRNSYS on many computers, 

minimizing the total execution time required. 

5.6.3.5.6.3.5.6.3.5.6.3. Result Data UnificationResult Data UnificationResult Data UnificationResult Data Unification    

As soon as the simulations are completed, the directories of the 30,000 virtual 

buildings containing the necessary input and output files were gathered from all the 

computers on one hard disk. Another script in MatLab takes care for the reading and 

unification of the results of all the buildings in each climate zone in a single file. The 

outcome is a tabulated ASCII file where each line contains the index number of the 

building, the values of its definition parameters and the values of the Heating Energy 

Consumption, Cooling Energy Consumption, Lighting Energy Consumption, Total 

Energy Consumption and Percentage of time the PMV lies between the specified 

ranges. (Figure 5-5 and Figure 5-6) 
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Figure Figure Figure Figure 5555----5555: : : : VBD in MatLabVBD in MatLabVBD in MatLabVBD in MatLab    

 

Figure Figure Figure Figure 5555----6666: VBD in Excel: VBD in Excel: VBD in Excel: VBD in Excel    
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5.7.5.7.5.7.5.7. VBD Results VBD Results VBD Results VBD Results     

5.7.1.5.7.1.5.7.1.5.7.1. Energy DemandEnergy DemandEnergy DemandEnergy Demand Benchmarks Benchmarks Benchmarks Benchmarks    

The energy demand benchmarks of the VBD are presented for each climatic zone. The 

outcomes of the 30,000 simulations for office buildings in Greece are presented in the 

following figures for each climatic zone. The simulation outputs for each building are: 

the energy consumption for heating and cooling demand.  In the following figures 

(Figures 5-7 and 5-8) the cumulative frequency distribution of the energy demand for 

heating and cooling are illustrated for the three climatic zones.   
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Heating demand (kWh/mHeating demand (kWh/mHeating demand (kWh/mHeating demand (kWh/m2222/yr)/yr)/yr)/yr)    

Figure Figure Figure Figure 5555----7777: Cumulative frequency di: Cumulative frequency di: Cumulative frequency di: Cumulative frequency distribution of heating demandstribution of heating demandstribution of heating demandstribution of heating demand in three climatic zones in three climatic zones in three climatic zones in three climatic zones    
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Cooling demand (kWhCooling demand (kWhCooling demand (kWhCooling demand (kWh/m/m/m/m2222/yr)/yr)/yr)/yr)    

Figure Figure Figure Figure 5555----8888: Cumulative frequency distribution of cooling : Cumulative frequency distribution of cooling : Cumulative frequency distribution of cooling : Cumulative frequency distribution of cooling demand demand demand demand in three climatic zonesin three climatic zonesin three climatic zonesin three climatic zones    

The large amount of energy data produced by the VBD is used for office buildings 

energy benchmarking in Greece. The outcomes of the statistical analysis of the 30,000 

energy building datasets are presented in Table 5-3. 

Table Table Table Table 5555----3333: The VBD energy : The VBD energy : The VBD energy : The VBD energy demand demand demand demand benchmarks for office buildings in Greecebenchmarks for office buildings in Greecebenchmarks for office buildings in Greecebenchmarks for office buildings in Greece    

Energy Energy Energy Energy demanddemanddemanddemand    
(kWh/m(kWh/m(kWh/m(kWh/m2222/year)/year)/year)/year)    
Climatic ZoneClimatic ZoneClimatic ZoneClimatic Zone    Type of Energy ConsumptionType of Energy ConsumptionType of Energy ConsumptionType of Energy Consumption    

AAAA    BBBB    CCCC    

Mean energy demand for heating 38.7 50.0 76.1 
Typical office building (50% of the stock)-heating 29.7 38.8 58.0 
Best practice office building (top 25% of the stock)- heating 18.0 25.2 41.1 
Mean energy demand for cooling 108.8 110.5 97.9 
Typical office building (50% of the stock)-cooling 103.7 105.3 93.5 
Best practice office building (top 25% of the stock)- cooling 78.7 81.5 72.2 

 

As it is observed from the Table 5-3 the mean energy demand for heating has large 

deviation from the typical energy demand (i.e. the demand that corresponds to the 50% 

of the cumulative frequency distribution of the stock), which means that VBD contains 

many buildings with high heating energy demand and their statistical distribution is 

not normal (Figure 6-5). This occurs because VBD contains many old buildings without 

insulation, which has important impact to heating demand (see Chapter 6.6.1). On the 
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contrary, the mean and typical values for cooling demand are very close (i.e.the 

distribution is very close to normal) because the cooling demand of buildings is not so 

strongly related with insulation and depends on other building parameters (i.e. 

ventilation schemes, shading methods, infiltration, etc). (see Chapter 6.6.1).  

5.7.2.5.7.2.5.7.2.5.7.2. Thermal Comfort BenchmarksThermal Comfort BenchmarksThermal Comfort BenchmarksThermal Comfort Benchmarks    

The quality of the indoor environment, apart from which also affects health, 

productivity and comfort of the occupants, the indoor thermal comfort benchmarking 

for office building in Greece is also assessed. The chosen indicator (PMV Indicator) 

according to the CEN Standard is the number of % of occupied hours when the PMV is 

in the range between -0.7 and +0.7. In Figure 5-9 the cumulative frequency 

distributions of the average % of occupied hours that -0.7<PMV<+0.7 in climatic zones 

A, B and C are presented.  
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Figure Figure Figure Figure 5555----9999: Cumulative frequency distribution of the average % of occupied hours that : Cumulative frequency distribution of the average % of occupied hours that : Cumulative frequency distribution of the average % of occupied hours that : Cumulative frequency distribution of the average % of occupied hours that ----

0.7<PMV<+0.7 in three climatic zones0.7<PMV<+0.7 in three climatic zones0.7<PMV<+0.7 in three climatic zones0.7<PMV<+0.7 in three climatic zones    

The indoor thermal comfort benchmarks according to the VBD simulation results for 

office buildings in Greece are presented in Table 5-4. 
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Table Table Table Table 5555----4444: Indoor thermal comfort benchmarks for office buildings in Greece: Indoor thermal comfort benchmarks for office buildings in Greece: Indoor thermal comfort benchmarks for office buildings in Greece: Indoor thermal comfort benchmarks for office buildings in Greece    

Average % of occupied hoursAverage % of occupied hoursAverage % of occupied hoursAverage % of occupied hours    
that that that that ----0.7<PMV<+0.70.7<PMV<+0.70.7<PMV<+0.70.7<PMV<+0.7    
Climatic ZoneClimatic ZoneClimatic ZoneClimatic Zone    PMV benchmarksPMV benchmarksPMV benchmarksPMV benchmarks    

AAAA    BBBB    CCCC    

Mean PMV indicator  68.6 65.4 60.0 
Typical office building (50% of the stock)-PMV indicator 70.1 65.9 59.0 
Best practice office building (top 75% of the stock)- PMV indicator 84.6 78.8 71.3 

 

As it is observed from Table 5-4 the mean and typical values are very close, which 

means that the distribution is almost normal. The stochastic combination of several of 

the random variables (see Table 5-1) of equal probability (i.e. uniform distribution) 

occurring simultaneously for the PMV estimation, results in an approximate normal 

distribution of PMV index of the dataset considered as a whole.  

It is noted that buildings in Climatic Zone A (Southern Greece) have better indoor 

thermal conditions in comparison to the other two climatic zones. Considering the 

increased outdoor temperatures and solar radiation during the winter in Southern 

Greece, a building may have acceptable indoor thermal environment even with a 

poorly maintained or undersized heating system.  

Additionally in the summer period the high values of the wind velocity in Climatic 

Zone A (especially in the islands) provide an acceptable indoor thermal environment. 

5.7.3.5.7.3.5.7.3.5.7.3. Thermal Comfort vs. Energy ConsumptionThermal Comfort vs. Energy ConsumptionThermal Comfort vs. Energy ConsumptionThermal Comfort vs. Energy Consumption    

The next step is the investigation of the thermal comfort in relation to the energy 

consumption of the buildings. In Figures 5-10 and 5-11, the normalized annual energy 

demand in relation to PMV indicator is depicted for the sample of 30,000 office 

buildings and for the three climatic zones.  

A close examination of the above mentioned figures leads to the following 

observations: 

� In terms of energy and PMV footprints, there is a wide data scattering which 

depicts the potential of the VBD to generate both normal and marginal office 

buildings, leading to a reliable distribution. 



                                     CHAPTER 5: VBD FOR BENCHMARKING AND CLASSIFICATION OF OFFICE BUILDINGS 

                                                                                                                                           
181 

� An absolute maximum of PMV value is found at 91-92%, creating a sharp-like edge 

at the top. This is both anticipated and explainable for the best practice buildings 

as far as the PMV indicator is concerned. On some working days, during the 

morning when the heating-cooling system is activated, there is a small time lag for 

the system to reach the set point that provides the desirable thermal comfort 

conditions. This lag counts for the remaining 8-9% of the time that the absolute 

PMV is greater than the value of 0.7. 

� There are buildings demonstrating excellent indoor thermal comfort demanding 

small amounts of energy. These buildings are found in the upper left corner of each 

Energy-PMV figures, which constitute the best practice buildings in each climate 

zone. Given that the VBD features all the characteristics of each building, it is 

relatively easy to identify all the best practice buildings, classify their 

characteristics and establish guidelines for the most efficient retrofit scenarios for 

each individual climatic zone. 
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(a) 

 
(b) 

 
(c) 

Figure Figure Figure Figure 5555----10101010: H: H: H: Heating demandeating demandeating demandeating demand in relation to PMV indicator for Climatic Zone in relation to PMV indicator for Climatic Zone in relation to PMV indicator for Climatic Zone in relation to PMV indicator for Climatic Zones s s s AAAA (a), B (b) and  (a), B (b) and  (a), B (b) and  (a), B (b) and 

C(c)C(c)C(c)C(c)    
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(a) 

 
(b) 

 
(c) 

Figure Figure Figure Figure 5555----11111111: : : : CCCCooling demandooling demandooling demandooling demand in relation to PMV indicator for Climatic Zone in relation to PMV indicator for Climatic Zone in relation to PMV indicator for Climatic Zone in relation to PMV indicator for Climatic Zones s s s AAAA (a), B (b) and  (a), B (b) and  (a), B (b) and  (a), B (b) and 
C(c)C(c)C(c)C(c)    
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5.8.5.8.5.8.5.8. Classification according to CEN Standard using VBDClassification according to CEN Standard using VBDClassification according to CEN Standard using VBDClassification according to CEN Standard using VBD    

5.8.1.5.8.1.5.8.1.5.8.1. The CEN Standards benchmarksThe CEN Standards benchmarksThe CEN Standards benchmarksThe CEN Standards benchmarks    

The relevant standards of CEN are found in the EN ISO 15217 “Energy performance 

of buildings – Methods for expressing energy performance and for energy certification 

of buildings” and this clarifies the different possible approaches for certification.  

Reference values and benchmarks are used to compare the energy performance of a 

given building with the energy performance of similar buildings. Different reference 

values shall be defined for classes of buildings having different building functions (e.g. 

apartment blocks, offices, hospitals).  The following references can be used: 

� Rr : Energy performance regulation reference/benchmark. 

� Rs: Building stock reference/benchmark. It represents the energy performance 

reached by approximately 50% of the national or regional building stock. 

� R0: Zero energy reference/benchmark. This corresponds to a building that produces 

as much energy as it uses. 

The use of energy considered when defining the reference values/benchmarks shall be 

the same as the use of energy considered when establishing the rating. If the rating 

used is an asset rating, the reference will be obtained with the same assumptions as 

the asset rating regarding use patterns and internal and external climate (EN 15217, 

2007).   

The energy performance certificate is expected to classify buildings on a banded scale 

from A (best) to G (worst). The A-G bands will provide a broad indicator of energy 

performance of the building and they will be complemented by a numeric indicator 

that provides more scrutiny. An important aspect of the energy performance 

certificate is that it is to be accompanied by recommendations for cost-effective 

improvements to the building (Anderson, 2006). 

Annex B of EN ISO 15217 provides a simple procedure to define the limits of the 

classifications of energy performance (EP). The steps of this procedure are the 

following: 

• Define the type of the building (e.g. office building).  
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• Select the references Rr and Rs corresponding to this building type.  

• Define the value of the energy performance of the building EP: Calculate 
r

EP

R
  and  

s

EP

R
 

• Determine the classification indicator C with the following rules: 

If 1
r

EP

R
≤   take  

r

EP
C

R
=  (EP is better than EPr)  

If 1
s

EP

R
≤    take  1

s

EP
C

R
= +  (EP is poorer than EPs) 

In other case   1 r

s r

EP R
C

R R

−
= +

−
 (EP is between the EPr and EPs) 

• Determine the performance class with the following rules: 

Class A if  0.5C <  

Class B if  0.5 1C≤ <  

Class C if  1 1.5C≤ <  

Class D if  1.5 2C≤ <  

Class E if  2 2.5C≤ <  

Class F if  2.5 3C≤ <  

Class G if  3 C≤  

In addition Annex B of EN ISO 15217 provides two examples of the energy certificate 

format. These examples are presented in Figure 5-12 and refer to one single rating 

and to two ratings shown together. 
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Figure Figure Figure Figure 5555----12121212: : : : Examples Examples Examples Examples of energy certiof energy certiof energy certiof energy certificates' format [ficates' format [ficates' format [ficates' format [Source:Source:Source:Source: EN 15257, 2007 EN 15257, 2007 EN 15257, 2007 EN 15257, 2007]]]]    

The establishment of energy benchmarks (R0, Rs, Rr) is essential in order to rate and 

certify a building. Benchmarking requires uniformly collected key usage indicators 

and identification of the property’s specific characteristics (drivers) that must be 

taken into consideration for grouping the key indicators.  

5.8.2.5.8.2.5.8.2.5.8.2. Energy classification according to CEN methodEnergy classification according to CEN methodEnergy classification according to CEN methodEnergy classification according to CEN method    

Taking into account the VBD benchmarks and applying the proposed CEN method for 

energy boundaries determination the following classifications for office buildings in 

Greece are proposed. In the framework of the present thesis, the method has been 

applied to heating and cooling demand for the three climatic zones. In the case of 

applying this method to the total energy consumption using VBD the heating 

efficiency and the COP values has to be taken in to account.   

5.8.2.1. Heating Demand classification according to CEN method 

According to VBD energy benchmarks (Table 5-3) Building Stock Reference (Rs-h) and 

Building Regulation Reference (Rr-h) for heating energy demand and for each climatic 

zone are presented in Table 5-7. The Building Regulation Reference has been 

evaluated as the 75% of Building Stock reference according the draft of Greek Energy 

Performance Building regulation.  
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Table Table Table Table 5555----5555: Building Stock and Regulation Reference for heating: Building Stock and Regulation Reference for heating: Building Stock and Regulation Reference for heating: Building Stock and Regulation Reference for heating    

    Climatic ZonesClimatic ZonesClimatic ZonesClimatic Zones    
    AAAA    BBBB    CCCC    
Building Stock Reference-heating (Rs-h in kWh/m2/y) 30 39 58 
Building Regulation Reference -heating (Rr-h in kWh/m2/y) 22 29 44 

    

Table Table Table Table 5555----6666: Heating Energy Classification: Heating Energy Classification: Heating Energy Classification: Heating Energy Classification for office buildings according to CEN method for office buildings according to CEN method for office buildings according to CEN method for office buildings according to CEN method    

    Energy Energy Energy Energy DemandDemandDemandDemand for Heating (DH for Heating (DH for Heating (DH for Heating (DH) kWh/m) kWh/m) kWh/m) kWh/m2222/year/year/year/year    
Energy ClassesEnergy ClassesEnergy ClassesEnergy Classes    Climatic Zone Climatic Zone Climatic Zone Climatic Zone 

AAAA    
Climatic Zone  Climatic Zone  Climatic Zone  Climatic Zone  

BBBB    
Climatic ZoneClimatic ZoneClimatic ZoneClimatic Zone    

CCCC    
A DH<11 DH<15 DH<22 
B 11≤DH<22 15≤DH<29 22≤DH<44 
C 22≤  DH <26 29≤DH<34 44≤DH<51 
D 26≤  DH <30 34≤DH<39 51≤DH<58 
E 30≤DH<45 39≤DH<58 58≤DH<87 
F 45≤DH<59 58≤DH<78 87≤DH<116 
G 59≤DH 78≤DH 116≤DH 

 

5.8.2.2. Cooling Demand classification according to CEN method 

According to VBD energy benchmarks (Table 5-3) Building Stock Reference (Rs-c) and 

Building Regulation Reference (Rr-c) for cooling energy consumption and for each 

climatic zone are presented in Table 5-9. The Building Regulation Reference has been 

evaluated as the 75% of Building Stock reference according the draft of Greek Energy 

Performance Building regulation.  

TabTabTabTable le le le 5555----7777: Building Stock and Regulation Reference for cooling: Building Stock and Regulation Reference for cooling: Building Stock and Regulation Reference for cooling: Building Stock and Regulation Reference for cooling    

    Climatic ZonesClimatic ZonesClimatic ZonesClimatic Zones    
    AAAA    BBBB    CCCC    
Building Stock Reference-cooling (Rs-c in kWh/m2/y) 104 105 94 
Building Regulation Reference-cooling (Rr-c in kWh/m2/y) 78 79 70 

    

Table Table Table Table 5555----8888: Cooling : Cooling : Cooling : Cooling DemandDemandDemandDemand Classifications for office buildings according to CEN method Classifications for office buildings according to CEN method Classifications for office buildings according to CEN method Classifications for office buildings according to CEN method    

    Energy Energy Energy Energy DemandDemandDemandDemand for Cooling (EC) kWh/m for Cooling (EC) kWh/m for Cooling (EC) kWh/m for Cooling (EC) kWh/m2222/year/year/year/year    
    

Energy ClassesEnergy ClassesEnergy ClassesEnergy Classes    
    

Climatic Zone AClimatic Zone AClimatic Zone AClimatic Zone A    
    

Climatic Zone  BClimatic Zone  BClimatic Zone  BClimatic Zone  B    
    

Climatic Zone CClimatic Zone CClimatic Zone CClimatic Zone C    
A DC<39 DC<39 DC<35 
B 39≤DC<78 39≤DC<79 35≤DC<70 
C 78≤DC<91 79≤DC<92 70≤DC<82 
D 91≤DC<104 92≤DC<105 82≤DC<94 
E 104≤DC<156 105≤DC<158 94≤DC<140 
F 156≤DC<207 158≤DC<211 140≤DC<187 
G 207≤DC 211≤DC 187≤DC 
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5.9.5.9.5.9.5.9. Adaptability of VBDAdaptability of VBDAdaptability of VBDAdaptability of VBD    

One of the advantages of the VBD proposed method is the flexibility to many 

parameters. The adopted VBD method is adaptable according to the following 

parameters: 

� The required dataset size of VBD 

� The climatic conditions 

� The country of which the building stock VBD represents 

� The building category 

� Heating and cooling system efficiency  

VBD is a useful tool to any process requires large number of building datasets. 

Depending on the research purpose (e.g. rating, clustering, classification, neural 

network training, retrofit scenarios investigation etc.) each time, VBD method can 

create the required dataset size, depending on the available hard disc space.  

The method can also be applied for any climatic conditions, since climatic data are 

available in the specific form of TRNSYS input file. Moreover the method can be 

generalized globally for creating a VBD in any country by changing the weather input 

data according to the country's climatic zones division and the material and 

construction databases according to the constructional characteristics of materials 

and structural elements dominating the country’s building sector and the  

Following the same concept, VBD is adaptable to any building category by changing 

the values ranges of all the simulation parameters according the building category 

(offices, residential buildings, hospitals, schools, etc.) that is investigated and the 

national codes for indoor environment parameters. 

In the same concept, VBD is adaptable to time. After desirable time, e.g. 2, 5, 10 etc. 

years VBD for office buildings in Greece can be updated by adding new materials and 

structural elements in VBD libraries, by changing the shading methods, the heating-

cooling system, the time schedules and any other parameter. 

VBD is a dataset that contains the heating and cooling demand of the buildings. By 

taking into account the heating and cooling efficiency of the heating-cooling installed 
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system the total energy consumption may be investigated since the energy 

consumption for lighting and equipment has been taken into account.   

In general, since the core of the VBD method is available, the user may create any 

kind of building dataset. The accuracy of the adopted dataset depends on the 

parameter and assumptions selection.  

5.10.5.10.5.10.5.10. ConclusionsConclusionsConclusionsConclusions    

In this chapter, an innovative approach for producing a Virtual Building Dataset 

(VBD) is demonstrated in order to investigate the energy and indoor thermal comfort 

efficiency of a user-defined number of virtual office buildings. The method is applied 

to 10,000 office buildings for each of the three major climatic zones in Greece. Besides 

the constructional and operational characteristics of each building, the VBD contains 

the calculated energy demands for heating, cooling, energy consumption for lighting 

and appliances as well as the indoor thermal comfort requirements. 

The method is easily adapted to any country's building constructional and operational 

ranges and climatic zone data for producing a respective localized VBD. Such an 

approach could constitute a reliable and time-saving substitute to the real building 

data collection required prior to the definition of energy classes. 

Moreover, it is important that this virtual building dataset can be used for the 

definition of the limits of the energy classes (cluster analysis) for each building 

category. The optimum, though, use of the VBD is in combination with smaller in size 

but real datasets for each building category, in order to ensure reliable and safe 

results. 

Additionally, the VBD can be used as the basis for a parametric study of one or more 

building characteristics with respect to the energy and thermal comfort efficiency 

attained. In order to proceed with an integrated building efficiency approach, 

correlating the energy consumption to the thermal comfort of the building, VBD 

proves to be a valuable tool for the definition of respective guidelines. 

Moreover, VBD is a useful tool for  building energy clustering, energy rating 

procedures, determination of energy and indoor thermal environment building 

classification boundaries, neural networks training and validation, multi-criteria 
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decision making data for building retrofit scenarios, sensitivity analysis and to any 

process requires large number of building data, in general. 

The advantages of the VBD compared to a real dataset is the capability of simulating 

a large amount of buildings, the flexibility to isolate and study the interaction of 

various parameters and their effect in the energy performance of the buildings, the 

possibility to mass study different scenarios for improving the energy efficiency of a 

large number of buildings and not only on individual case-study buildings. 
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CHAPTER 6:CHAPTER 6:CHAPTER 6:CHAPTER 6: OFFICE OFFICE OFFICE OFFICE BUILDINGS’ CLASSIFICATION BUILDINGS’ CLASSIFICATION BUILDINGS’ CLASSIFICATION BUILDINGS’ CLASSIFICATION 

USING CLUSTERING TECHNIQUES USING CLUSTERING TECHNIQUES USING CLUSTERING TECHNIQUES USING CLUSTERING TECHNIQUES     

6.1.6.1.6.1.6.1. IntroductionIntroductionIntroductionIntroduction    

Clustering is one of the most useful tasks in data mining process for discovering 

groups and identifying interesting distributions and patterns in the underlying data. 

Clustering problem is about partitioning a given data set into groups (clusters) such 

that the data points in a cluster are more similar to each other than points in 

different clusters (Guha et al., 1998). 

The main concern in the clustering process is to reveal the organization of patterns 

into “sensible” groups, which allow us to discover similarities and differences, as well 

as to derive useful conclusions about them. This idea is applicable in many fields, such 

as life sciences, medical sciences and engineering. Clustering may be found under 

different names in different contexts, such as unsupervised learning (in pattern 

recognition), numerical taxonomy (in biology, ecology), typology (in social sciences) 

and partition (in graph theory) (Theodoridis and Koutroubas, 1999). 

In the clustering process, there are no predefined classes and no examples that would 

show what kind of desirable relations should be valid among the data that is why it is 

perceived as an unsupervised process. On the other hand, classification is a procedure 

of assigning a data item to a predefined set of categories (Fayyad et al., 1996). 

Clustering produces initial categories in which values of a data set are classified 

during the classification process. 

Cluster analysis is a major tool in a number of applications in many fields of business 

and science. Hereby, we summarize the basic directions in which clustering are used 

(Theodoridis and Koutroubas, 1999): 

� Data reductionData reductionData reductionData reduction. Cluster analysis can contribute in compression of the information 

included in data. In several cases, the amount of available data is very large and its 

processing becomes very demanding. Clustering can be used to partition data set 

into a number of “interesting” clusters.  
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� Hypothesis generationHypothesis generationHypothesis generationHypothesis generation. Cluster analysis is used here in order to infer some 

hypotheses concerning the data.  

� Hypothesis testingHypothesis testingHypothesis testingHypothesis testing. In this case, the cluster analysis is used for the verification of 

the validity of a specific hypothesis.  

� PredictionPredictionPredictionPrediction based on groups based on groups based on groups based on groups. Cluster analysis is applied to the data set and the 

resulting clusters are characterized by the features of the patterns that belong to 

these clusters. Then, unknown patterns can be classified into specified clusters 

based on their similarity to the clusters’ features. Useful knowledge related to our 

data can be extracted. 

A clustering technique has been used in one research for building classification. 

Santamouris et al (Santamouris et al., 2007) proposed an energy rating and 

certification method for Greek school buildings based on intelligent clustering 

techniques. Five energy classes for schools buildings for both total and heating energy 

consumption have been calculated. The results showed mean energy consumption for 

heating 68kWh/m2/year and for electricity 27kWh/m2/year. The energy benchmarks 

that applied for schools in Greece were for a typical school building (50% of the stock): 

Heating 57kWh/m2/year, Electricity 20 kWh/m2/year and for best practice building 

(top 25% of the stock): Heating 32kWh/m2/year, Electricity 10 kWh/m2/year. In 

addition to energy consumption, the comfort and indoor air quality of Greek schools 

buildings was examined. This proposed energy classification method can be applied in 

order to classify the energy performance of a school or other types of buildings.  

In this doctorial research, five clustering techniques are tested in order to investigate 

the appropriate method for establishing energy and thermal comfort classifications for 

the Greek office building sector.  The clustering algorithms that have been applied to 

VBD for this purpose are: 

� Hierarchical Clustering (HC) 

� K-Means Clustering (KMC) 

� Gaussian Mixture Models Clustering (GMM) 

� Fuzzy C-Means Clustering (FC) 

� Neural Network Based Clustering (NNC) 
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Each method has been applied to energy demand for heating, energy demand for 

cooling and PMV index for each climatic zone and for 2 to 9 classes.  

Then, in order to evaluate the clustering results of our problem, three internal 

validity indices have been selected for testing the investigated methods in order to 

select the appropriate number of clusters (k) and the more efficient algorithm for each 

case.  

The aim of this chapter is to propose a methodology for classifying office buildings in 

Greece, in terms of energy demand and indoor thermal comfort and then to investigate 

the common buildings’ characteristics in each class. It is noted that the classification 

does not refer to the final energy consumption of the buildings, i.e. the efficiency 

coefficients of heating (n) and cooling (COP) have not been taken into account.  

6.2.6.2.6.2.6.2. Mathematical description of the clustering algorithmsMathematical description of the clustering algorithmsMathematical description of the clustering algorithmsMathematical description of the clustering algorithms    

6.2.1.6.2.1.6.2.1.6.2.1. Hierarchical ClusteringHierarchical ClusteringHierarchical ClusteringHierarchical Clustering    

Hierarchical clustering (HC) is one of the most known unsupervised methods because 

of its simple concept. HC algorithms organize data into a hierarchical structure 

according to the proximity matrix. The results of HC are usually represented in a tree 

structure called dendrogram (Figure 6-1). The root node of the dendrogram reflects 

the whole dataset (single cluster containing all data objects) and each leaf node 

corresponds to an individual data object. The intermediate nodes describe the 

proximity among the objects. The height of the dendrogram expresses the distance 

between each pair of objects or clusters, or an object and a cluster. The ultimate 

clustering results can be obtained by cutting the dendrogram at different levels. This 

representation provides very informative descriptions and visualization for the 

potential data clustering structures, especially when real hierarchical relations exist 

in the data, like the data from evolutionary research on different species of organisms.  

HC algorithms are mainly divided in two basic categories: agglomerative methods and 

divisive methods. Agglomerative clustering starts with N clusters and each of them 

includes exactly one data object. A series of merge operations are then followed out 

that finally lead all objects to the same group. Divisive clustering proceeds in an 

opposite way. In the beginning, the entire dataset belongs to one cluster and a 

procedure successively divides it, until all clusters are singleton clusters. For a cluster 
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with N objects, there are 12 1 −−N
 possible two-subset divisions, which is very 

expensive in computation. Therefore, divisive clustering is not commonly used in 

practice (Xu and Wunsch, 2005). 

The general agglomerative HC can be summarized by the following procedure: 

1. Start with N singleton clusters. Calculate the proximity matrix for the N clusters. 

2. Search the minimal distance 

( ) ( )
1 ,

, min ,i j m l
m l N
m l

D C C D C C
≤ ≤

≠

=

((((6666----1111))))    

Where D (*,*) is the distance function in the proximity matrix, and combine cluster Ci 

and Cj to form a new cluster. 

3. Update the proximity matrix by computing the distances between the new cluster 

and the other clusters.  

4. Repeat steps 2, 3 until all the objects are in the same cluster. 

There are many variations of HC algorithms based on different definitions for 

distance between two clusters. Among the most used variations are: 

� Single Linkage clustering (Minimum or Nearest-Neighbor method): The distance 

between two clusters is determined by the two closest objects in different 

clusters. 

� Complete Linkage clustering (Maximum or Furthest-Neighbor method): The 

distance between two clusters is equal to the greatest distance between an object 

of cluster i and an object of cluster j. 

� Average Linkage clustering: The distance between two clusters is calculated 

using average values. The average distance is calculated from the distance 

between each point in a cluster and all other points in another cluster. The two 

clusters with the lowest average distance are joined together to form the new 

cluster . 

� Centroid Linkage clustering: This variation uses the group centroid as the 

average. The centroid is defined as the center of the cloud of points.  

The major disadvantage for classical HC algorithms is that they lack robustness and 

are, hence, sensitive to noise and outliers. Once an object is assigned to a cluster, it 
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will not be considered again, which means that HC algorithms are not capable of 

correcting possible previous misclassification. The computational complexity for most 

of HC algorithms is at least O(N2) and this limits their ability to handle large datasets 

within a reasonable time and memory resources (Xu & Wunsch, 2005). 

 

Figure Figure Figure Figure 6666----1111: : : : Objects into a hierarchy of clusters and the dendrogramObjects into a hierarchy of clusters and the dendrogramObjects into a hierarchy of clusters and the dendrogramObjects into a hierarchy of clusters and the dendrogram    

6.2.2.6.2.2.6.2.2.6.2.2. KKKK----Means ClusteringMeans ClusteringMeans ClusteringMeans Clustering    

K-means is a partitional clustering technique that assigns a set of objects into K 

clusters with no hierarchical structure. In principle, the optimal partition, based on 

some specific criterion, can be found by enumerating all possibilities. The K-means 

algorithm is very simple and can be easily implemented to solve many practical 

problems. It can work very well for compact and hyperspherical clusters and can be 

used to cluster large data sets (Xu & Wunsch, 2005). The algorithm consists of a 

simple re-estimation procedure as follows. Initially, the data points are assigned at 

random to the K sets. For step 1, the centroid is computed for each set. In step 2, 

every point is assigned to the cluster whose centroid is closest to that point. These two 

steps are alternated until a stopping criterion is met, i.e., when there is no further 

change in the assignment of the data points (Bishop, 1995). 

6.2.3.6.2.3.6.2.3.6.2.3. GMM ClusteringGMM ClusteringGMM ClusteringGMM Clustering    

Mixture models are a semi-parametric alternative to non-parametric histograms 

(which can also be used as densities) and provide greater flexibility and precision in 

modelling the underlying statistics of sample data. (Bishop, 1995).  
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In the probabilistic view, data objects are assumed to be generated according to 

several probability distributions. Data points in different clusters were generated by 

different probability distributions that can be derived from different types of density 

functions (e.g., multivariate Gaussian). If the distributions are known, finding the 

clusters of a given data set is equivalent to estimating the parameters of several 

underlying models (Xu and Wunsch, 2005). Gaussian Mixture clustering involves the 

model selection, i.e., to determine the number of components in a mixture (also called 

model order interchangeably) and the estimation of the parameters of each component 

in a mixture, through the observed data each represented as a vector of features (also 

referred to as attributes or variables) (Zeng & Cheung, 2008). Gaussian classifiers are 

strongly dependent on the posterior probability method and the underlying distance 

method, namely the Mahalanobis distance. The latter is also used for the detection of 

outliers (Woifel & Ekenel, n.d.). In  

Figure 6-2, these two methods are illustrated referring to data from a mixture of two 

bivariate Gaussian distributions. 

 

 

    

Figure Figure Figure Figure 6666----2222::::    The Posterior method and the MahalThe Posterior method and the MahalThe Posterior method and the MahalThe Posterior method and the Mahalanobisanobisanobisanobis method  method  method  method     

6.2.4.6.2.4.6.2.4.6.2.4. Fuzzy Fuzzy Fuzzy Fuzzy CCCC----Means Means Means Means ClusteringClusteringClusteringClustering    

The Fuzzy C-means clustering algorithm is based on the minimization of an objective 

function called C-means functional. It is defined by Dunn (Dunn, 1974) as: 
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is a vector of cluster prototypes (centers), which have to be determined, and 
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is a squared inner product distance norm. 

Statistically, equation (6-2) can be seen as a measure of the total variance of xk from 

vi. The minimization of the c-means functional (6-2) represents a nonlinear 

optimization problem that can be solved by using a variety of available methods, 

ranging from grouped coordinate minimization, over simulated annealing to genetic 

algorithms. The most popular method, however, is a simple Picard iteration through 

the first-order conditions for stationary points of equation (6-2), known as the fuzzy c-

means (FCM) algorithm. 

6.2.5.6.2.5.6.2.5.6.2.5. Neural ClusteringNeural ClusteringNeural ClusteringNeural Clustering (Self Organized Maps (Self Organized Maps (Self Organized Maps (Self Organized Maps----SOM)SOM)SOM)SOM)    

A self-organizing map (SOM) or self organizing feature map (SOFM) is a neural -

network-based divisive clustering approach. The objective of SOM is to represent 

high-dimensional input patterns with prototype vectors that can be visualized in a 

usually two-dimensional lattice structure. Each unit in the lattice is called a neuron, 

and adjacent neurons are connected to each other, which gives the clear topology of 

how the network fits itself to the input space. Input patterns are fully connected to all 

neurons via adaptable weights, and during the training process, neighboring input 

patterns are projected into the lattice, corresponding to adjacent neurons.  

Basic SOM training goes through the following steps (Xu and Wunsch, 2005): 

1. Define the topology of the SOM; Initialize the prototype ( )0iWv , 1, ,i K= K vectors 

randomly. 
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2. Present an input pattern x x x x to the network; Choose the winning node J that is 

closest to x, i.e., { }ii mxJ −= minarg  

3. Update prototype vectors ( ) ( ) ( ) ( )[ ]tmxthtmtm iciii −+=+1 , where ( )thci is the 

neighbourhood function that is often defined as: ( ) ( )
( ) 












 −−
=

t

rr
tath ic

ci 2

2

2
exp

σ
, where a(t) 

is the monotonically decreasing learning rate, r represents the position of the 

corresponding neuron, and σ(t) is the monotonically decreasing kernel width function. 

4. Repeat steps 2 and 3 until no change of neuron position that is more than a 

appositive number is observed. 

While SOFM enjoy the merits of input space density approximation and independence 

of the order of input patterns, a number of user-dependent parameters cause problems 

when applied in real practice. SOM need to predefine the size of the lattice, i.e., the 

number of clusters, which is unknown for most circumstances. Additionally, trained 

SOM may be suffering from input space density misrepresentation, where areas of low 

pattern density may be over-represented and areas of high density under-represented. 

6.3.6.3.6.3.6.3. Analysis and ResultsAnalysis and ResultsAnalysis and ResultsAnalysis and Results    

The five aforementioned clustering algorithms have been applied to VBD. In order to 

create clusters of each kind energy demand (heating, cooling) for each climatic zone 

(A, B and C), three different 10,000×1 matrices (A_E, B_E and C_E) have been used 

from VBD for each case, which contains the energy demand results for the three 

climatic zones. The quality of indoor environment is expressed with the percentage of 

time of the occupied hours during which PMV is between the acceptable range -

0.7<PMV<+0.7, according to the recommended values of European CEN Standard. In 

order to cluster PMV index for each climatic zone, three different 10,000×1 matrices 

(A_PMV, B_PMV and C_PMV) have been used.  

We have to note that classification based on the input variables has no natural 

meaning since all the variables are mutually independent and were randomly selected 

using uniform distribution.  

In this section the results of cluster algorithms application to VBD are presented in 

the following tables.  
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6.3.1.6.3.1.6.3.1.6.3.1. Hierarchical ClusteringHierarchical ClusteringHierarchical ClusteringHierarchical Clustering    ResultsResultsResultsResults    

Table Table Table Table 6666----1111: : : : Hierarchical classification for Hierarchical classification for Hierarchical classification for Hierarchical classification for heating heating heating heating demanddemanddemanddemand        

HEATING HEATING HEATING HEATING DEMANDDEMANDDEMANDDEMAND FOR CLIMATIC ZONE A (kWh/m FOR CLIMATIC ZONE A (kWh/m FOR CLIMATIC ZONE A (kWh/m FOR CLIMATIC ZONE A (kWh/m2222/year)/year)/year)/year)    

ClassClassClassClass    k=2k=2k=2k=2    k=3k=3k=3k=3    k=4k=4k=4k=4    k=5k=5k=5k=5    k=6k=6k=6k=6    k=7k=7k=7k=7    k=8k=8k=8k=8    k=9k=9k=9k=9    

AAAA    
0.00-68.40 0.00-68.40 0.00-68.40 0.00-36.10 0.00-36.10 0.00-36.10 0.00-10.50 0.00 – 10.50 

BBBB    
68.50-199.00 68.50-116.80 68.50-116.80 36.20-68.40 36.20-68.40 36.20-68.40 10.60-36.10 10.60-36.10 

CCCC    
  117.00-199.00 117.00-153.20 68.50-116.80 68.50-91.80 68.50-91.80 36.20-68.40 36.20-53.90 

DDDD    
    153.70-199.00 117.00-153.20 92.00-116.80 92.00-116.80 68.50-91.80 54.00-68.40 

EEEE    
      153.70-199.00 117.00-153.20 117.00-153.20 92.00-116.80 68.50-91.80 

FFFF    
        153.70-199.00 153.70-176.60 117.00-153.20 92.00-116.80 

GGGG    
          178.80-199.00 153.70-176.60 117.00-153.20 

HHHH    
            178.80-199.00 153.70-176.60 

IIII    
              178.80-199.00 

HEATING HEATING HEATING HEATING DEMANDDEMANDDEMANDDEMAND FOR FOR FOR FOR CLIMATIC ZONE B (kWh/m CLIMATIC ZONE B (kWh/m CLIMATIC ZONE B (kWh/m CLIMATIC ZONE B (kWh/m2222/year)/year)/year)/year)    

ClassClassClassClass    k=2k=2k=2k=2    k=3k=3k=3k=3    k=4k=4k=4k=4    k=5k=5k=5k=5    k=6k=6k=6k=6    k=7k=7k=7k=7    k=8k=8k=8k=8    k=9k=9k=9k=9    

AAAA    
0.00-69.80 0.00-69.80 0.00-69.80 0.00-69.80 0.00-69.80 0.00-41.80 0.00-41.80 0.00-21.40 

BBBB    
69.90-234.90 69.90-133.50 69.90-133.50 69.90-100.50 69.90-100.50 41.90-69.80 41.90-69.80 21.50-41.80 

CCCC    
  133.70-234.90 133.70-204.80 101.00-133.50 101.00-133.50 69.90-100.50 69.90-100.50 41.90-69.80 

DDDD    
    207.50-234.90 133.70-204.80 133.70-157.90 101.00-133.50 101.00-133.50 69.90-100.50 

EEEE    
      207.50-234.90 158.40-204.80 133.70-157.90 133.70-157.90 101.00-133.50 

FFFF    
        207.50-234.90 158.40-204.80 158,40-204.80 133.70-157.90 

GGGG    
          207.50-234.90 207.50-218.60 158.40-204.80 

HHHH    
            234.90-234.90 207.50-218.60 

IIII    
              234.90-234.90 

HEATING  HEATING  HEATING  HEATING  DEMANDDEMANDDEMANDDEMAND FOR CLIMATIC ZONE C (k FOR CLIMATIC ZONE C (k FOR CLIMATIC ZONE C (k FOR CLIMATIC ZONE C (kWh/mWh/mWh/mWh/m2222/year)/year)/year)/year)    

ClassClassClassClass    k=2k=2k=2k=2    k=3k=3k=3k=3    k=4k=4k=4k=4    k=5k=5k=5k=5    k=6k=6k=6k=6    k=7k=7k=7k=7    k=8k=8k=8k=8    k=9k=9k=9k=9    

AAAA    
0.00-111.80 0.00-111.80 0.00-111.80 0.00-68.40 0.00-68.40 0.00-68.40 0.00-10.70 0.00-10.70 

BBBB    
111.90-15.50 111.90-192.20 111.90-192.20 68.50-111.80 68.50-111.80 68.50-111.80 10.80-68.40 10.8-68.40 

CCCC    
  192.40-315.50 192.40-262.10 111.90-192.20 111.90-150.90 111.90-150.90 68.50-111.80 68.50-111.80 

DDDD    
    263.90-315.50 192.40-262.10 151.00-192.20 151.00-192.20 111.90-150.90 111.90-150.90 

EEEE    
      263.90-315.50 192.40-262.10 192.40-262.10 151.00-192.20 151.00-192.20 

FFFF    
        263.90-315.50 263.90-292.00 192.40-262.10 192.40-222.30 

GGGG    
          315.50-315.50 263.90-292.00 222,90 - 262,10 

HHHH    
            315.50-315.50 263.90-292.00 

IIII    
              315.50-315.50 
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Table Table Table Table 6666----2222: : : : Hierarchical classification for cooling Hierarchical classification for cooling Hierarchical classification for cooling Hierarchical classification for cooling demanddemanddemanddemand    

COOLING COOLING COOLING COOLING DEMANDDEMANDDEMANDDEMAND FOR CLIMATIC ZONE A (kWh/m FOR CLIMATIC ZONE A (kWh/m FOR CLIMATIC ZONE A (kWh/m FOR CLIMATIC ZONE A (kWh/m2222/year)/year)/year)/year)    

ClassClassClassClass    k=2k=2k=2k=2    k=3k=3k=3k=3    k=4k=4k=4k=4    k=5k=5k=5k=5    k=6k=6k=6k=6    k=7k=7k=7k=7    k=8k=8k=8k=8    k=9k=9k=9k=9    

AAAA    
32.50-228.40 32.50-228.40 32.50-138.80 32.50-138.80 32.50-82.90 32.50-82.90 32.50-82.90 32.50-82.90 

BBBB    
229.90-359.40 229.90-302.50 138.90-228.40 138.90-184.10 83.00-138.80 83.00-138.80 83.00-138.80 83.00-113.60 

CCCC    
  319.40-359.40 229.90-302.50 184.40-228.40 138.90-184.10 138.90-184.10 138.90-184.10 113.70-138.80 

DDDD    
    319.40-359.40 229.90-302.50 184.40-228.40 184.40-228.40 184.40-228.40 138.90-184.10 

EEEE    
      319.40-359.40 229.90-302.50 229.90-302.50 229.90-260.80 184.40-228.40 

FFFF    
        319.40-359.40 319.40-319.40 264.10-302.50 229.90-260.80 

GGGG    
          359.40-359.40 319.40-319.40 264.10-302.50 

HHHH    
            359.40-359.40 319.40-319.40 

IIII    
              359.40-359.40 

COOLING COOLING COOLING COOLING DEMANDDEMANDDEMANDDEMAND FOR CLIMATIC ZONE B (kWh/m FOR CLIMATIC ZONE B (kWh/m FOR CLIMATIC ZONE B (kWh/m FOR CLIMATIC ZONE B (kWh/m2222/year)/year)/year)/year)    

ClassClassClassClass    k=2k=2k=2k=2    k=3k=3k=3k=3    k=4k=4k=4k=4    k=5k=5k=5k=5    k=6k=6k=6k=6    k=7k=7k=7k=7    k=8k=8k=8k=8    k=9k=9k=9k=9    

AAAA    
33.80-236.70 33.80-236.70 33.80-149.40 33.80-149.40 33.80-93.10 33.80-93.10 33.80-93.10 33.80-93.10 

BBBB    
238.80-352.80 238.80-301.70 149.50-236.70 149.50-195.50 93.20-149.40 93.20-149.40 93.20 -116.60 93.20-116.60 

CCCC    
  325.90-352.80 238.80-301.70 195.90- 236.70 149.50-195.50 149.50 -195.50 116.70-149.40 116.70 -149.40 

DDDD    
    325.90-352.80 238.80-301.70 195.90-236.70 195.90-236.70 149.50-195.50 149.50-195.50 

EEEE    
      325.90-352.80 238.80-301.70 238.80-262.00 195.90-236.70 195.90-236.70 

FFFF    
        325.90-352.80 266.40-301.70 238.80-262.00 238.80-262.00 

GGGG    
          325.90-352.80 266.40-301.70 266.40-301.70 

HHHH    
            325.90-352.80 325.90-325.90 

IIII    
              352.80-352.80 

COOLING COOLING COOLING COOLING DEMANDDEMANDDEMANDDEMAND FOR CLIMATIC ZONE C (kWh/m FOR CLIMATIC ZONE C (kWh/m FOR CLIMATIC ZONE C (kWh/m FOR CLIMATIC ZONE C (kWh/m2222/year)/year)/year)/year)    

ClassClassClassClass    k=2k=2k=2k=2    k=3k=3k=3k=3    k=4k=4k=4k=4    k=5k=5k=5k=5    k=6k=6k=6k=6    k=7k=7k=7k=7    k=8k=8k=8k=8    k=9k=9k=9k=9    

AAAA    
28.90-180.40 28.90-180.40 28.90-95.50 28.90-95.50 28.90-95.50 28.90-58.30 28.90-58.30 28.90-58.30 

BBBB    
180.90-306.10 180.90-256.50 95.60-180.40 95.60-142.40 95.60-142.40 58.40-95.50 58.40-95.50 58.40-95.50 

CCCC    
  287.50-306.10 180.90-256.50 142.60-180.40 142.60 -180.40 95.60-142.40 95.60-142.40 95.60-119.90 

DDDD    
    287.50-306.10 180.90-256.50 180.90-214.60 142.60-180.40 142.60-180.40 120.00-142.40 

EEEE    
      287.50-306.10 216.30-256.50 180.90-214.60 180.90-214.60 142.60-180.40 

FFFF    
        287.50-306.10 216.30-256.50 216.30-238.70 180.90-214.60 

GGGG    
         287.50-306.10 242.70-256.50 216.30-238.70 

HHHH    
            287.50-306.10 242.70-256.50 

IIII    
              287.50-306.10 
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Table Table Table Table 6666----3333: : : : Hierarchical classification for quality of indoor environment Hierarchical classification for quality of indoor environment Hierarchical classification for quality of indoor environment Hierarchical classification for quality of indoor environment  

AVERAGE OF OCCUPIED HOURS THAT AVERAGE OF OCCUPIED HOURS THAT AVERAGE OF OCCUPIED HOURS THAT AVERAGE OF OCCUPIED HOURS THAT ----0.7<PMV<+0.7 0.7<PMV<+0.7 0.7<PMV<+0.7 0.7<PMV<+0.7 FOR CLIMATIC ZONE A (%FOR CLIMATIC ZONE A (%FOR CLIMATIC ZONE A (%FOR CLIMATIC ZONE A (%))))    

ClassClassClassClass    k=2k=2k=2k=2    k=3k=3k=3k=3    k=4k=4k=4k=4    k=5k=5k=5k=5    k=6k=6k=6k=6    k=7k=7k=7k=7    k=8k=8k=8k=8    k=9k=9k=9k=9    

AAAA    
92.11-29.53 92.11-69.34 92.11-69.34 92.11-69.34 92.11-82.93 92.11-82.93 92.11-82.93 92.11-82.93 

BBBB    
29.10-0.66 69.31-29.53 69.31-50.56 69.31-50.56 82.91-69.34 82.91-69.34 82.91-69.34 82.91-69.34 

CCCC    
  29.10-0.66 50.53-29.53 50.53-29.53 69.31-50.56 69.31-61.62 69.31-61.62 69.31-61.62 

DDDD    
    29.10-0.66 29.10-19.47 50.53-29.53 61.60-50.56 61.60-50.56 61.60-50.56 

EEEE    
      18.63-0.66 29.10-19.47 50.53-29.53 50.53-29.53 50.53-41.91 

FFFF    
        18.63-0.66 29.10-19.47 29.10-19.47 41.88-29.53 

GGGG    
          18.63-0.66 18.63-7.64 29.10-19.47 

HHHH    
            6.51-0.66 18.63-7.64 

IIII    
              6.51-0.66 

AVERAGE OF OCCUPIED HOURS THAT AVERAGE OF OCCUPIED HOURS THAT AVERAGE OF OCCUPIED HOURS THAT AVERAGE OF OCCUPIED HOURS THAT ----0.7<PMV<+0.7 0.7<PMV<+0.7 0.7<PMV<+0.7 0.7<PMV<+0.7 FOR CLIMATIC ZONE B (%)FOR CLIMATIC ZONE B (%)FOR CLIMATIC ZONE B (%)FOR CLIMATIC ZONE B (%)    

ClassClassClassClass    k=2k=2k=2k=2    k=3k=3k=3k=3    k=4k=4k=4k=4    k=5k=5k=5k=5    k=6k=6k=6k=6    k=7k=7k=7k=7    k=8k=8k=8k=8    k=9k=9k=9k=9    

AAAA    
92.11-28.85 92.11-67.88 92.11-67.88 92.11-67.88 92.11-83.31 92.11-83.31 92.11-83.31 92.11-83.31 

BBBB    
28.27-1.03 67.85-28.85 67.85-46.07 67.85-46.07 83.26-67.88 83.26-67.88 83.26-75.85 83.26-75.85 

CCCC    
  28.27-1.03 46.04-28.85 46.04-28.85 67.85-46.07 67.85-58.95 75.82-67.88 75.82-67.88 

DDDD    
    28.27-1.03 28.27-13.36 46.04-28.85 58.93-46.07 67.85-58.95 67.85-58.95 

EEEE    
      12.08-1.03 28.27-13.36 46.04-28.85 58.93-46.07 58.93-46.07 

FFFF    
        12.08-1.03 28,27-13.36 46.04-28.85 46.04-28.85 

GGGG    
          12.08-1.03 28.27-13.36 28.27-23.53 

HHHH    
            12,08 - 1,03 22.64-13.36 

IIII    
              12.08-1.03 

AVERAGE OF OCCUPIED HOURS THAT AVERAGE OF OCCUPIED HOURS THAT AVERAGE OF OCCUPIED HOURS THAT AVERAGE OF OCCUPIED HOURS THAT ----0.7<PMV<+0.7 0.7<PMV<+0.7 0.7<PMV<+0.7 0.7<PMV<+0.7 FOR CLIMATIC ZONE C (%)FOR CLIMATIC ZONE C (%)FOR CLIMATIC ZONE C (%)FOR CLIMATIC ZONE C (%)    

ClassClassClassClass    k=2k=2k=2k=2    k=3k=3k=3k=3    k=4k=4k=4k=4    k=5k=5k=5k=5    k=6k=6k=6k=6    k=7k=7k=7k=7    k=8k=8k=8k=8    k=9k=9k=9k=9    

AAAA    
92.11-82.30 92.11-82.30 92.11-82.30 92.11-82.30 92.11-82.30 92.11-82.30 92.11-82.30 92.11-82.30 

BBBB    
82.25-3.45 82.25-46.95 82.25-46.95 82.25-63.87 82.25-63.87 82.25-63.87 82.25 – 74.31 82.25-74.31 

CCCC    
  46.90-3.45 46.90-22.79 63.84-46.95 63.84-46.95 63.84-46.95 74.26-63.87 74.26-63.87 

DDDD    
    21.08-3.45 46.90-22.79 46.90-22.79 46.90-40.34 63.84-46.95 63.84-56.86 

EEEE    
      21.08-3.45 21.08-12.38 40.32-22.79 46.90-40.34 56.83-46.95 

FFFF    
        3.45-3.45 21.08-12.38 40.32-22.79 46.90-40.34 

GGGG    
          3.45-3.45 21.08-12.38 40.32-22.79 

HHHH    
            3.45-3.45 21.08-12.38 

IIII    
              3.45-3.45 
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6.3.2.6.3.2.6.3.2.6.3.2. KKKK----Means ClusteringMeans ClusteringMeans ClusteringMeans Clustering Analysis Analysis Analysis Analysis Results Results Results Results    

Table Table Table Table 6666----4444: : : : KKKK----means classification for heating means classification for heating means classification for heating means classification for heating demanddemanddemanddemand        

HEATING HEATING HEATING HEATING DEMANDDEMANDDEMANDDEMAND FOR CLIMATIC ZONE A (kWh/m FOR CLIMATIC ZONE A (kWh/m FOR CLIMATIC ZONE A (kWh/m FOR CLIMATIC ZONE A (kWh/m2222/year)/year)/year)/year)    

ClassClassClassClass    k=2k=2k=2k=2    k=3k=3k=3k=3    k=4k=4k=4k=4    k=5k=5k=5k=5    k=6k=6k=6k=6    k=7k=7k=7k=7    k=8k=8k=8k=8    k=9k=9k=9k=9    

AAAA    0.00-63.30 0.00-34.20 0.00-24.80 0.00-20.00 0.00-16.30 0.00-15.00 0.00-11.90 0.00-11.30 

BBBB    63.40-199.00 34.30-82.00 24.90-54.00 20.10-41.50 16.40-32.70 15.10-30.30 12.00-24.70 11.40-23.50 

CCCC     82.10-199.00 54.10-99.00 41.60-72.40 32.80-52.50 30.40-47.40 24.80-37.10 23.60-35.40 

DDDD      99.30-199.00 72.50-113.80 52.60-81.00 47.50-68.80 37.20-53.20 35.50-50.40 

EEEE       114.00-199.00 81.10-118.20 69.90-97.00 53.30-74.90 50.50-69.50 

FFFF        118.40-199.00 97.40-129.20 75.10-100.90 69.70-91.50 

GGGG         129.60-199.00 101.10-131.30 91.60-114.90 

HHHH          131.80-199.00 115.10-140.80 

IIII           141.40-199.00 

HEATING HEATING HEATING HEATING DEMANDDEMANDDEMANDDEMAND FOR CLIMATIC ZONE B (kWh/m FOR CLIMATIC ZONE B (kWh/m FOR CLIMATIC ZONE B (kWh/m FOR CLIMATIC ZONE B (kWh/m2222/year)/year)/year)/year)    

ClassClassClassClass    k=2k=2k=2k=2    k=3k=3k=3k=3    k=4k=4k=4k=4    k=5k=5k=5k=5    k=6k=6k=6k=6    k=7k=7k=7k=7    k=8k=8k=8k=8    k=9k=9k=9k=9    

AAAA    0.00-77.00 0.00-45.20 0.00-32.80 0.00-26.90 0.00-22.00 0.00-19.10 0.00-16.50 0.00-14.60 

BBBB    77.10-234.90 45.30-100.50 32.90-67.60 27.00-52.20 22.10-42.00 19.20-36.70 16.60-31.70 14.70-28.10 

CCCC     101.00-234.90 67.70-119.50 52.30-87.80 42.10-66.70 36.80-55.80 31.80-46.60 28.20-40.20 

DDDD      119.70-234.90 87.90-134.50 66.80-100.50 55.90-81.60 46.70-66.50 40.30-54.10 

EEEE       134.70-234.90 101.00-142.20 81.70-114.30 66.70-92.30 54.20-72.70 

FFFF        142.30-234.90 114.70-151.70 92.50-121.60 72.80-97.20 

GGGG         151.80-234.90 121.70-155.00 97.30-125.60 

HHHH          155.20-234.90 125.80-157.80 

IIII           157.90-234.90 

HEATING  HEATING  HEATING  HEATING  DEMANDDEMANDDEMANDDEMAND FOR CLIMATIC ZONE C (kWh/m FOR CLIMATIC ZONE C (kWh/m FOR CLIMATIC ZONE C (kWh/m FOR CLIMATIC ZONE C (kWh/m2222/year)/year)/year)/year)    

ClassClassClassClass    k=2k=2k=2k=2    k=3k=3k=3k=3    k=4k=4k=4k=4    k=5k=5k=5k=5    k=6k=6k=6k=6    k=7k=7k=7k=7    k=8k=8k=8k=8    k=9k=9k=9k=9    

AAAA    0.00 -111.50   0.00 -71.90 0.00- 54.20 0.00 -46.80 0.00-38.40 0.00-31.70 0.00-27.00 0.00-25.60 

BBBB    111.60-315.50 72.00 -145.50 54.30-102.20 46.90-81.60 38.50-64.20 31.80-54.10 27.10-46.60 25.70-44.40 

CCCC     145.60- 315.50 102.30-169.40 81.70-130.40 64.30-99.20 54.20-79.20 46.70-65.50 44.50-61.40 

DDDD      169.50-315.50 130.50-189.30 99.30-145.70 79.30-113.60 65.60-90.40 61.50-81.90 

EEEE       189.40-315.50 145.80-198.10 113.70-156.40 90.50-123.40 82.00-108.00 

FFFF        198.30-315.50 156.50-204.30 123.50-162.30 108.10-139.00 

GGGG         204.50-315.50 162.40-207.10 139.10-173.40 

HHHH          207.30-315.50 173.80-214.00 

IIII           214.20-315.50 
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TaTaTaTable ble ble ble 6666----5555: K: K: K: K----means classification for cooling means classification for cooling means classification for cooling means classification for cooling demanddemanddemanddemand        

COOLING COOLING COOLING COOLING DEMANDDEMANDDEMANDDEMAND FOR CLIMATIC ZONE A (kWh/m FOR CLIMATIC ZONE A (kWh/m FOR CLIMATIC ZONE A (kWh/m FOR CLIMATIC ZONE A (kWh/m2222/year)/year)/year)/year)    

ClassClassClassClass    k=2k=2k=2k=2    k=3k=3k=3k=3    k=4k=4k=4k=4    k=5k=5k=5k=5    k=6k=6k=6k=6    k=7k=7k=7k=7    k=8k=8k=8k=8    k=9k=9k=9k=9    

AAAA    32.50-117.10 32.50-97.10 32.50-85.10 32.50-76.80 32.50-71.90 32.50-66.20 32.50-63.80 32.50-59.70 

BBBB    117.20-359.40 97.20-149.20 85.20-123.50 76.90-107.80 72.00-98.00 66.30-88.20 63.90-84.00 59.80-77.50 

CCCC     149.30-359.40 123.60-172.10 107.90-141.30 92.10-124.60 88.30-110.00 84.10-103.60 77.60-94.80 

DDDD      172.30-359.40 141.40-188.20 124.70-155.10 110.10-133.60 103.70-124.70 94.90-112.80 

EEEE       188.30-359.40 155.20-201.20 133.70-161.60 124.80-148.30 112.90-132.10 

FFFF        201.60-359.40 161.70-203.90 148.40-177.50 132.20-154.30 

GGGG         205.50-359.40 177.70-221.70 154.40-183.00 

HHHH          222.30-359.40 183.10-225.20 

IIII           226.00-359.40 

COOLING COOLING COOLING COOLING DEMANDDEMANDDEMANDDEMAND FOR CLIMATIC ZONE B (kWh/m FOR CLIMATIC ZONE B (kWh/m FOR CLIMATIC ZONE B (kWh/m FOR CLIMATIC ZONE B (kWh/m2222/year)/year)/year)/year)    

ClassClassClassClass    k=2k=2k=2k=2    k=3k=3k=3k=3    k=4k=4k=4k=4    k=5k=5k=5k=5    k=6k=6k=6k=6    k=7k=7k=7k=7    k=8k=8k=8k=8    k=9k=9k=9k=9    

AAAA    33.80-118.30 33.80-97.90 33.80-88.30 33.80-78.80 33.80-74.60 33.80-69.10 33.80-67.00 33.80-64.40 

BBBB    118.40-352.80 98.00-147.00 88.40-125.80 78.90-108.00 74.70-100.10 69.20-90.50 67.10-87.00 64.50-82.20 

CCCC     147.10-352.80 125.90-173.10 108.10-140.20 100.20-126.00 90.60-111.60 87.10-106.20 82.30-98.80 

DDDD      173.30-352.80 140.30-185.90 126.10-155.10 111.70-134.60 106.30-126.00 98.90-115.90 

EEEE       186.10-352.80 155.20-198.40 134.70-161.80 126.10-147.80 116.00-134.50 

FFFF        198.80-352.80 161.90-202.70 147.90-175.20 134.60-155.70 

GGGG         204.70-352.80 175.50-218.70 155.90-183.20 

HHHH          219.00-352.80 183.30-225.50 

IIII           225.80-352.80 

COOLING COOLING COOLING COOLING DEMANDDEMANDDEMANDDEMAND FOR CLIMATI FOR CLIMATI FOR CLIMATI FOR CLIMATIC ZONE C (kWh/mC ZONE C (kWh/mC ZONE C (kWh/mC ZONE C (kWh/m2222/year)/year)/year)/year)    

ClassClassClassClass    k=2k=2k=2k=2    k=3k=3k=3k=3    k=4k=4k=4k=4    k=5k=5k=5k=5    k=6k=6k=6k=6    k=7k=7k=7k=7    k=8k=8k=8k=8    k=9k=9k=9k=9    

AAAA    28.90-104.40 28.90-56.40 28.90-77.10 28.90-70.40 28.90-64.90 28.90-61.20 28.90-59.00 28.90-56.50 

BBBB    104.50-306.10 86.50-129.20 77.20-108.90 70.50-96.70 65.00-86.80 61.30-80.40 59.10-76.50 56.60-72.10 

CCCC     129.30-306.10 109.00-147.40 96.80-125.10 86.90-109.30 80.50-99.40 76.60-93.20 72.20-86.50 

DDDD      147.50-306.10 125.20-163.40 109.40-134.40 99.50-119.80 93.30-110.90 56.60-101.60 

EEEE       163.60-306.10 134.50-170.50 119.90-143.70 111.00-130.70 101.70-117.90 

FFFF        170.70-306.10 143.80-179.60 130.80-154.50 118.00-135.90 

GGGG         180.10-306.10 154.60-189.40 136.00-158.20 

HHHH          189.70-306.10 158.40-191.40 

IIII           192.00-306.10 
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Table Table Table Table 6666----6666: : : : KKKK----means clmeans clmeans clmeans classification for quality of indoor environment assification for quality of indoor environment assification for quality of indoor environment assification for quality of indoor environment  

AVERAGE OF OCCUPIED HOURS THAT AVERAGE OF OCCUPIED HOURS THAT AVERAGE OF OCCUPIED HOURS THAT AVERAGE OF OCCUPIED HOURS THAT ----0.7<PMV<+0.7 0.7<PMV<+0.7 0.7<PMV<+0.7 0.7<PMV<+0.7 FOR CLIMATIC ZONE A (%)FOR CLIMATIC ZONE A (%)FOR CLIMATIC ZONE A (%)FOR CLIMATIC ZONE A (%)    

ClassClassClassClass    k=2k=2k=2k=2    k=3k=3k=3k=3    k=4k=4k=4k=4    k=5k=5k=5k=5    k=6k=6k=6k=6    k=7k=7k=7k=7    k=8k=8k=8k=8    k=9k=9k=9k=9    

AAAA    92.10-66.10 92.10-77.00 92.10-81.10 92.10-82.45 92.10-83.00 92.10-85.00 92.10-85.80 92.10-86.60 

BBBB    66.00-0.65 76.90-55.50 81.00-66.85 82.40-70.10 82.90-71.35 84.90-75.80 85.70-77.50 86.50-79.00 

CCCC     55.40-0.65 66.80-50.80 70-00-57.20 71.30-60.10 75.70-67.10 77.40-69.50 78.90-71.50 

DDDD      50.70-0.65 57.15-43.30 60.00-48.10 67.00-57.30 69.40-61.60 71.40-64.70 

EEEE       43.20-0.65 48.00-32.25 57.20-46.20 61.50-52.80 64.60-57.25 

FFFF        32.15-0.65 46.10-30.50 52.70-43.80 57.10-48.90 

GGGG         30.35-0.65 43.70-29.50 18.80-40.70 

HHHH          29.10-0.65 40.60-26.80 

IIII           26.60-0.65 

AVERAGE OF OCCUPIED HOURS THAT AVERAGE OF OCCUPIED HOURS THAT AVERAGE OF OCCUPIED HOURS THAT AVERAGE OF OCCUPIED HOURS THAT ----0.7<0.7<0.7<0.7<PMV<+0.7 PMV<+0.7 PMV<+0.7 PMV<+0.7 FOR CLIMATIC ZONE B (%)FOR CLIMATIC ZONE B (%)FOR CLIMATIC ZONE B (%)FOR CLIMATIC ZONE B (%)    

ClassClassClassClass    k=2k=2k=2k=2    k=3k=3k=3k=3    k=4k=4k=4k=4    k=5k=5k=5k=5    k=6k=6k=6k=6    k=7k=7k=7k=7    k=8k=8k=8k=8    k=9k=9k=9k=9    

AAAA    92.10-64.70 92.10-74.70 92.10-79.50 92.10-81.10 92.10-81.70 92.10-84.85 92.10-85.10 92.10-85.25 

BBBB    64.60-1.00 74.65-53.10 79.40-64.70 81.00-68.35 81.65-70.25 84.80-76.05 85.05-76.65 85.20-76.95 

CCCC     53.00-1.00 64.65-48.80 68.30-56.85 70.20-60.85 76.00-67.70 76.60-68.65 76.90-69.25 

DDDD      48.75-1.00 56.80-44.10 60.80-50.55 67.65-59.40 68.60-61.10 69.20-62.10 

EEEE       44.00-1.00 50.50-39.25 59.35-49.65 61.00-52.60 62.00-55.00 

FFFF        39.20-1.00 49.60-38.75 52.50-42.75 54.50-47.10 

GGGG         38.70-1.00 42.70-28.25 47.00-39.20 

HHHH          28.05-1.00 39.10-25.90 

IIII           25.70-1.00 

AVERAGE OF OCCUPIED HOURS THAT AVERAGE OF OCCUPIED HOURS THAT AVERAGE OF OCCUPIED HOURS THAT AVERAGE OF OCCUPIED HOURS THAT ----0.7<PMV<+0.7 0.7<PMV<+0.7 0.7<PMV<+0.7 0.7<PMV<+0.7 FOR CLIMATIC ZONE C (%)FOR CLIMATIC ZONE C (%)FOR CLIMATIC ZONE C (%)FOR CLIMATIC ZONE C (%)    

ClassClassClassClass    k=2k=2k=2k=2    k=3k=3k=3k=3    k=4k=4k=4k=4    k=5k=5k=5k=5    k=6k=6k=6k=6    k=7k=7k=7k=7    k=8k=8k=8k=8    k=9k=9k=9k=9    

AAAA    92.10-62.90 92.10-69.95 92.10-76.50 92.10-79.50 92.10-81.00 92.10-82.40 92.10-83.65 92.10-83.75 

BBBB    62.80-3.45 69.90-48.23 76.00-61.00 79.00-66.30 80.50-69.20 82.35-72.20 83.60-74.50 83.70-74.70 

CCCC     48.20-3.45 60.50-45.50 66.00-55.30 69.10-59.60 72.15-63.50 74.45-66.50 74.65-66.75 

DDDD      45.00-3.45 55.20-42.60 59.50-50.50 63.40-55.70 66.45-59.55 66.70-59.95 

EEEE       42.00-3.45 50.40-39.55 55.65-47.10 59.50-53.30 59.90-54.00 

FFFF        39.50-3.45 47.00-37.20 53.25-45.60 53.95-47.50 

GGGG         37.10-3.45 45.55-36.45 47.45-40.10 

HHHH          36.35-3.45 40.05-32.80 

IIII           32.75-3.45 
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6.3.3.6.3.3.6.3.3.6.3.3. Gaussian Mixture ModelsGaussian Mixture ModelsGaussian Mixture ModelsGaussian Mixture Models    ResultsResultsResultsResults    

Table Table Table Table 6666----7777: : : : Gaussian classification for heating Gaussian classification for heating Gaussian classification for heating Gaussian classification for heating demanddemanddemanddemand  

HEATING HEATING HEATING HEATING DEMANDDEMANDDEMANDDEMAND FOR CLIMATIC ZONE A (kWh/m FOR CLIMATIC ZONE A (kWh/m FOR CLIMATIC ZONE A (kWh/m FOR CLIMATIC ZONE A (kWh/m2222/year)/year)/year)/year)    

ClassClassClassClass    k=2k=2k=2k=2    k=3k=3k=3k=3    k=4k=4k=4k=4    k=5k=5k=5k=5    k=6k=6k=6k=6    k=7k=7k=7k=7    k=8k=8k=8k=8    k=9k=9k=9k=9    

AAAA    0.00-57.10 0.00-41.50 0.00-3.70 0.00-3.70 0.00-3.70 0.00-3.70 0.00-0.20 0.00-0.20 

BBBB    57.20-199.00 41.60-74.90 3.80-42.00 3.80-38.40 3.80-28.90 3.80-29.30   0.30-5.20 0.30-5.20 

CCCC     75.10-199.00 42.10-74.50 38.50-65.70 29.00-49.80 29.40-49.50 5.30-30.90 5.30-30.30 

DDDD      74.60-199.00 65.80-107.60 49.90-71.90 49.60-73.10 31.00-51.70 30.40 -51.40 

EEEE       107.70-199.00 72.00-110.60 73.20-97.50 51.80-76.40 51.50-79.80 

FFFF        110.70-199.00 97.60-128.40 76.50-92.10 80.00-91.00 

GGGG         128.60-199.00 92.20-125.00 91.10-114.30 

HHHH          125.20-199.00 114.40-139.10 

IIII           139.40-199.00 

HEATING HEATING HEATING HEATING DEMANDDEMANDDEMANDDEMAND FOR CLIMATIC ZONE B (kWh/m FOR CLIMATIC ZONE B (kWh/m FOR CLIMATIC ZONE B (kWh/m FOR CLIMATIC ZONE B (kWh/m2222/year)/year)/year)/year)    

ClassClassClassClass    k=2k=2k=2k=2    k=3k=3k=3k=3    k=4k=4k=4k=4    k=5k=5k=5k=5    k=6k=6k=6k=6    k=7k=7k=7k=7    k=8k=8k=8k=8    k=9k=9k=9k=9    

AAAA    0.00 -  68.80 0.00 -  57.00 0.00 -  6.40   0.00 -  6.50 0 .00- 6.90 0.00 -  6.80 0.00 -  6.10 0 - 1.50 

BBBB    68.90 - 234.90 57.10 - 96.60 6.50 -  54.20 6.60 - 50.90 7.00 -  42.10 6.90 - 37.30 6.20 - 29.40 1.60 -  9.10 

CCCC     96.70 - 234.90 54.30 - 93.30 51.00  - 82.70 42.20 - 64.60 37.40  - 60.10 29.50  - 45.60 9.20 - 37.80 

DDDD      93.40 - 234.90 82.80 - 131.10 64.70 - 95.00 60.20 - 83.60 45.70 - 65.00 37.90 -  52.70 

EEEE       131.20 - 234.90 95.10 - 136.10 83.70 - 112.90 65.10  - 93.50 52.80 - 68.20 

FFFF        136.20 - 234.90 113.00 - 147.00 93.70 - 120.10 68.30 - 91.40 

GGGG         147.20 - 234.90 120.20 - 149.90 91.50 - 119.10 

HHHH          150.10 - 234.90 119.20 - 146.80 

IIII           146.90 - 234.90 

HEATING  HEATING  HEATING  HEATING  DEMANDDEMANDDEMANDDEMAND FOR CLIMATIC ZONE C (kWh/m FOR CLIMATIC ZONE C (kWh/m FOR CLIMATIC ZONE C (kWh/m FOR CLIMATIC ZONE C (kWh/m2222/year)/year)/year)/year)    

ClassClassClassClass    k=2k=2k=2k=2    k=3k=3k=3k=3    k=4k=4k=4k=4    k=5k=5k=5k=5    k=6k=6k=6k=6    k=7k=7k=7k=7    k=8k=8k=8k=8    k=9k=9k=9k=9    

AAAA    0.00 - 93.30 0.00 - 83.70 0.00 - 68.90 0.00 - 47.30 0.00 - 14.70 0.00 - 15.50   0.00 - 16.30 0.00 - 17.20 

BBBB    93.40 - 315.50 83.80 - 139.40 69.00 - 101.00 47.40 - 83.10 14.90   57.00 15.60 - 54.90 16.40  - 46.50 17.30 - 44.70 

CCCC     139.50 - 315.50 101.10-161.40 83.20 - 126.40 57.10 - 86.50 55.00 - 81.80 46.60  - 64.40 44.80 - 61.70 

DDDD      161.50-315.50 126.60 - 188.20 86.60 - 135.50 81.90 - 111.30 64.50 -  86.80 61.80 -  83.10 

EEEE       188.60 - 315.50 135.60 - 191.30 111.40 - 152.70 86.90 - 117.10 83.20 - 108.60 

FFFF        191.40 - 315.50 152.80 - 196.00 117.20 - 154.90 108.70 - 140.00 

GGGG         196.30 - 315.50 155.10 - 195.10 140.10 - 172.10 

HHHH          195.20 - 315.50 172.30 - 207.30 

IIII           207.60 - 315.50 
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Table Table Table Table 6666----8888: : : : Gaussian classification for cooling Gaussian classification for cooling Gaussian classification for cooling Gaussian classification for cooling demanddemanddemanddemand 

COOLING COOLING COOLING COOLING DEMANDDEMANDDEMANDDEMAND FOR CLIMATI FOR CLIMATI FOR CLIMATI FOR CLIMATIC ZONE A (kWh/mC ZONE A (kWh/mC ZONE A (kWh/mC ZONE A (kWh/m2222/year)/year)/year)/year)    

ClassClassClassClass    k=2k=2k=2k=2    k=3k=3k=3k=3    k=4k=4k=4k=4    k=5k=5k=5k=5    k=6k=6k=6k=6    k=7k=7k=7k=7    k=8k=8k=8k=8    k=9k=9k=9k=9    

AAAA    32.50 - 120.80 32.50 - 94.40 32.50 - 80.90 32.50 - 74.50 32.50 - 70.50 32.50 - 65.30 32.50 -  62.90 32.50 -  57.60 

BBBB    120.90-359.40 94.50 - 180.60 81.00 - 122.30 74.60 - 108.30 70.60 - 98.20 65.40 -  88.80 63.00 -  84.30 57.70 - 76.10 

CCCC     180.70 - 359.40 122.40-188.20 108.40 - 143.50 98.30 - 124.40 88.90 - 110.20 84.40 - 103.30 76.20 - 94.70 

DDDD      188.30-359.40 143.60 - 193.20 124.50 - 155.20 110.30 - 133.40 103.40 - 124.50 94.80 - 112.90 

EEEE       193.30 - 359.40 155.30 - 196.30 133.50 - 162.80 124.60 - 148.90 113.00 - 131.00 

FFFF        196.40 - 359.40 162.90 - 198.20 149.00 - 181.50 131.10 - 153.60 

GGGG         198.70 - 359.40 181.60 - 222.50 153.70 - 185.20 

HHHH          223.40 - 359.40 185.40 - 224.20 

IIII           224.70 - 359.40 

COOLING COOLING COOLING COOLING DEMANDDEMANDDEMANDDEMAND FOR CLIMATIC ZONE B (kWh/m FOR CLIMATIC ZONE B (kWh/m FOR CLIMATIC ZONE B (kWh/m FOR CLIMATIC ZONE B (kWh/m2222/year)/year)/year)/year)    

ClassClassClassClass    k=2k=2k=2k=2    k=3k=3k=3k=3    k=4k=4k=4k=4    k=5k=5k=5k=5    k=6k=6k=6k=6    k=7k=7k=7k=7    k=8k=8k=8k=8    k=9k=9k=9k=9    

AAAA    33.80 - 121.40 33.80 - 97.90 33.80 - 88.60 33.80 - 77.60 33.80 - 72.80 33.80 - 68.20 33.80 - 66.40 33.80  - 64.30 

BBBB    121.50-352.80 98.00 -182.10 88.70 - 127.20 77.70 - 108.40 72.90 - 100.70 68.30 - 90.50 66.50 - 87.80 64.40 -  82.40 

CCCC     182.20 - 352.80 127.30-187.50 108.50 - 140.30 100.80 -127.40 90.60 - 111.70 87.90 - 106.80 82.50  - 99.10 

DDDD      187.60-352.80 140.40 - 190.50 127.50 - 159.00 111.80 - 134.70 106.90 - 126.90 99.20 - 115.90 

EEEE       190.80 - 352.80 159.10 - 198.40 134.80 - 164.70 127.00 - 148.70 116.00 - 134.30 

FFFF        198.80 - 352.80 134.80 - 164.70 148.80 - 179.30 134.40 - 156.10 

GGGG         202.50 - 352.80 179.40 - 219.70 156.20 - 184.60 

HHHH          220.10 - 352.80 184.70 - 223.40 

IIII           224.20 - 352.80 

COOLING  COOLING  COOLING  COOLING  DEMANDDEMANDDEMANDDEMAND FOR CLIMATIC ZONE C (kWh/m FOR CLIMATIC ZONE C (kWh/m FOR CLIMATIC ZONE C (kWh/m FOR CLIMATIC ZONE C (kWh/m2222/year)/year)/year)/year)    

ClassClassClassClass    k=2k=2k=2k=2    k=3k=3k=3k=3    k=4k=4k=4k=4    k=5k=5k=5k=5    k=6k=6k=6k=6    k=7k=7k=7k=7    k=8k=8k=8k=8    k=9k=9k=9k=9    

AAAA    28.90 - 100.00 28.90 - 86.80 28.90 - 77.50 28.90 - 69.40 28.90 -  63.20 28.90 - 60.20 28.90 - 58.80 28.90 - 56.70 

BBBB    100.10-306.10 86.90 - 159.40 77.60 - 110.40 69.50 - 97.10 63.30 -  87.00 60.30 - 80.30 58.900 - 77.30 56.80 - 72.40 

CCCC     159.50 - 306.10 110.50-164.00 97.20 - 125.80 87.10 - 109.80 80.40 - 99.50 77.40 -  93.70 72.50 - 86.40 

DDDD      164.10-306.10 125.90 - 168.60 109.90 - 134.70 99.60 - 120.20 93.80 – 111.20 86.50 - 101.40 

EEEE       168.80 - 306.10 134.80 - 170.10 120.30 - 147.40 111.30 - 131.60 101.50 - 118.00 

FFFF        170.50 - 306.10 147.50 - 180.40 131.70 - 159.20 118.10 - 135.70 

GGGG         180.90 - 306.10 159.30 - 191.40 135.80 - 160.40 

HHHH          192.90 - 306.10 160.50 - 191.40 

IIII           192.90 - 306.10 
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Table Table Table Table 6666----9999: : : : Gaussian classification for quality of indoor environmentGaussian classification for quality of indoor environmentGaussian classification for quality of indoor environmentGaussian classification for quality of indoor environment 

AVERAGE OF OCCUPIED HOURS THAT AVERAGE OF OCCUPIED HOURS THAT AVERAGE OF OCCUPIED HOURS THAT AVERAGE OF OCCUPIED HOURS THAT ----0.7<PMV<+0.7 0.7<PMV<+0.7 0.7<PMV<+0.7 0.7<PMV<+0.7 FOR CLIMATIC ZONE A (%)FOR CLIMATIC ZONE A (%)FOR CLIMATIC ZONE A (%)FOR CLIMATIC ZONE A (%)    

ClassClassClassClass    k=2k=2k=2k=2    k=3k=3k=3k=3    k=4k=4k=4k=4    k=5k=5k=5k=5    k=6k=6k=6k=6    k=7k=7k=7k=7    k=8k=8k=8k=8    k=9k=9k=9k=9    

AAAA    92.10 - 88.50 92.10 - 88.50 92.10 - 91.70 92.10 - 91.70 92.10 - 91.80 92.10 - 91.80 92.10 - 91.80 92.10 - 91.80 

BBBB    88.40 - 0.65 88.40 - 63.70 91.60 - 87.30 91.60 - 87.20 91.75 - 89.20 91.70 - 89.30 91.980 - 89.45 91.70 - 89.50 

CCCC     63.60 - 0.65 87.20 - 63.70 87.10 - 53.20 89.20 - 83.40 89.20 - 83.70 89.35 - 84.75 89.40 - 84.60 

DDDD      63.60 - 0.65 53.10 - 28.40 83.30 - 54.50 83.60 - 59.40 84.70 - 70.80 84.50 - 70.20 

EEEE       28.30 - 0.65 54.40 - 26.30 59.30 - 50.20 70.75 - 58.85 70.10 - 59.30 

FFFF        26.20 – 0.65 50.10 - 30.20 58.80 - 48.10 59.20 - 48.20 

GGGG         30.00 - 0.65 48.00 - 31.70 48.10 - 34.15 

HHHH          31.55 - 0.65 34.05 - 18.45 

IIII           17.60 - 0.65 

AVERAGE OF OCCUPIED HOURS TAVERAGE OF OCCUPIED HOURS TAVERAGE OF OCCUPIED HOURS TAVERAGE OF OCCUPIED HOURS THAT HAT HAT HAT ----0.7<PMV<+0.7 0.7<PMV<+0.7 0.7<PMV<+0.7 0.7<PMV<+0.7 FOR CLIMATIC ZONE B (%)FOR CLIMATIC ZONE B (%)FOR CLIMATIC ZONE B (%)FOR CLIMATIC ZONE B (%)    

ClassClassClassClass    k=2k=2k=2k=2    k=3k=3k=3k=3    k=4k=4k=4k=4    k=5k=5k=5k=5    k=6k=6k=6k=6    k=7k=7k=7k=7    k=8k=8k=8k=8    k=9k=9k=9k=9    

AAAA    92.10 - 86.90 92.10 - 86.50 92.10 - 86.90 92.10 - 91.00 92.10 - 91.80 92.10 -91.80 92.10 - 91.85 92.10 - 91.90 

BBBB    86.80 - 1.00 86.40 - 53.75 86.80 - 67.75 91.10 - 85.80 91.70 - 88.80 91.70 - 89.10 91.80 - 88.90 91.80 - 89.00 

CCCC     53.70 - 1.00 67.70 - 55.00 85.70 - 46.25 88.70 - 83.25 89.00 - 83.80 89.00 - 83.40 88.90 - 83.40 

DDDD      54.90 - 1.00 46.15 - 27.25 83.25 - 47.10 83.70 - 65.10 83.30 - 64.70 83.30 - 64.50 

EEEE       27.10 - 1.00 47.00 - 25.30 65.00 - 49.00 64.60 - 52.85 64.50 - 52.60 

FFFF        24.90 - 1.00 48.90 - 24.70 52.75 - 44.65 52.50 - 45.90 

GGGG         24.50 - 1.00 44.55 - 26.70 45.80 - 40.65 

HHHH          26.40 - 1.00 40.60 - 27.30 

IIII           27.20 - 1.00 

AVERAGE OF OCCUPIED HOURAVERAGE OF OCCUPIED HOURAVERAGE OF OCCUPIED HOURAVERAGE OF OCCUPIED HOURS THAT S THAT S THAT S THAT ----0.7<PMV<+0.7 0.7<PMV<+0.7 0.7<PMV<+0.7 0.7<PMV<+0.7 FOR CLIMATIC ZONE C (%)FOR CLIMATIC ZONE C (%)FOR CLIMATIC ZONE C (%)FOR CLIMATIC ZONE C (%)    

ClassClassClassClass    k=2k=2k=2k=2    k=3k=3k=3k=3    k=4k=4k=4k=4    k=5k=5k=5k=5    k=6k=6k=6k=6    k=7k=7k=7k=7    k=8k=8k=8k=8    k=9k=9k=9k=9    

AAAA    92.10 - 84.30 92.10 - 83.30 92.10 - 86.50 92.10 - 89.85  92.10 - 89.85 92.10 - 89.80 92.10 - 89.85 92.10 - 89.80  

BBBB    84.25 - 3.45  37.80 - 22.97 86.40  69.70 89.80 - 83.45 89.80 - 83.40 89.70 - 83.30 83.45 - 89.80 89.70 - 83.25 

CCCC     83.20 - 3.45 69.60 - 43.20 83.40 - 66.90  83.30 - 66.45 83.20 - 67.00 83.40 - 68.00 83.20 - 67.65 

DDDD      43.10 - 3.45 66.80 - 44.10 66.40 - 48.10 66.90 - 56.40 67.90 - 59.95 67.60 - 59.80 

EEEE       44.00 - 3.45 48.05 - 45.30 56.30 - 47.50 59.90 - 53.55 59.80- 53.65 

FFFF        45.25 - 3.45 47.40 - 43.25 53.50 - 47.90 53.60 - 46.70 

GGGG         43.20 - 3.45   47.80 - 42.65 46.60 - 40.60 

HHHH          42.60 - 3.45 40.60 - 22.80 

IIII           21.10 - 3.50 
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6.3.4.6.3.4.6.3.4.6.3.4. Fuzzy ClusterFuzzy ClusterFuzzy ClusterFuzzy Clusteringinginging Results Results Results Results    

Table Table Table Table 6666----10101010: : : : Fuzzy classification forFuzzy classification forFuzzy classification forFuzzy classification for heating  heating  heating  heating demanddemanddemanddemand    

HEATING HEATING HEATING HEATING DEMANDDEMANDDEMANDDEMAND FOR CLIMATIC ZONE A (kWh/m FOR CLIMATIC ZONE A (kWh/m FOR CLIMATIC ZONE A (kWh/m FOR CLIMATIC ZONE A (kWh/m2222/year)/year)/year)/year)    

ClassClassClassClass    k=2k=2k=2k=2    k=3k=3k=3k=3    k=4k=4k=4k=4    k=5k=5k=5k=5    k=6k=6k=6k=6    k=7k=7k=7k=7    k=8k=8k=8k=8    k=9k=9k=9k=9    

AAAA    
0.00 - 63.00 0.00 - 32.10 0.00 - 23.50 0.00 - 18.40 0.00 - 15.40 0.00 - 13.70 0.00 - 11.50 0.00 - 9.80 

BBBB    
63.20 - 199.00 32.20 - 81.70 23.60 - 52.70 18.50 - 38.80 15.50 - 32.10 13.80 - 28.60 11.60 - 24.30 9.90 - 21.00 

CCCC    
  81.80 - 199.00 52.80 - 99.00 38.90 - 68.90 32.20 - 52.50 28.70 - 44.80 24.40 - 36.80 21.10 - 31.20 

DDDD    
    99.30 - 199.00 69.00 - 111.70 52.60 - 82.50 44.90 - 67.20 36.90 - 53.10 31.30 - 42.50 

EEEE    
      111.90 - 199.00 82.70 - 120.60 67.30 - 95.80 53.20 - 75.20 42.60 - 57.70 

FFFF    
        120.80 - 199.00 96.00 - 128.80 75.30 - 102.00 57.80 - 78.70 

GGGG    
          128.90 - 199.00 102.10 - 132.60 78.80 - 104.50 

HHHH    
            132.70 - 199.00 104.80 - 134.30 

IIII    
              134.40 - 199.00 

HEATING HEATING HEATING HEATING DEMANDDEMANDDEMANDDEMAND FOR CLIMATIC ZONE B (kWh/m FOR CLIMATIC ZONE B (kWh/m FOR CLIMATIC ZONE B (kWh/m FOR CLIMATIC ZONE B (kWh/m2222/year)/year)/year)/year)    

ClassClassClassClass    k=2k=2k=2k=2    k=3k=3k=3k=3    k=4k=4k=4k=4    k=5k=5k=5k=5    k=6k=6k=6k=6    k=7k=7k=7k=7    k=8k=8k=8k=8    k=9k=9k=9k=9    

AAAA    
0.00 - 77.10 0.00 - 42.00 0.00 - 31.60 0.00 - 24.50 0.00 - 20.90 0.00 - 17.10 0.00 - 16.00 0.00 - 14.20 

BBBB    
77.20 - 234.90 42.10 - 98.90 31.70 - 66.50 24.60 - 48.00 21.00 - 40.90 17.20 - 33.60 16.10 - 31.60 14.30 - 28.20 

CCCC    
  99.00 - 234.90 66.70 - 119.80 48.10 - 82.90 41.00 - 65.90 33.70 - 50.20 31.70 - 46.60 28.30 - 40.50 

DDDD    
    120.00-234.90 83.00 - 132.00 66.00 - 101.00 50.30 - 74.00 46.70 - 66.70 40.60 - 54.40 

EEEE    
      132.10 - 234.90 101.10 - 143.40 74.10 - 107.40 66.80 - 92.90 54.50 - 73.20 

FFFF    
        143.50 - 234.90 107.50 - 147.30 93.10 - 122.80 73.30 - 97.80 

GGGG    
          147.40 - 234.90 122.90 - 155.90 98.00 - 126.40 

HHHH    
            156.20 - 234.90 126.50 - 158.40 

IIII    
              158.60 - 234.90 

HEATING  HEATING  HEATING  HEATING  DEMANDDEMANDDEMANDDEMAND FOR CLIMATIC ZONE C (kWh/m FOR CLIMATIC ZONE C (kWh/m FOR CLIMATIC ZONE C (kWh/m FOR CLIMATIC ZONE C (kWh/m2222/year)/year)/year)/year)    

ClassClassClassClass    k=2k=2k=2k=2    k=3k=3k=3k=3    k=4k=4k=4k=4    k=5k=5k=5k=5    k=k=k=k=6666    k=7k=7k=7k=7    k=8k=8k=8k=8    k=9k=9k=9k=9    

AAAA    
0.00 - 111.30 0.00 - 66.00 0.00 - 52.40 0.00 - 44.30 0.00 - 37.30 0.00 - 31.70 0.00 - 26.90 0.00 - 25.70 

BBBB    111.40 - 
315.50 

66.10 - 140.50 52.50 - 100.70 44.40 - 76.40 37.40 - 62.30 31.80 - 54.00 27.00 - 46.80 25.80 - 44.90 

CCCC    
  140.60 - 315.50 

100.80 - 
169.90 

76.50 - 124.90 62.40 - 97.20 54.10 - 79.40 46.90 - 65.90 45.00 - 62.30 

DDDD    
    

170.00 - 
315.50 

125.00 - 186.40 97.30 - 144.90 79.50 - 114.60 66.00 - 91.60 62.40 - 84.10 

EEEE    
      186.50 - 315.50 145.00 - 198.40 114.70 - 157.90 91.70 - 126.00 84.20 - 112.90 

FFFF    
        198.50 - 315.50 158.10 - 205.20 126.10 - 165.40 113.00 - 146.60 

GGGG    
          205.30 - 315.50 165.50 - 209.20 146.70 - 181.50 

HHHH    
            209.40 - 315.50 181.60 - 219.30 

IIII    
              219.50 - 315.50 
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Table Table Table Table 6666----11111111: : : : Fuzzy classification for coolingFuzzy classification for coolingFuzzy classification for coolingFuzzy classification for cooling    demanddemanddemanddemand    

COOLING COOLING COOLING COOLING DEMANDDEMANDDEMANDDEMAND FOR CLIMATIC ZONE A (kWh/m FOR CLIMATIC ZONE A (kWh/m FOR CLIMATIC ZONE A (kWh/m FOR CLIMATIC ZONE A (kWh/m2222/year)/year)/year)/year)    

ClassClassClassClass    k=2k=2k=2k=2    k=3k=3k=3k=3    k=4k=4k=4k=4    k=5k=5k=5k=5    k=6k=6k=6k=6    k=7k=7k=7k=7    k=8k=8k=8k=8    k=9k=9k=9k=9    

AAAA    
32.50 - 115.50 32.50 - 93.70 32.50 - 82.50 32.50 - 75.20 32.50 - 70.20 32.50 - 65.90 32.50 - 63.30 32.50 - 59.40 

BBBB    
115.60-359.40 93.80 - 144.10 82.60 - 119.90 75.30 - 105.70 70.30 - 96.00 66.00 - 88.00 63.40 - 83.50 59.50 - 77.30 

CCCC    
  144.20 - 359.40 120.00-165.50 105.80 - 138.60 96.10 - 122.40 88.10 - 109.60 83.60 - 102.90 77.40 - 94.50 

DDDD    
    165.60-359.40 138.70 - 183.80 122.50 - 152.00 109.70 - 132.80 103.00 - 123.40 94.60 - 112.00 

EEEE    
      183.90 - 359.40 152.10 - 195.60 132.90 - 160.20 123.50 - 145.60 112.10 - 130.60 

FFFF    
        195.90 - 359.40 160.30 - 202.30 145.70 - 172.00 130.70 - 151.80 

GGGG    
          202.60 - 359.40 172.10 - 213.30 151.90 - 178.50 

HHHH    
            213.40 - 359.40 178.60 - 219.40 

IIII    
              220.10 - 359.40 

COOLING COOLING COOLING COOLING DEMANDDEMANDDEMANDDEMAND FOR CLIMATIC ZONE B (kWh/m FOR CLIMATIC ZONE B (kWh/m FOR CLIMATIC ZONE B (kWh/m FOR CLIMATIC ZONE B (kWh/m2222/year)/year)/year)/year)    

ClassClassClassClass    k=2k=2k=2k=2    k=3k=3k=3k=3    k=4k=4k=4k=4    k=5k=5k=5k=5    k=6k=6k=6k=6    k=7k=7k=7k=7    k=8k=8k=8k=8    k=9k=9k=9k=9    

AAAA    
33.80 - 117.00 33.80 - 95.80 33.80 - 85.30 33.80 - 78.00 33.80 - 72.60 33.80 - 68.80 33.80 - 66.30 33.80 - 64.00 

BBBB    
117.10-352.80 95.90 - 143.80 85.40 - 121.30 78.10 - 107.20 72.70 - 97.20 68.90 - 90.40 66.40 - 85.90 64.10 - 81.90 

CCCC    
  143.90 - 352.80 121.40-165.00 107.30 - 138.70 97.30 - 122.50 90.50 - 111.70 86.00 - 104.60 82.00 - 98.70 

DDDD    
    165.10-352.80 138.80 - 181.60 122.60 - 150.90 111.80 - 134.60 104.70 - 123.90 98.80 - 115.90 

EEEE    
      181.70 - 352.80 151.00 - 192.30 134.70 - 160.90 124.00 - 145.10 116.00 - 134.40 

FFFF    
        192.50 - 352.80 161.00 - 201.10 145.20 - 170.80 134.50 - 154.90 

GGGG    
          201.40 - 352.80 170.90 - 211.00 155.00 - 181.00 

HHHH    
            211.10 - 352.80 181.10 - 221.40 

IIII    
              222.00 - 352.80 

COOLING  COOLING  COOLING  COOLING  DEMANDDEMANDDEMANDDEMAND FOR CLIMATIC ZONE  FOR CLIMATIC ZONE  FOR CLIMATIC ZONE  FOR CLIMATIC ZONE C (kWh/mC (kWh/mC (kWh/mC (kWh/m2222/year)/year)/year)/year)    

ClassClassClassClass    k=2k=2k=2k=2    k=3k=3k=3k=3    k=4k=4k=4k=4    k=5k=5k=5k=5    k=6k=6k=6k=6    k=7k=7k=7k=7    k=8k=8k=8k=8    k=9k=9k=9k=9    

AAAA    
28.90 - 103.30 28.90 - 84.50 28.90 - 74.60 28.90 - 68.80 28.90 - 63.70 28.90 - 60.50 28.90 - 58.50 28.90 - 56.40 

BBBB    
103.40-306.10 84.60 - 126.50 74.70 - 105.80 68.90 - 94.50 63.80 - 85.20 60.60 - 79.40 58.60 - 75.80 56.50 - 72.10 

CCCC    
  126.60 - 306.10 105.90-142.40 94.60 - 122.20 85.30 - 107.30 79.50 - 98.00 75.90 - 92.20 72.20 - 86.70 

DDDD    
    142.60-306.10 122.30 - 158.10 107.40 - 132.00 98.10 - 117.80 92.30 - 109.10 86.80 - 101.80 

EEEE    
      158.20 - 306.10 132.10 - 166.40 117.90 - 140.10 109.20 - 127.60 101.90 - 117.90 

FFFF    
        166.60 - 306.10 140.20 - 173.30 127.70 - 149.10 118.00 - 135.70 

GGGG    
          173.60 - 306.10 149.20 - 181.90 135.80 - 157.70 

HHHH    
            182.20 - 306.10 157.80 - 190.60 

IIII    
              191.00 - 306.10 
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Table Table Table Table 6666----12121212: : : : Fuzzy classification for quality of indoor environmentFuzzy classification for quality of indoor environmentFuzzy classification for quality of indoor environmentFuzzy classification for quality of indoor environment    

AVERAGE OF OCCUPIED HOURS THAT AVERAGE OF OCCUPIED HOURS THAT AVERAGE OF OCCUPIED HOURS THAT AVERAGE OF OCCUPIED HOURS THAT ----0.7<PMV<+0.7 0.7<PMV<+0.7 0.7<PMV<+0.7 0.7<PMV<+0.7 FOR CLIMATIC ZONE A (%)FOR CLIMATIC ZONE A (%)FOR CLIMATIC ZONE A (%)FOR CLIMATIC ZONE A (%)    

ClassClassClassClass    k=2k=2k=2k=2    k=3k=3k=3k=3    k=4k=4k=4k=4    k=5k=5k=5k=5    k=6k=6k=6k=6    k=7k=7k=7k=7    k=8k=8k=8k=8    k=9k=9k=9k=9    

AAAA    
92.11 - 66.29 92.11 - 77.31 92.11 - 81.11 92.11 - 82.83 92.11 - 83.43 92.11 - 85.40 92.11 - 86.16 92.11 - 87.34 

BBBB    
66.26 - 0.66 77.28 - 55.35 81.09 - 66.52 82.80 - 70.42 83.41 - 71.76 85.38 - 76.05 86.13 - 77.64 87.32 - 80.11 

CCCC    
  55.32 - 0.66 66.49 - 50.68 70.40 - 57.77 71.74 - 60.62 76.02 - 67.35 76.61 - 69.47 80.08 - 72.90 

DDDD    
    50.66 - 0.66 57.74 - 44.66 60.59 - 48.74 67.32 - 57.36 69.44 - 61.37 72.87 - 66.24 

EEEE    
      44.63 - 0.66 48.71 - 34.57 57.34 - 46.29 61.35 - 52.40 66.21 - 58.70 

FFFF    
        34.54 - 0.66 46.27 - 31.19 52.37 - 43.34 58.67 - 49.95 

GGGG    
          31.14 - 0.66 43.32 - 28.52 49.92 - 41.68 

HHHH    
            28.47 - 0.66 41.65 - 27.31 

IIII    
              26.85 - 0.66 

AVERAGE OF OCCUPIED HOURS THAT AVERAGE OF OCCUPIED HOURS THAT AVERAGE OF OCCUPIED HOURS THAT AVERAGE OF OCCUPIED HOURS THAT ----0.7<PMV<+0.7 0.7<PMV<+0.7 0.7<PMV<+0.7 0.7<PMV<+0.7 FOR CLIMATIC ZONE B (%)FOR CLIMATIC ZONE B (%)FOR CLIMATIC ZONE B (%)FOR CLIMATIC ZONE B (%)    

ClassClassClassClass    k=2k=2k=2k=2    k=3k=3k=3k=3    k=4k=4k=4k=4    k=5k=5k=5k=5    k=6k=6k=6k=6    k=7k=7k=7k=7    k=8k=8k=8k=8    k=9k=9k=9k=9    

AAAA    
92.11 - 64.73 92.11 - 75.11 92.11 - 79.80 92.11 - 81.29 92.11 - 82.58 92.11 - 85.17 92.11 - 85.53 92.11 - 86.13 

BBBB    
64.70 - 1.03 75.09 - 52.98 79.78 - 64.73 81.27 - 68.28 82.55 - 71.33 85.15 - 76.30 85.50 - 76.95 86.11 - 78.19 

CCCC    
  52.95 - 1.03 64.70 - 48.69 68.26 - 56.81 71.31 - 62.10 76.27 - 67.95 76.93 - 68.94 78.16 - 70.88 

DDDD    
    48.66 - 1.03 56.78 - 44.23 62.08 - 51.97 67.93 - 59.91 68.91 - 61.55 70.85 - 64.62 

EEEE    
      44.18 - 1.03 51.92 - 41.10 59.88 - 50.40 61.52 - 53.68 64.60 - 58.62 

FFFF    
        41.07 - 1.03 50.38 - 40.14 53.63 - 44.98 58.60 - 51.49 

GGGG    
          40.12 - 1.03 44.96 - 36.64 51.46 - 43.47 

HHHH    
            36.61 - 1.03 43.44 - 35.80 

IIII    
              35.78 - 1.03 

AVERAGE OF OCCUPIED HOURS THAT AVERAGE OF OCCUPIED HOURS THAT AVERAGE OF OCCUPIED HOURS THAT AVERAGE OF OCCUPIED HOURS THAT ----0.7<PMV<+0.70.7<PMV<+0.70.7<PMV<+0.70.7<PMV<+0.7    FOR CLIMATIC ZONE C (%)FOR CLIMATIC ZONE C (%)FOR CLIMATIC ZONE C (%)FOR CLIMATIC ZONE C (%)    

ClassClassClassClass    k=2k=2k=2k=2    k=3k=3k=3k=3    k=4k=4k=4k=4    k=5k=5k=5k=5    k=6k=6k=6k=6    k=7k=7k=7k=7    k=8k=8k=8k=8    k=9k=9k=9k=9    

AAAA    
92.11 - 62.53 92.11 - 70.60 92.11 - 76.70 92.11 - 79.98 92.11 - 81.24 92.11 - 82.75 92.11 - 84.32 92.11 - 85.00 

BBBB    
62.51 - 3.45 70.58 - 48.13 76.65 - 60.77 79.93 - 66.36 81.22 - 68.96 82.73 - 72.14 84.27 - 75.14 84.97 - 76.35 

CCCC    
  48.11 - 3.45 60.74 - 44.86 66.34 - 55.35 68.94 - 59.05 72.11 - 63.19 75.11 - 66.77 76.32 - 68.10 

DDDD    
    44.83 - 3.45 55.32 - 42.46 59.03 - 49.80 63.16 - 55.47 66.74 - 59.58 68.08 - 61.04 

EEEE    
      42.41 - 3.45 49.77 - 38.93 55.45 - 46.82 59.56 - 53.13 61.02 - 54.97 

FFFF    
        38.91 - 3.45 46.80 - 36.94 53.10 - 45.03 54.94 - 48.39 

GGGG    
          36.91 - 3.45 45.01 - 35.83 48.36 - 40.70 

HHHH    
            35.80 - 3.45 40.67 - 33.31 

IIII    
              33.26 - 3.45 
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6.3.5.6.3.5.6.3.5.6.3.5. Neural NeNeural NeNeural NeNeural Network Based Clusteringtwork Based Clusteringtwork Based Clusteringtwork Based Clustering Results Results Results Results    

Table Table Table Table 6666----13131313: : : : Neural classification for heating Neural classification for heating Neural classification for heating Neural classification for heating demanddemanddemanddemand    

HEATING HEATING HEATING HEATING DEMANDDEMANDDEMANDDEMAND FOR CLIMATIC ZONE A (kWh/m FOR CLIMATIC ZONE A (kWh/m FOR CLIMATIC ZONE A (kWh/m FOR CLIMATIC ZONE A (kWh/m2222/year)/year)/year)/year)    

ClassClassClassClass    k=2k=2k=2k=2    k=3k=3k=3k=3    k=4k=4k=4k=4    k=5k=5k=5k=5    k=6k=6k=6k=6    k=7k=7k=7k=7    k=8k=8k=8k=8    k=9k=9k=9k=9    

AAAA    
0.00 - 63.40 0.00 - 34.20 0.00 - 24.80 0.00 - 19.90 0.00 - 16.10 0.00 - 13.30 0.00 - 12.00 0.00 - 10.10 

BBBB    
63.50 - 199.00 34.30 - 82.10 24.90 - 54.10 20.00 - 41.40 16.20 - 32.50 13.40 - 27.20 12.10 - 24.70 10.20 - 20.90 

CCCC    
  82.20 - 199.00 54.20 - 99.00 41.50 - 72.10 32.60 - 52.50 27.30 - 42.10 24.80 - 37.20 21.00 - 30.90 

DDDD    
    99.30 - 199.00 72.20 - 113.50 52.60 - 81.20 42.20 - 63.00 37.30 - 53.30 31.00 - 42.30 

EEEE    
      113.60 - 199.00 81.30 - 118.80 63.20 - 91.80 53.40 - 74.90 42.40 - 57.20 

FFFF    
        118.90 - 199.00 92.00 - 126.30 75.10 - 100.90 57.30 - 77.90 

GGGG    
          126.40 - 199.00 101.10 - 131.30 78.00 - 103.20 

HHHH    
            131.80 - 199.00 103.40 - 132.70 

IIII    
              132.90 - 199.00 

HEATING HEATING HEATING HEATING DEMANDDEMANDDEMANDDEMAND FOR CLIMATIC ZONE B (kWh/m FOR CLIMATIC ZONE B (kWh/m FOR CLIMATIC ZONE B (kWh/m FOR CLIMATIC ZONE B (kWh/m2222/year)/year)/year)/year)    

ClassClassClassClass    k=2k=2k=2k=2    k=3k=3k=3k=3    k=4k=4k=4k=4    k=5k=5k=5k=5    k=6k=6k=6k=6    k=7k=7k=7k=7    k=8k=8k=8k=8    k=9k=9k=9k=9    

AAAA    
0.00 - 77.10 0.00 - 45.10 0.00 - 32.90 0.00 - 25.60 0.00 - 21.80 0.00 - 17.70 0.00 - 16.80 0.00 - 15.10 

BBBB    
77.20 - 234.90 45.20 - 100.50 33.00 - 67.60 25.70 - 49.20 21.90 - 41.80 17.80 - 34.10 16.90 - 32.10 15.20 - 28.90 

CCCC    
  101.00 - 234.90 67.70 - 119.50 49.30 - 82.80 41.90 - 66.50 34.20 - 51.10 32.20 - 47.10 29.00 - 41.20 

DDDD    
    119.70-234.90 82.90 - 130.10 66.70 - 100.40 51.20 - 74.80 47.20 - 66.90 41.30 - 55.10 

EEEE    
      130.20 - 234.90 100.50 - 141.80 74.90 - 107.10 67.00 - 92.60 55.20 - 73.40 

FFFF    
        141.90 - 234.90 107.20 - 146.00 92.70 - 121.60 73.50 - 97.60 

GGGG    
          146.20 - 234.90 121.70 - 155.00 97.70 - 125.80 

HHHH    
            155.20 - 234.90 125.90 - 157.70 

IIII    
              157.80 - 234.90 

HEATING  HEATING  HEATING  HEATING  DEMANDDEMANDDEMANDDEMAND FOR CLIMATIC ZONE C (kWh/m FOR CLIMATIC ZONE C (kWh/m FOR CLIMATIC ZONE C (kWh/m FOR CLIMATIC ZONE C (kWh/m2222/year)/year)/year)/year)    

ClassClassClassClass    k=2k=2k=2k=2    k=3k=3k=3k=3    k=4k=4k=4k=4    k=5k=5k=5k=5    k=6k=6k=6k=6    k=7k=7k=7k=7    k=8k=8k=8k=8    k=9k=9k=9k=9    

AAAA    
0.00 - 111.30 0.00 - 71.40 0.00 - 54.20 0.00 - 45.60 0.00 - 38.60 0.00 - 32.00 0.00 - 27.10 0.00 - 25.80 

BBBB    
111.40-315.50 71.50 - 144.70 54.30 - 102.30 45.70 - 78.90 38.70 - 64.50 32.10 - 54.30 27.20 - 46.70 25.90 - 44.50 

CCCC    
  144.80 - 315.50 102.50-169.60 79.00 - 126.70 64.60 - 99.60 54.40 - 79.60 46.80 - 65.60 44.60 - 61.60 

DDDD    
    169.90-315.50 126.80 - 186.60 99.70 - 145.90 79.70 - 114.20 65.70 - 90.80 61.70 - 82.20 

EEEE    
      186.70 - 315.50 146.10 - 198.30 114.30 - 156.50 90.90 - 124.10 82.30 - 108.30 

FFFF    
        198.40 - 315.50 156.60 - 204.30 124.20 - 163.00 108.40 - 139.40 

GGGG    
          204.50 - 315.50 163.20 - 207.30 139.50 - 174.10 

HHHH    
            207.60 - 315.50 174.50 - 214.70 

IIII    
              215.10 - 315.50 

    



                                     CHAPTER 6: OFFICE BUILDINGS’ CLASSIFICATION USING CLUSTERING TECHNIQUES 

 

                                                                                                                                           
213 

Table Table Table Table 6666----14141414: : : : Neural classification for cooling Neural classification for cooling Neural classification for cooling Neural classification for cooling demanddemanddemanddemand    

COOLING COOLING COOLING COOLING DEMANDDEMANDDEMANDDEMAND FOR CLIMATIC ZONE A (kWh/m FOR CLIMATIC ZONE A (kWh/m FOR CLIMATIC ZONE A (kWh/m FOR CLIMATIC ZONE A (kWh/m2222/year)/year)/year)/year)    

ClassClassClassClass    k=2k=2k=2k=2    k=3k=3k=3k=3    k=4k=4k=4k=4    k=5k=5k=5k=5    k=6k=6k=6k=6    k=7k=7k=7k=7    k=8k=8k=8k=8    k=9k=9k=9k=9    

AAAA    
32.50-117.10 32.50 - 97.20 32.50 - 85.30 32.50 - 76.80 32.50 - 72.10 32.50 - 66.90 32.50 - 63.40 32.50 - 59.70 

BBBB    
117.20-359.40 97.30 - 149.40 85.40 - 123.60 76.90 - 107.90 72.20 - 98.20 67.00 - 89.00 63.50 - 83.40 59.80 - 77.60 

CCCC    
  149.50-359.40 123.70-171.80 108.00 - 141.40 98.30 - 124.90 89.10 - 110.50 83.50 - 102.80 77.70 - 94.90 

DDDD    
    171.90-359.40 141.50 - 187.90 125.00 - 155.40 110.60 - 134.00 102.90 - 123.40 95.00 - 112.90 

EEEE    
      188.00 - 359.40 155.50 - 201.00 134.10 - 161.90 123.50 - 146.50 113.00 - 132.30 

FFFF    
        201.20 - 359.40 162.00 - 203.90 146.60 - 174.50 132.40 - 154.50 

GGGG    
          205.50 - 359.40 174.60 - 217.80 154.60 - 183.40 

HHHH    
            218.20 - 359.40 183.70 - 226.00 

IIII    
              226.50 - 359.40 

COOLING COOLING COOLING COOLING DEMANDDEMANDDEMANDDEMAND FOR CLIMATIC ZONE B (kWh/m FOR CLIMATIC ZONE B (kWh/m FOR CLIMATIC ZONE B (kWh/m FOR CLIMATIC ZONE B (kWh/m2222/year)/year)/year)/year)    

ClassClassClassClass    k=2k=2k=2k=2    k=3k=3k=3k=3    k=4k=4k=4k=4    k=5k=5k=5k=5    k=6k=6k=6k=6    k=7k=7k=7k=7    k=8k=8k=8k=8    k=9k=9k=9k=9    

AAAA    
33.80 - 118.30 33.80 - 97.90 33.80 - 88.40 33.80 - 78.90 33.80 - 73.90 33.80 - 69.40 33.80 - 66.90 33.80 - 64.50 

BBBB    
118.40-352.80 98.00 - 147.10 88.50 - 125.80 79.00 - 108.20 74.00 - 98.80 69.50 - 90.80 67.00 - 86.80 64.60 - 82.40 

CCCC    
  147.20 - 352.80 125.90-173.30 108.30 - 140.40 98.90 - 124.20 90.90 - 112.00 86.90 - 105.90 82.50 - 99.00 

DDDD    
    173.40-352.80 140.50 - 186.10 124.30 - 153.00 112.10 - 134.90 106.00 - 125.60 99.10 - 116.00 

EEEE    
      186.20 - 352.80  153.10 - 197.00 135.00 - 162.00 125.70 - 147.40 116.10 - 134.60 

FFFF    
        197.10 - 352.80 162.10 - 203.70 147.50 - 174.90 134.70 - 155.70 

GGGG    
          204.70 - 352.80 175.00 - 217.70 155.90 - 183.50 

HHHH    
            218.20 - 352.80 183.60 - 225.50 

IIII    
              225.80 - 352.80 

COOLING  COOLING  COOLING  COOLING  DEMANDDEMANDDEMANDDEMAND FO FO FO FOR CLIMATIC ZONE C (kWh/mR CLIMATIC ZONE C (kWh/mR CLIMATIC ZONE C (kWh/mR CLIMATIC ZONE C (kWh/m2222/year)/year)/year)/year)    

ClassClassClassClass    k=2k=2k=2k=2    k=3k=3k=3k=3    k=4k=4k=4k=4    k=5k=5k=5k=5    k=6k=6k=6k=6    k=7k=7k=7k=7    k=8k=8k=8k=8    k=9k=9k=9k=9    

AAAA    
28.90 - 104.40 28.90 - 86.30 28.90 - 77.00 28.90 - 70.40 28.90 - 64.80 28.90 - 61.10 28.90 - 59.00 28.90 - 56.50 

BBBB    104.50 - 
306.10 

86.40 - 129.10 77.10 - 108.70 70.50 - 96.60 64.90 - 86.60 61.20 - 80.30 59.10 - 76.60 56.60 - 72.20 

CCCC    
  129.20 - 306.10 

108.80 - 
147.70 

96.70 - 125.00 86.70 - 108.90 80.40 - 99.30 76.70 - 93.40 72.30 - 86.80 

DDDD    
    

147.80 - 
306.10 

125.10 - 163.40 109.00 - 134.00 99.40 - 119.90 93.50 - 111.00 86.90 - 101.90 

EEEE    
      163.60 - 306.10 134.10 - 170.10 120.00 - 143.80 111.10 - 130.70 102.00 - 118.20 

FFFF    
        170.50 - 306.10 143.90 - 179.60 130.80 - 154.60 118.30 - 136.10 

GGGG    
          180.10 - 306.10 154.80 - 189.90 136.20 - 158.40 

HHHH    
            190.20 - 306.10 158.50 - 191.40 

IIII    
              192.90 - 306.10 
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Table Table Table Table 6666----15151515: : : : Neural classification for quality of indoor environmentNeural classification for quality of indoor environmentNeural classification for quality of indoor environmentNeural classification for quality of indoor environment    

AVERAGE OF OCCUPIED HOURS THAT AVERAGE OF OCCUPIED HOURS THAT AVERAGE OF OCCUPIED HOURS THAT AVERAGE OF OCCUPIED HOURS THAT ----0.7<PMV<+0.7 0.7<PMV<+0.7 0.7<PMV<+0.7 0.7<PMV<+0.7 FOR CLIMATIC ZONE A (%)FOR CLIMATIC ZONE A (%)FOR CLIMATIC ZONE A (%)FOR CLIMATIC ZONE A (%)    

ClassClassClassClass    k=2k=2k=2k=2    k=3k=3k=3k=3    kkkk=4=4=4=4    k=5k=5k=5k=5    k=6k=6k=6k=6    k=7k=7k=7k=7    k=8k=8k=8k=8    k=9k=9k=9k=9    

AAAA    
92.11 - 66.09 92.11 - 77.00 92.11 - 81.04 92.11 - 82.55 92.11 - 82.96 92.11 - 85.02 92.11 - 85.83 92.11 - 87.39 

BBBB    
66.06 - 0.66 76.98 - 55.55 81.01 - 66.87 82.53 - 70.27 82.93 - 71.31 85.00 - 75.87 85.80 - 77.43 87.37 - 80.58 

CCCC    
  55.52 - 0.66 66.84 - 50.86 70.25 - 57.51 71.28 - 60.01 75.84 - 67.30 77.41 - 69.54 80.56 - 73.63 

DDDD    
    50.83 - 0.66 57.49 - 43.72 59.98 - 48.01 67.27 - 57.51 69.52 - 61.62 73.60 - 66.89 

EEEE    
      43.70 - 0.66 47.98 - 31.90 57.49 - 46.44 61.60 - 52.85 66.87 - 59.20 

FFFF    
        31.87 - 0.66 46.42 - 30.74 52.82 - 43.72 59.18 - 50.50 

GGGG    
          30.51 - 0.66 43.70 - 29.70 50.48 - 41.91 

HHHH    
            29.53 - 0.66 41.88 - 27.76 

IIII    
              27.69 - 0.66 

AVERAGE OF OCCUPIED HOURS THAT AVERAGE OF OCCUPIED HOURS THAT AVERAGE OF OCCUPIED HOURS THAT AVERAGE OF OCCUPIED HOURS THAT ----0.7<PMV<+0.7 0.7<PMV<+0.7 0.7<PMV<+0.7 0.7<PMV<+0.7 FOR CLIMFOR CLIMFOR CLIMFOR CLIMATIC ZONE B (%)ATIC ZONE B (%)ATIC ZONE B (%)ATIC ZONE B (%)    

ClassClassClassClass    k=2k=2k=2k=2    k=3k=3k=3k=3    k=4k=4k=4k=4    k=5k=5k=5k=5    k=6k=6k=6k=6    k=7k=7k=7k=7    k=8k=8k=8k=8    k=9k=9k=9k=9    

AAAA    92.11 - 64.62 92.11 - 74.76 92.11 - 79.48 92.11 - 81.04 92.11 - 82.22 92.11 - 84.90 92.11 - 85.17 92.11 - 85.58 

BBBB    64.60 - 1.03 74.74 - 53.18 79.43 - 64.65 81.01 - 68.31 82.20 - 71.31 84.87 - 76.22 85.15 - 76.65 85.55 - 77.38 

CCCC      53.13 - 1.03 64.62 - 48.79 68.28 - 56.83 71.28 - 62.15 76.20 - 67.95 76.63 - 68.63 77.36 - 69.79 

DDDD        48.76 - 1.03 56.81 - 44.05 62.13 - 51.97 67.93 - 59.78 68.61 - 61.07 69.77 - 63.09 

EEEE          44.02 - 1.03 51.92 - 40.54 59.76 - 50.00 61.04 - 52.57 63.06 - 56.51 

FFFF            40.49 - 1.03 49.97 - 39.01 52.55 - 42.74 56.48 - 48.94 

GGGG              38.98 - 1.03 42.71 - 28.27 48.89 - 40.54 

HHHH                28.04 - 1.03 40.49 - 27.36 

IIII                  27.23 - 1.03 

AVERAGE OF OCCUPIED HAVERAGE OF OCCUPIED HAVERAGE OF OCCUPIED HAVERAGE OF OCCUPIED HOURS THAT OURS THAT OURS THAT OURS THAT ----0.7<PMV<+0.7 0.7<PMV<+0.7 0.7<PMV<+0.7 0.7<PMV<+0.7 FOR CLIMATIC ZONE C (%)FOR CLIMATIC ZONE C (%)FOR CLIMATIC ZONE C (%)FOR CLIMATIC ZONE C (%)    

ClassClassClassClass    k=2k=2k=2k=2    k=3k=3k=3k=3    k=4k=4k=4k=4    k=5k=5k=5k=5    k=6k=6k=6k=6    k=7k=7k=7k=7    k=8k=8k=8k=8    k=9k=9k=9k=9    

AAAA    
92.11 - 62.81 92.11 - 69.94 92.11 - 76.48 92.11 - 79.48 92.11 - 80.94 92.11 - 82.43 92.11 - 83.61 92.11 - 85.55 

BBBB    
62.78 - 3.45 69.92 - 48.21 76.45 - 60.97 79.45 - 66.19 80.91 - 69.19 82.40 - 72.21 83.59 - 74.48 85.50 - 77.81 

CCCC    
  48.18 - 3.45 60.94 - 45.26 66.16 - 55.24 69.16 - 59.51 72.19 - 63.49 74.46 - 66.49 77.76 - 70.30 

DDDD    
    45.21 - 3.45 55.22 - 42.61 59.48 - 50.40 63.46 - 55.70 66.46 - 59.58 70.27 - 63.64 

EEEE    
      42.59 - 3.45 50.38 - 39.54 55.67 - 47.05 59.56 - 53.25 63.62 - 57.59 

FFFF    
        39.51 - 3.45 47.02 - 37.17 53.23 - 45.51 57.56 - 51.49 

GGGG    
          37.12 - 3.45 45.49 - 36.43 51.46 - 43.82 

HHHH    
            36.38 - 3.45 43.80 - 35.17 

IIII    
              35.15 - 3.45 
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6.4.6.4.6.4.6.4. Evaluation and comparisonEvaluation and comparisonEvaluation and comparisonEvaluation and comparison of clustering results of clustering results of clustering results of clustering results    

Clustering is an unsupervised process in the data mining and pattern recognition and 

the clustering algorithms are very sensitive to their input parameters. Therefore it is 

very important to evaluate the result of the clustering algorithms. In the case this 

research the cluster analysis is applied to VBD in order to classify office buildings 

according to energy demand and thermal comfort index. The obtained results of the 

aforementioned clustering algorithms have to be evaluated in order to: 

� Define when a clustering result is acceptable or not. 

� Decide the optimal number of clusters that fits our data set (VBD). 

� Select the most efficient clustering method for our problem i.e. office building 

classification. 

The criteria for clustering algorithms evaluation are subjective to: 

� Technical analysis.Technical analysis.Technical analysis.Technical analysis. For this reason we need quantitative measures to evaluate the 

results of a clustering algorithm. This task is named Cluster Validity. In this part 

of the research most commonly used validity indices are applied to the 

classification results. 

� EEEEnergy policy. nergy policy. nergy policy. nergy policy. The selected method and the number of classes should be applicable 

to national policy for defining the appropriate performances scales for energy 

rating, labeling and certification procedures.  

6.4.1.6.4.1.6.4.1.6.4.1. External criteria measuresExternal criteria measuresExternal criteria measuresExternal criteria measures    

External criteria are used either (a) for a comparison of a clustering structure C, 

produced by a clustering algorithm, with a partition P of X drawn independently from 

C or (b) for measuring the degree of agreement between a predetermined partition P 

and the proximity matrix, PM, of X.  

6.4.1.1. Comparison of P with a Clustering C 

In this case we need a clustering structure C and a defined partition, P, before we can 

apply the cluster validation technique. We consider a clustering, C, that result from a 

specific clustering algorithm, and compare it with a independently drawn partition P 

of X. Suppose that C = {C1,...,Cm} and P = {P1,...,Ps}. The number of clusters in C and 
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the partition in P do not need to be the same. Consider the following pair of vectors 

(xu,xv). Then we refer to it depending weather or not this pair of vectors belong to the 

same cluster or partition (Batistakis et al., 2002). Let us define the following notation: 

� SS if both vectors belong to the same cluster in C and to the same group in P. 

� SD if both vectors belong to the same cluster in C and to different groups in P. 

� DS if both vectors belong to different clusters in C and to the same group in P. 

� DD if both vectors belong to different clusters in C and to different groups in P. 

Lets define a = SS, the number of pairs of vectors in X that belong to the same cluster 

in C and to the same group in P; b = SD, the number of pairs of vectors in X that 

belong to the same cluster in C and to different groups in P; c = DS, the number of 

pairs of vectors that belong to different clusters in C and to the same group in P; and d 

= DD the number of pairs of vectors that belong to different clusters in C and to 

different groups in P. Then a + b + c + d = M, where M is the total number of possible 

pairs in X, M = N(N − 1)/2. Let m1 = a + b be the number of pairs of vectors that 

belong to the same cluster in C, and m2 = a + c be the number of pairs of vectors that 

belong to the same group in P. Using these definitions, we can define statistical 

indices that help us to measure how similar C and P are. 

6.4.1.2. Rand Index 

The Rand Index measures the fraction of the total number of pairs that are either in 

the same cluster and in the same partition, or in different clusters and in different 

partitions. The Rand index is defined as: 

( )a d
R

M

+
=

    ((((6666----5555))))    

Where (a + d) is the sum of SS pairs of vector plus the DD pairs. The values of this 

index lie between 0 and 1, and values close to 1 indicate good agreement between C 

and P. 
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6.4.1.3. Jaccard Coefficient 

The Jaccard Coefficient measures the proportion of pairs that are in the same cluster 

and in the same partition from those that are either in the same cluster or in the 

same partition (Batistakis et al., 2002).  The Jaccard Coefficient is defined as: 

a
J

a b c
=

+ +
 ( ( ( (6666----6666))))    

where a+b+c = SS+SD+DS. As in the Rand Index, the values of this coefficient lie 

between 0 and 1, and values close to 1 indicate good agreement between C and P. 

6.4.1.4.  Fowlkes-Mallows Index 

The Fowlkes-Mallows (FM) Index is the geometrical mean of two probabilities: the 

probability that two random objects are in the same cluster given they are in the same 

group, and the probability that two random objects are in the same group given they 

in the same cluster (Batistakis et al., 2002). The FM Index is defined as: 

 

1 2

a a a
FM

a b a c m m
= =

+ +
((((6666----7777))))    

As in the Rand Index and Jaccard Coefficient, values close to 1 indicate good 

agreement between C and P. 

6.4.2.6.4.2.6.4.2.6.4.2. Internal criteria mInternal criteria mInternal criteria mInternal criteria measureseasureseasureseasures    

Using Internal Criteria, we aim to verify whether the clustering structure produced 

by a clustering algorithm fit the VBD, but using only information including to the 

dataset.  

6.4.2.1. Silhouette Index 

The Silhouette Index is useful when it is seeking compact and clearly separated 

clusters (Rousseuw, 1987). In order to construct silhouettes we need a partition 

obtained by the application of some clustering algorithm, and the proximity matrix 

containing all the proximities between objects. For a given cluster, this method assign 
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to each object of the cluster a quantitative measure s(i), known as the silhouette width 

(Bolshakova and Azuaje, 2003). 

The silhouette width indicates the membership of object i in the cluster it has been 

assigned. Let i any object in the data set, and denote by Cj the cluster to which object i 

has been assigned. Let a(i) the average dissimilarity between i and all the other object 

in cluster Cj. Consider any cluster Ck different to cluster Cj, and compute 

( ) ( )min ,
k j

kC C
b i d i C

≠
= , 1,2, ,k c= K  and k j≠ . 

Then, the silhouette width is defined as: 

( ) ( ) ( )
( ) ( ){ }max ,

b i a i
s i

a i b i

−
= ((((6666----8888))))    

A neighbor of object i is the cluster Ck for which the minimum is obtained, that is, 

( ) ( ), kd i C b i= Cluster Ck represent the second best choice for object i.  

From the definition we can see that ( )1 1s i− ≤ ≤ .  A value of s(i) close to 1 is obtained 

when the within dissimilarity a(i) is much smaller than the smallest between 

dissimilarity b(i). Therefore we can say that object i is well clustered. On the other 

hand, if s(i) take values close to −1 implies that a(i) is much larger that b(i). In this 

case we can say that object i has been misclassified, so object i may be reassigned. If 

a(i) and b(i) have similar values then s(i) is about zero. In this situation object i lies 

equally far away from both cluster Cj and Ck. 

If the data consist of similarities and ( )'a i and ( )' ,d i C represent the corresponding 

average similarities, then ( ) ( )' 'max ,
C A

b i d i C
≠

=  (Rousseuw, 1987). The interpretation is 

in the same way as before. Now, the silhouette width is defined as, 

( ) ( ) ( )
( ) ( ){ }

' '

' 'max ,

a i b i
s i

a i b i

−
= ((((6666----9999))))    

There is possible to calculate a cluster silhouette Sj, called average silhouette width, 

that represents the heterogeneity of cluster Cj (Rousseuw, 1987). This quantitative 

measure can be obtained using: 
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( )
1

1 m

j
i

S s i
m =

= ∑ ((((6666----10101010))))    

We can also consider an overall or global silhouette width denoted by GSu, and define 

as: 

1

1 c

u j
j

GS S
c =

= ∑ ((((6666----11111111))))    

Where U is any partition, U C↔ : 2i cC C C∪ ∪ ∪K  This global silhouette value is 

used as a validity index for U. In order to choose the optimal number of clusters for a 

data set using this index, choose the partition U with the maximum GSu. 

When hierarchical methods are used to divide a data set in groups, there exists a 

graphical display, called dendrograms that give a visual interpretation of the results 

obtained by the clustering algorithm. On the other hand, when partitioning technique 

is used the result of the clustering is a list of clusters with their objects, and it is not 

possible to construct a dendrogram to obtain some visual help in the interpretation. In 

1987, Rousseeuw proposed a graphical display for the partitional methods in his paper 

Silhouettes: a graphical aid to the interparatation and validation of cluster analysis 

(Rousseuw, 1987). This graphical display is called a Silhouette Plot, and is used to 

obtain a visual interpretation of the result. 

6.4.2.2. The Davies-Bouldin Index 

Let si be a measure of dispersion of cluster Ci and ( ),i j ijd C C d≡  the dissimilarity 

between two clusters. A similarity index Rij between Ci and Cj satisfies the following 

(Davies and Bouldin, 1967): 

� 0ijR ≥  

� ij jiR R=  

� If 0is =  and 0js =  then 0ijR =  

� If j ks s>  and ij ikd d=  then ij ikR R>  

� If j ks s=  and ij ikd d<  then ij ikR R>  
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These conditions state that Rij is nonnegative and symmetric. A choice for an Rij that 

satisfies these conditions is (Kaufman and Rousseeuw, 1990): 

i j
ij

ij

s s
R

d

+
= ((((6666----12121212))))    

Then the Davies-Bouldin Index is defined as: 

1

1 m

m i
i

DB R
m =

= ∑ ((((6666----13131313))))    

Where: 
1, ,

max
j i

i ij
j m

R R
≠

=
=

K

and 1, ,i m= K  

The dissimilarity between cluster Ci and cluster Cj, in a l-dimensional space is defined 

as: 

2

1

l

i j ik jkij
k

d x x x x
=

= − = −∑ ((((6666----14141414))))    

And the dispersion of a cluster Ci is defined as: 

21

i

ii
x Ci

s x x
n ∈

= −∑ ((((6666----15151515))))    

The DBm is the average similarity between each cluster and its most similar one. 

Small values of DB are indicative of the presence of compact and well-separated 

clusters. 

6.4.2.3. The Dunn Index 

The Dunn Index is defined as: 

( )
( )1, , 1, ,

1, ,

,
min min

max
i j

m i m j i m
k

k m

d C C
D

diam C= = +
=

    =      
K K

K

((((6666----16161616))))    

where the dissimilarity function between two clusters Ci and Cj is: 

( ) ( )
,

, min ,
i j

i j x C y C
d C C d x y

∈ ∈
= ((((6666----17171717))))    

 and the diameter of a cluster C is defined as: 
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( ) ( )
,

max ,
x y C

diam C d x y
∈

= ((((6666----18181818))))    

If x contains compact and well-separated clusters, Dunn’s Index will be large, since 

the distance between clusters is expected to be large and the diameter of the cluster is 

expected to be small. 

6.4.3.6.4.3.6.4.3.6.4.3. Cluster validity rCluster validity rCluster validity rCluster validity results and discussionesults and discussionesults and discussionesults and discussion    

In order to evaluate the clustering results of our problem, three internal validity 

indices, described in previous paragraph, have been selected:  

� The Silhouette Index,  

� The Davies Bouldin Index, and 

� The Dunn Index 

Specifically, all the cases that clustering algorithms have been applied to (described in 

paragraph 6.3 of this Chapter) have been tested with these internal validation 

algorithms in order to investigate the number of clusters (k) which best fits our 

dataset and then investigate, where possible, the more efficient algorithm for each 

case. External criteria were not applicable, since it was not known in advance the 

structure of our dataset. 

The results of the application of the above validity indices to VBD for each applied 

cluster algorithm and for each classification parameter are presented in the following 

tables (Table 6-16-Table 6-18). 

The proposed classification should represent the European and national energy policy, 

should be applicable to a real building rating or labeling system and comparable to 

the existing rating and classification schemes. Before analyzing the validity results, 

the following restrictions have to be taken into account in order the obtained results 

to satisfy the policy criteria, apart from analytical ones. 

� For the case of energy classification number of clusters k≥5 will be investigated. 

� For the thermal comfort classification number of clusters k≥3 will be investigated. 
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Table Table Table Table 6666----16161616: Validity : Validity : Validity : Validity IndicesIndicesIndicesIndices for heating  for heating  for heating  for heating demanddemanddemanddemand classifications classifications classifications classifications    

Hierarchical ClusteringHierarchical ClusteringHierarchical ClusteringHierarchical Clustering    

 Number of Clusters (k) 

 2 3 4 5 6 7 8 9 

Silhouette Index 0.72061     0.72061     0.72061     0.72061     0.66557     0.65577     0.52751      0.5339     0.5339     0.5339     0.5339     0.53319     0.46083     0.46258 

Davies - Bouldin Index 0.44411     0.46208     0.44611     0.48901      0.4871     0.40834     0.40834     0.40834     0.40834     0.42312     0.44037 

Dunn Index 3.4915      3.5762      3.5762      3.5762      3.5762      2.8843      2.0597      2.6473      2.6473      2.6473      2.6473      2.6473     2.6473     2.6473     2.6473     0.34695      0.4828 

KKKK----means Clusteringmeans Clusteringmeans Clusteringmeans Clustering    

 Number of Clusters (k) 

 2 3 4 5 6 7 8 9 

Silhouette 0.72046     0.59428     0.54056      0.5243     0.51883     0.52401     0.52845     0.52747 

Davies - Bouldin 0.44474     0.52484       0.527      0.53045     0.52602     0.51783     0.50863     0.51074 

Dunn 3.4828      2.1002      1.5947      1.6008      1.4697      1.4011      1.1465      1.1368 

Gaussian ClusteringGaussian ClusteringGaussian ClusteringGaussian Clustering    

 Number of Clusters (k) 

 2 3 4 5 6 7 8 9 

Silhouette 0.69146     0.58844     0.51156     0.52288     0.49263     0.49519     0.50782     0.51253 

Davies - Bouldin 0.51134     0.49928     0.51536     0.52808     0.48794     0.48796     0.49484     0.49961 

Dunn 2.7775      2.1471       1.644       1.609      1.6111       1.589      1.1284      1.2044 

FFFFuzzyuzzyuzzyuzzy Clustering Clustering Clustering Clustering    

 Number of Clusters (k) 

 2 3 4 5 6 7 8 9 

Silhouette 0.72037     0.57718     0.53701     0.51988     0.51854     0.52374      0.5268     0.52782 

Davies - Bouldin 0.44512     0.53209     0.52885      0.5349     0.52626     0.51819     0.51017     0.51152 

Dunn 3.4776      1.8182      1.5669      1.4719      1.4486      1.4136      1.1803      1.2157 

Neural ClusteringNeural ClusteringNeural ClusteringNeural Clustering    

 Number of Clusters (k) 

 2 3 4 5 6 7 8 9 

Silhouette 0.72055     0.59341     0.54057     0.52213     0.51882     0.52387     0.52802     0.52777 

Davies - Bouldin 0.44436     0.52528     0.52697    0.53327     0.52605     0.51804     0.50903      0.5113 

Dunn 3.488      2.0839      1.5955      1.5099      1.4677      1.3989      1.1509       1.156 
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TTTTable able able able 6666----17171717: Validity : Validity : Validity : Validity IndicesIndicesIndicesIndices for cooli for cooli for cooli for cooling ng ng ng demanddemanddemanddemand classifications classifications classifications classifications    

Hierarchical ClusteringHierarchical ClusteringHierarchical ClusteringHierarchical Clustering    

 Number of Clusters (k) 

 2 3 4 5 6 7 8 9 

Silhouette Index 0.61778 0.61778 0.61778 0.61778                     0.6124     0.55074     0.53038       0.53038       0.53038       0.53038       0.527      0.46528     0.46457     0.47065 

Davies - Bouldin Index 0.38625     0.31819  0.31819  0.31819  0.31819              0.40592     0.44804     0.44981     0.45722     0.44637     0.44637     0.44637     0.44637     0.45738 

Dunn Index 4.1911       4.1911       4.1911       4.1911       3.677      3.1146      2.7072      2.9214      2.9214      2.9214      2.9214      2.5232      2.1339      2.4835 

KKKK----means Clusteringmeans Clusteringmeans Clusteringmeans Clustering    

 Number of Clusters (k) 

 2 3 4 5 6 7 8 9 

Silhouette 0.58287     0.54339     0.53168     0.52949     0.52541     0.52662     0.52414     0.52406 

Davies - Bouldin 0.57645     0.56113     0.55167     0.53087     0.52475     0.51852     0.51747     0.51493 

Dunn 3.0919      2.3563      1.8198      1.5472      1.3078      1.1626      1.0823     0.95473 

Gaussian ClusteringGaussian ClusteringGaussian ClusteringGaussian Clustering    

 Number of Clusters (k) 

 2 3 4 5 6 7 8 9 

Silhouette 0.57796     0.51819     0.53073     0.52867     0.52415     0.52327     0.52368     0.52341 

Davies - Bouldin 0.58075     0.52434     0.52887     0.52542     0.52352     0.51944     0.51459     0.51382 

Dunn 2.9476      2.8371      1.8738      1.5835       1.365      1.1968      1.1049     0.94643 

Fuzzy ClusteringFuzzy ClusteringFuzzy ClusteringFuzzy Clustering    

 Number of Clusters (k) 

 2 3 4 5 6 7 8 9 

Silhouette 0.58203     0.54133     0.52841     0.52777     0.52586     0.52488     0.52068     0.52381 

Davies - Bouldin 0.57782      0.5618     0.55334      0.5361     0.52663     0.52011     0.52202     0.51573 

Dunn 3.0476      2.2809      1.7675      1.4963      1.2667      1.1062      1.0326     0.95541 

Neural ClusteringNeural ClusteringNeural ClusteringNeural Clustering    

 Number of Clusters (k) 

 2 3 4 5 6 7 8 9 

Silhouette  0.58302     0.54331     0.53163     0.52946      0.5253     0.52664     0.52438     0.52404 

Davies - Bouldin 0.57618     0.56114     0.55173     0.53096     0.52484     0.51853     0.51713     0.51474 

Dunn 3.0995       2.354      1.8204      1.5465      1.2856      1.1605      1.0955     0.95865 
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Table Table Table Table 6666----18181818: Validity : Validity : Validity : Validity IndicesIndicesIndicesIndices for indoor thermal comfort classifications for indoor thermal comfort classifications for indoor thermal comfort classifications for indoor thermal comfort classifications    

Hierarchical ClusteringHierarchical ClusteringHierarchical ClusteringHierarchical Clustering        

 Number of Clusters (k) 

 2 3 4 5 6 7 8 9 

Silhouette Index 0.48929      0.4934     0.45988      0.5449      0.3879     0.37788     0.35319     0.39549 

Davies - Bouldin Index 0.41731     0.44438     0.44351     0.46542     0.38222     0.38222     0.38222     0.38222     0.39438     0.40939     0.42668 

Dunn Index 2.9627      3.2926       2.442      3.2764      3.2764      2.1718      2.4613      2.3254 

KKKK----means Clusteringmeans Clusteringmeans Clusteringmeans Clustering    

 Number of Clusters (k) 

 2 3 4 5 6 7 8 9 

Silhouette 0.55696     0.58991     0.57201      0.5589     0.55022     0.54138     0.54161     0.53891 

Davies - Bouldin 0.60801     0.48706     0.48303     0.48595     0.49817     0.50059     0.50103      0.5021 

Dunn 3.2244      3.3211      2.9925      2.5608      2.6832      2.6151       2.281      2.4934 

Gaussian ClusteringGaussian ClusteringGaussian ClusteringGaussian Clustering    

 Number of Clusters (k) 

 2 3 4 5 6 7 8 9 

Silhouette 0.46779     0.39816     0.52133     0.51716     0.35191     0.44382     0.46593     0.47408 

Davies - Bouldin 0.40878     0.26381     0.26381     0.26381     0.26381     0.46045     0.47241     0.48192     0.49236      0.4968     0.48536 

Dunn 2.8995      3.0164      2.2413      0.8993      0.9687      1.1002      1.1169      1.1524 

Fuzzy ClusteringFuzzy ClusteringFuzzy ClusteringFuzzy Clustering    

 Number of Clusters (k) 

 2 3 4 5 6 7 8 9 

Silhouette 0.55491      0.58984 0.57142     0.55851     0.54945     0.54044     0.53737     0.53051 

Davies - Bouldin 0.61227     0.48403      0.4821     0.48584      0.4981      0.5017     0.50409     0.50925 

Dunn 3.2256      3.44443.44443.44443.4444                        3.0919      2.6406      2.7935      2.6161      2.4378      2.5174 

Neural ClusteringNeural ClusteringNeural ClusteringNeural Clustering    

 Number of Clusters (k) 

 2 3 4 5 6 7 8 9 

Silhouette 0.55708        0000.59     .59     .59     .59         0.57187     0.55873     0.55022     0.54128     0.54158     0.52867 

Davies - Bouldin 0.60775     0.48673     0.48322     0.48613     0.49817     0.50064     0.50109     0.50906 

Dunn 3.2243      3.3271      2.9883      2.5972      2.6832      2.6094      2.2856      2.2674 
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In the above Tables, for each index application on each cluster algorithm the best 

value, which indicates the best number of classes (k), has been underlined with yellow 

color. It is noted that in Silhouette and Dunn indices high values indicate the optimal 

number of clusters, while in Davies-Bouldin index values should be as small as 

possible.  

Taking into account the restriction that the selected number of clusters have to be 

k≥5 for energy demand (heating and cooling) and k≥3 for thermal comfort (PMV 

index) classifications, the best index values are indicated with blue color on the tables.  

The next step is to investigate the best value of each index for each cluster method. 

These values are depicted with bold characters in border in the above tables and they 

are summarized in Table 6-19.  

Table Table Table Table 6666----19191919: The cluster algorithms and number of clusters with the best valid: The cluster algorithms and number of clusters with the best valid: The cluster algorithms and number of clusters with the best valid: The cluster algorithms and number of clusters with the best validity values ity values ity values ity values     

IndexIndexIndexIndex    
Cluster AlgorithmCluster AlgorithmCluster AlgorithmCluster Algorithm with  with  with  with 
best index valuebest index valuebest index valuebest index value    

Number of Classes (k)Number of Classes (k)Number of Classes (k)Number of Classes (k)    

Heating Heating Heating Heating demanddemanddemanddemand classifications classifications classifications classifications 
Silhouette  Hierarchical Clustering 6 
Davies - Bouldin  Hierarchical Clustering 7 
Dunn  Hierarchical Clustering 6 or 7 

Cooling Cooling Cooling Cooling demand demand demand demand classiclassiclassiclassificationsficationsficationsfications 
Silhouette  Hierarchical Clustering 5 
Davies - Bouldin  Hierarchical Clustering 8 
Dunn  Hierarchical Clustering 6 

Thermal Comfort ClassificationsThermal Comfort ClassificationsThermal Comfort ClassificationsThermal Comfort Classifications    
Silhouette  Neural Clustering 3 
Davies - Bouldin  Gaussian Clustering 3 
Dunn  Fuzzy Clustering 3 

 

For the final selection of the number of classes and the cluster method for each 

classification case, energy policy criteria such as EU standards and directives, 

national energy policy and the certification procedures have to be taken into account, 

as well. 

 

 

 

    

 



                                     CHAPTER 6: OFFICE BUILDINGS’ CLASSIFICATION USING CLUSTERING TECHNIQUES 

 

                                                                                                                                           
226 

Table Table Table Table 6666----20202020: The limits of heating : The limits of heating : The limits of heating : The limits of heating demanddemanddemanddemand for the case of 6 and 7 classes for the case of 6 and 7 classes for the case of 6 and 7 classes for the case of 6 and 7 classes    

6666    ----Class ClassificationClass ClassificationClass ClassificationClass Classification (HC) (HC) (HC) (HC)    
Energy ClassesEnergy ClassesEnergy ClassesEnergy Classes    Climatic Zone AClimatic Zone AClimatic Zone AClimatic Zone A    Climatic Zone  BClimatic Zone  BClimatic Zone  BClimatic Zone  B    Climatic Zone CClimatic Zone CClimatic Zone CClimatic Zone C    

A 0.00-36.10 0.00-69.80 0.00-68.40 
B 36.20-68.40 69.90-100.50 68.50-111.80 
C 68.50-91.80 101.00-133.50 111.90-150.90 
D 92.00-116.80 133.70-157.90 151.00-192.20 
E 117.00-153.20 158.40-204.80 192.40-262.10 
F 153.70-199.00 207.50-234.90 263.90-315.50 

7 7 7 7 ----Class ClassificationClass ClassificationClass ClassificationClass Classification (HC) (HC) (HC) (HC) 
Energy ClassesEnergy ClassesEnergy ClassesEnergy Classes    Climatic Zone AClimatic Zone AClimatic Zone AClimatic Zone A    Climatic Zone  BClimatic Zone  BClimatic Zone  BClimatic Zone  B    Climatic Zone CClimatic Zone CClimatic Zone CClimatic Zone C    

A 0.00-36.10 0.00-41.80 0.00-68.40 
B 36.20-68.40 41.90-69.80 68.50-111.80 
C 68.50-91.80 69.90-100.50 111.90-150.90 
D 92.00-116.80 101.00-133.50 151.00-192.20 
E 117.00-153.20 133.70-157.90 192.40-262.10 
F 153.70-176.60 158.40-204.80 263.90-292.00 
G 178.80-199.00 207.50-234.90 315.50-315.50 

    

Table Table Table Table 6666----21212121: The limits of cooling demand for the case of 5, 6 and 8 classes: The limits of cooling demand for the case of 5, 6 and 8 classes: The limits of cooling demand for the case of 5, 6 and 8 classes: The limits of cooling demand for the case of 5, 6 and 8 classes    

5555    ----Class ClassificationClass ClassificationClass ClassificationClass Classification (H (H (H (HC)C)C)C)    
Energy ClassesEnergy ClassesEnergy ClassesEnergy Classes    Climatic Zone AClimatic Zone AClimatic Zone AClimatic Zone A    Climatic Zone  BClimatic Zone  BClimatic Zone  BClimatic Zone  B    Climatic Zone CClimatic Zone CClimatic Zone CClimatic Zone C    

A 32.50-138.80 33.80-149.40 28.90-95.50 
B 138.90-184.10 149.50-195.50 95.60-142.40 
C 184.40-228.40 195.90- 236.70 142.60-180.40 
D 229.90-302.50 238.80-301.70 180.90-256.50 
E 319.40-359.40 325.90-352.80 287.50-306.10 

6666    ----Class ClassificationClass ClassificationClass ClassificationClass Classification (HC) (HC) (HC) (HC) 
Energy ClassesEnergy ClassesEnergy ClassesEnergy Classes    Climatic Zone AClimatic Zone AClimatic Zone AClimatic Zone A    Climatic Zone  BClimatic Zone  BClimatic Zone  BClimatic Zone  B    Climatic Zone CClimatic Zone CClimatic Zone CClimatic Zone C    

A 32.50-82.90 33.80-93.10 28.90-95.50 
B 83.00-138.80 93.20-149.40 95.60-142.40 
C 138.90-184.10 149.50-195.50 142.60 -180.40 
D 184.40-228.40 195.90-236.70 180.90-214.60 
E 229.90-302.50 238.80-301.70 216.30-256.50 
F 319.40-359.40 325.90-352.80 287.50-306.10 

8888    ----Class ClassificationClass ClassificationClass ClassificationClass Classification (HC) (HC) (HC) (HC) 
Energy ClassesEnergy ClassesEnergy ClassesEnergy Classes    Climatic Zone AClimatic Zone AClimatic Zone AClimatic Zone A    Climatic Zone  BClimatic Zone  BClimatic Zone  BClimatic Zone  B    Climatic Zone CClimatic Zone CClimatic Zone CClimatic Zone C    

A 32.50-82.90 33.80-93.10 28.90-58.30 
B 83.00-138.80 93.20 -116.60 58.40-95.50 
C 138.90-184.10 116.70-149.40 95.60-142.40 
D 184.40-228.40 149.50-195.50 142.60-180.40 
E 229.90-260.80 195.90-236.70 180.90-214.60 
F 264.10-302.50 238.80-262.00 216.30-238.70 
G 319.40-319.40 266.40-301.70 242.70-256.50 
H 359.40-359.40 325.90-352.80 287.50-306.10 

 

As it is observed in Table 6-20, for both 6 and 7-class method and for the three 

climatic zones Building Regulation Reference values (See Table 5-7) are included in 

Energy Class A. This also occurs with the selected cooling classifications, according to 
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Table 6-21. For this reason, these methods are rejected, although they have the best 

validity indices. 

The methods where the Regulation  Reference Values for heating are included in 

Class B or C are K-means and Neural with k=8 classes. Between them the K-means is 

selected because gives better validity values (See Table 6-6 and Table 6-22). 

The methods where the Regulation Reference Values for cooling are in Class B are K-

means, Gaussian, Fuzzy and Neural with k=7 and 8 classes. For all the methods k=8 

classes gives better validity values and among the methods the Neural Clustering  is 

selected because gives better validity values compared to others. (See Table 6-19 and 

Table 6-23). 

The best classifications of thermal comfort are presented in Table 6-29. All the 

validity indices propose 3 classes. The fuzzy method is selected because of the less 

computation time that is required and because it gives most robust clusters.  

Table Table Table Table 6666----22222222: The limits of thermal comfort classifications for the case of 3 classes: The limits of thermal comfort classifications for the case of 3 classes: The limits of thermal comfort classifications for the case of 3 classes: The limits of thermal comfort classifications for the case of 3 classes    

3333    ----Class ClassificationClass ClassificationClass ClassificationClass Classification    ((((GMMGMMGMMGMM))))    
Comfort Comfort Comfort Comfort ClassesClassesClassesClasses    Climatic Zone AClimatic Zone AClimatic Zone AClimatic Zone A    Climatic Zone  BClimatic Zone  BClimatic Zone  BClimatic Zone  B    Climatic Zone CClimatic Zone CClimatic Zone CClimatic Zone C    

1 92.10 - 88.50 92.10 - 86.50 92.10 - 83.30 
2 88.40 - 63.70 86.40 - 53.75 37.80 - 22.97 
3 63.60 - 0.65 53.70 - 1.00 83.20 - 3.45 

3333    ----Class ClassificationClass ClassificationClass ClassificationClass Classification    ((((FCFCFCFC))))    
Comfort Comfort Comfort Comfort ClassesClassesClassesClasses    Climatic Zone AClimatic Zone AClimatic Zone AClimatic Zone A    Climatic Zone  BClimatic Zone  BClimatic Zone  BClimatic Zone  B    Climatic Zone CClimatic Zone CClimatic Zone CClimatic Zone C    

1 92.11 – 77.31 92.11 – 75.11 92.11 – 70.60 
2 77.28 – 55.35 75.09 – 52.98 70.58 – 48.13 
3 55.32 – 0.66 52.95 – 1.03 48.11 – 3.45 

3333    ----Class ClassificationClass ClassificationClass ClassificationClass Classification    ((((NCNCNCNC))))    
Comfort Comfort Comfort Comfort ClassesClassesClassesClasses    Climatic Zone AClimatic Zone AClimatic Zone AClimatic Zone A    Climatic Zone  BClimatic Zone  BClimatic Zone  BClimatic Zone  B    Climatic Zone CClimatic Zone CClimatic Zone CClimatic Zone C    

1 92.11 – 77.00 92.11 – 74.76 92.11 – 69.94 
2 76.98 – 55.55 74.74 – 53.18 69.92 – 48.21 
3 55.52 – 0.66 53.13 – 1.03 48.18 – 3.45 

6.5.6.5.6.5.6.5. The proposed classificationsThe proposed classificationsThe proposed classificationsThe proposed classifications    

Regarding the analysis presented in previous paragraph, we have concluded to an 8-

cluster heating and cooling energy demand system and a 3-cluster thermal comfort 

classification system for office buildings in Greece.  

For the final proposed energy classes, the boundaries values are rounded to integer 

numbers. In the case of heating and cooling classification 1 extra class (heating 1 class 

including VBD upper values, cooling 1 class including VBD lower values) has been 
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added. The final proposed energy classifications are presented in Table 6-23 and Table 

6-24. 

Table Table Table Table 6666----23232323: The proposed heating: The proposed heating: The proposed heating: The proposed heating demand demand demand demand classifications for office buildings in Greece classifications for office buildings in Greece classifications for office buildings in Greece classifications for office buildings in Greece    

    HeatingHeatingHeatingHeating Ener Ener Ener Energy gy gy gy DemandDemandDemandDemand (DH (DH (DH (DH) kWh/m) kWh/m) kWh/m) kWh/m2222/year/year/year/year    
Energy ClassesEnergy ClassesEnergy ClassesEnergy Classes    Climatic Zone AClimatic Zone AClimatic Zone AClimatic Zone A    Climatic Zone  BClimatic Zone  BClimatic Zone  BClimatic Zone  B    Climatic Zone CClimatic Zone CClimatic Zone CClimatic Zone C    

A+ DH<12 DH <17 DH <27 
A 12≤  DH <25 17≤  DH <32 27≤  DH <47 
B 25≤  DH <37 32≤  DH <47 47≤  DH <66 
C 37≤  DH <53 47≤  DH <67 67≤  DH <91 
D 53≤  DH <75 67≤  DH <92 91≤  DH <124 
E 75≤  DH <101 92≤  DH <122 124≤  DH <162 
F 101≤  DH <132 122≤  DH <155 162≤  DH <207 
G 132≤  DH <199 155≤  DH <235 207≤  DH <316 
H 199≤  DH 235≤  DH 316≤  DH 

    

Table Table Table Table 6666----24242424: The proposed cooling : The proposed cooling : The proposed cooling : The proposed cooling dedededemand mand mand mand classifications for office buildings in Greececlassifications for office buildings in Greececlassifications for office buildings in Greececlassifications for office buildings in Greece    

    Cooling Cooling Cooling Cooling Energy Energy Energy Energy DemandDemandDemandDemand (D (D (D (DC) kWh/mC) kWh/mC) kWh/mC) kWh/m2222/year/year/year/year    
Energy ClassesEnergy ClassesEnergy ClassesEnergy Classes    Climatic Zone AClimatic Zone AClimatic Zone AClimatic Zone A    Climatic Zone  BClimatic Zone  BClimatic Zone  BClimatic Zone  B    Climatic Zone CClimatic Zone CClimatic Zone CClimatic Zone C    

A+ DC<33 DC<34 DC<29 
A 33≤DC<63 34≤DC<66 29≤DC<59 
B 63≤DC<84 66≤DC<86 59≤DC<76 
C 84≤DC<103 86≤DC<105 76≤DC<92 
D 103≤DC<123 105≤DC<124 92≤DC<109 
E 123≤DC<146 124≤DC<145 109≤DC<128 
F 146≤DC<172 145≤DC<171 128≤DC<149 
G 172≤DC<213 171≤DC<211 149≤DC<182 
H 213≤DC 211≤DC 182≤DC 

The final proposed classifications for thermal comfort are presented in Table 6-25. 

 

Table Table Table Table 6666----25252525: The proposed thermal comfort classifications for office buildings in Greece: The proposed thermal comfort classifications for office buildings in Greece: The proposed thermal comfort classifications for office buildings in Greece: The proposed thermal comfort classifications for office buildings in Greece    

    Percentage of time that Percentage of time that Percentage of time that Percentage of time that 7.0≤PMV  ( ( ( (PMVPMVPMVPMVINDINDINDIND%)%)%)%)    

Comfort Comfort Comfort Comfort ClassesClassesClassesClasses    Climatic Zone AClimatic Zone AClimatic Zone AClimatic Zone A    CCCClimatic Zone  Blimatic Zone  Blimatic Zone  Blimatic Zone  B    Climatic Zone CClimatic Zone CClimatic Zone CClimatic Zone C    

1 77<PMVIND 75<PMVIND 71<PMVIND  
2 55 <PMVIND ≤ 77 53<PMVIND ≤ 75 48<PMVIND ≤ 71 

3 PMVIND≤   55  PMVIND≤ 53 PMVIND≤ 48 

 

In Figures 6-3 and 6-4 the limits of the proposed classifications are depicted on VBD 

building sample. 
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Figure Figure Figure Figure 6666----3333: The representation of energy classifications on VBD: The representation of energy classifications on VBD: The representation of energy classifications on VBD: The representation of energy classifications on VBD    
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Figure Figure Figure Figure 6666----4444: The representation of comfort classification on VBD: The representation of comfort classification on VBD: The representation of comfort classification on VBD: The representation of comfort classification on VBD    
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According to the proposed classifications the efficiency of each office building deals 

with two parameters: the energy that the building demands for heating and cooling 

and the thermal comfort of the indoor environment that is achieved by this amount of 

energy consumption. A building that demands a small amount of energy having an 

inacceptable indoor environment for occupants can not be characterized as “efficient”. 

The classification system for office buildings that is proposed in this research 

combines these two aspects of the term “efficient”.  

The proposed classification boundaries are compared to CEN classification limits.  We 

have to note that both methods use VBD data as building sample and that the 

methods have different number of classes: cluster method proposes 9 classes, while 

CEN proposes 7 classes. In Table 6-26 the two classifications for climatic zone B are 

presented. A first examination of the limits in the above table, leads us to change the 

name of classes having the classifications of Table 6-27. 

A closer examination of the boundaries presented in the above table, lead us to the 

following comments: 

� For the case of “best practice class”, represented by the 1st class each time we have 

to note that: “A Class” of cluster analysis refers to office buildings with the heating 

energy demand lower than 15 kWh/m2 /yr. while the corresponding amount stood 

at 17 kWh/m2 /yr. according to CEN method. CEN proposes more strict criteria for 

best practice class, while cluster is more encouraging for buildings belonging to 

Class A. 

� For the case of “minimum requirements class” i.e. the class with the limit of 

building regulation reference the boundary values of two methods are very close: 32 

kWh/m2 /yr for cluster method and 29 kWh/m2 /yr for CEN method. 

� The Building Stock Reference value for Climatic Zone B (39 kWh/m2 /yr) is included 

in Energy Class C for the case of cluster analysis method, complying with the EU 

energy policy.  

� Cluster method has larger range for D and E class, while this class is split to D and 

E class and F and G respectively to the CEN method. This encourages Greek office 

building with high energy demand for heating to reach easier class B by improving 

their energy efficiency after retrofits.   
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� The proposed method has larger range (17-235 kWh/m2/yr) comparing to CEN 

range (15-78 kWh/m2/yr). This occurs because the proposed method is based on the 

whole dataset (30,000 data) while the CEN method is based only on the building 

stock reference value (1 data). The proposed classification takes into account the 

energy characteristics of all the buildings of the sample and not only the value that 

corresponds to the 50% of the stock.  

Table Table Table Table 6666----26262626: Comparison of proposed classes against CEN : Comparison of proposed classes against CEN : Comparison of proposed classes against CEN : Comparison of proposed classes against CEN 1111    

Heating Energy DemandHeating Energy DemandHeating Energy DemandHeating Energy Demand (DH (DH (DH (DH) kWh/m) kWh/m) kWh/m) kWh/m2222/year/year/year/year    
    CLIMATIC ZONE BCLIMATIC ZONE BCLIMATIC ZONE BCLIMATIC ZONE B    

Energy ClassesEnergy ClassesEnergy ClassesEnergy Classes    ClusterClusterClusterCluster    CENCENCENCEN    
A+ DH <17  
A 17≤  DH <32 DH <15 
B 32≤  DH <47 15≤  DH <29 
C 47≤  DH <67 29≤  DH <34 
D 67≤  DH <92 34≤  DH <39 
E 92≤  DH <122 39≤  DH <58 
F 122≤  DH <155 58≤  DH <78 
G 155≤  DH <235 78≤  DH 
H 235≤  DH   

    

Table Table Table Table 6666----27272727: Comparison of proposed class: Comparison of proposed class: Comparison of proposed class: Comparison of proposed classes against CENes against CENes against CENes against CEN 2 2 2 2    

Heating Heating Heating Heating Energy Energy Energy Energy DemandDemandDemandDemand (DH (DH (DH (DH) kWh/m) kWh/m) kWh/m) kWh/m2222/year/year/year/year (CL. ZONE B) (CL. ZONE B) (CL. ZONE B) (CL. ZONE B) 
Energy ClassesEnergy ClassesEnergy ClassesEnergy Classes    ClusterClusterClusterCluster    Energy ClassesEnergy ClassesEnergy ClassesEnergy Classes    CENCENCENCEN    

AAAA    DH<17 AAAA    DH<15 

BBBB    17≤DH<32 BBBB    15≤DH<29 
CCCC    32≤DH<47 CCCC    29≤  DH <34 

DDDD    34≤  DH <39 
DDDD    47≤DH<67 

EEEE    39≤  DH <58 
FFFF    58≤  DH <78 EEEE    67≤DH<92 
GGGG    78≤  DH 

FFFF    92≤DH<122      

GGGG    122≤DH<155      

HHHH    155≤DH<235      

ΙΙΙΙ    235≤DH      

 

Summarizing the above comments, we underline that the proposed method complies 

with the EU proposed energy policy, is more encouraging and gives more “fair” 

classes, as this method considers the characteristics of all the building stock and 

classifies them according to existing similarities. 
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6.6.6.6.6.6.6.6. Classification and buildings’ characteristics investigationClassification and buildings’ characteristics investigationClassification and buildings’ characteristics investigationClassification and buildings’ characteristics investigation    

Taking into consideration the proposed classifications, some of the buildings’ 

characteristics are investigated in order to understand common features of buildings 

rated in the same class.  

Before investigating the characteristics, it is very useful to investigate the 

distribution of buildings in each class. In Tables 6-28 and 6-29 the percentages of 

buildings that are classified in each class (according to energy demand classifications) 

are presented for the climatic zone B (central region of Greece including Athens), 

while in Table 6-30 the percentages of buildings according to thermal comfort classes 

are presented. 

Table Table Table Table 6666----28282828: Buildings’ distribution according to : Buildings’ distribution according to : Buildings’ distribution according to : Buildings’ distribution according to heating demandheating demandheating demandheating demand classification classification classification classification    

Energy ClassesEnergy ClassesEnergy ClassesEnergy Classes    BoundariesBoundariesBoundariesBoundaries    Percentage Percentage Percentage Percentage of of of of 
buildings (%)buildings (%)buildings (%)buildings (%)    

A+ DH <17 13.5 
A 17≤  DH <32 24.1 
B 32≤  DH <47 24.7 
C 47≤  DH <67 16.0 
D 67≤  DH <92 8.4 
E 92≤  DH <122 5.7 
F 122≤  DH <155 4.7 
G 155≤  DH <235 3.0 
H 235≤  DH 0.0 

Table Table Table Table 6666----29292929::::    Buildings’ distribution according to cooling demand classificationBuildings’ distribution according to cooling demand classificationBuildings’ distribution according to cooling demand classificationBuildings’ distribution according to cooling demand classification    

Energy ClassesEnergy ClassesEnergy ClassesEnergy Classes    BoundariesBoundariesBoundariesBoundaries    Percentage Percentage Percentage Percentage of of of of 
buildings (%)buildings (%)buildings (%)buildings (%)    

A+ DC<34 0.0 
A 34≤DC<66 10.8 
B 66≤DC<86 19.1 
C 86≤DC<105 19.9 
D 105≤DC<124 17.3 
E 124≤DC<145 14.9 
F 145≤DC<171 11.3 
G 171≤DC<211 6.8 
H 211≤DC 0.0 

Table Table Table Table 6666----30303030: Buildings’ distribution according to thermal comfort classification: Buildings’ distribution according to thermal comfort classification: Buildings’ distribution according to thermal comfort classification: Buildings’ distribution according to thermal comfort classification    

Comfort Comfort Comfort Comfort ClassesClassesClassesClasses    Percentage Percentage Percentage Percentage of of of of 
buildings (%)buildings (%)buildings (%)buildings (%)    

1 30.66 
2 45.51 

3 23.83 
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The above percentages are illustrated in the following Figures (Figure 6-5, 6-6 and 6-

8). 
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Figure Figure Figure Figure 6666----5555: The buildings’ distribution into energy classes (: The buildings’ distribution into energy classes (: The buildings’ distribution into energy classes (: The buildings’ distribution into energy classes (heating demandheating demandheating demandheating demand classification) classification) classification) classification)    
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FiFiFiFigure gure gure gure 6666----6666: The buildings’ distribution into energy classes (cooling demand classification): The buildings’ distribution into energy classes (cooling demand classification): The buildings’ distribution into energy classes (cooling demand classification): The buildings’ distribution into energy classes (cooling demand classification)    

The difference between the above distributions occurs because of the different selected 

classification method for heating and cooling based on validity indices. The heating 

classification is based on K-means clustering algorithms, while the cooling on Neural 

SOM clustering technique. In Figure 6-7 the buildings’ distribution into cooling 
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energy classes based on K-Means clustering technique is depicted. As it is observed, 

the distributions of heating and cooling classifications are very similar if the same 

clustering method is applied. 

0

5

10

15

20

25

A B C D E F G H

Cooling Energy Demand Classes

P
er
ce
n
ta
g
e 
of
 B
u
il
d
in
g
s 
(%
)

 

Figure Figure Figure Figure 6666----7777: Cooling demand classificati: Cooling demand classificati: Cooling demand classificati: Cooling demand classification according to the Kon according to the Kon according to the Kon according to the K----Means clustering techniqueMeans clustering techniqueMeans clustering techniqueMeans clustering technique    
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Figure Figure Figure Figure 6666----8888: The buildings’ distribution into thermal comfort classes: The buildings’ distribution into thermal comfort classes: The buildings’ distribution into thermal comfort classes: The buildings’ distribution into thermal comfort classes    
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As it is observed, the majority of buildings are classified in energy class B for the case 

of heating demand classification and in class C for the cooling demand classification. 

This validates the accuracy of the selected classification method, since according to 

various proposed classification methods (see the CEN proposed method) the typical 

building belongs in third or fourth class. Referring to the thermal comfort classes, the 

majority of buildings belong to class 2. Since there is not any comfort classification in 

the literature up to now, we can propose that the reference building belongs to class 2 

and the regulation reference to class 1. 

The characteristics under investigation include U-value of walls and roofs, type of 

glazing, external shading and ventilation rates. This detailed analysis refers only to 

climatic zone B in order to examine buildings with medium heating and cooling 

energy consumption needs. The percentages of buildings according to the 

constructional and operational characteristics are presented in Table 6-31. 

    

Table Table Table Table 6666----31313131: : : : EEEEnergy classification and building characteristicsnergy classification and building characteristicsnergy classification and building characteristicsnergy classification and building characteristics  

 Heating DemandHeating DemandHeating DemandHeating Demand Classification Classification Classification Classification    
 Window TypeWindow TypeWindow TypeWindow Type    Wall and Roof TypeWall and Roof TypeWall and Roof TypeWall and Roof Type    
 W1W1W1W1    W2W2W2W2    W3W3W3W3    WR1WR1WR1WR1    WR2WR2WR2WR2    WR3WR3WR3WR3    WR4WR4WR4WR4    

Average Average Average Average 
ventilation rateventilation rateventilation rateventilation rate    

ClassesClassesClassesClasses    % of the building stock% of the building stock% of the building stock% of the building stock    (ach)(ach)(ach)(ach)    
A+ 20.7 34.9 44.4 11.4 21.7 32.5 34.4 2.0 
A 21.4 36.3 42.2 6.7 19.0 36.5 37.9 4.6 
B 33.3 32.5 34.1 8.3 33.7 29.5 28.5 5.9 
C 48.2 30.9 20.9 18.5 40.8 22.1 18.5 6.1 
D 50.8 27.5 21.7 53.0 24.3 11.4 11.3 6.0 
E 44.6 27.0 28.4 83.4 10.3 3.8 2.4 6.4 
F 31.8 36.3 31.8 97.2 1.7 0.9 0.2 7.1 
G 48.8 25.8 25.4 99.0 0.3 0.3 0.3 8.1 
H 0.0 0.0 0.0 0.0 0.0 0.0 0.0 - 

 Cooling DemandCooling DemandCooling DemandCooling Demand Classification Classification Classification Classification    
 Window TypeWindow TypeWindow TypeWindow Type    Wall and Roof TypeWall and Roof TypeWall and Roof TypeWall and Roof Type    
 W1W1W1W1    W2W2W2W2    W3W3W3W3    WR1WR1WR1WR1    WR2WR2WR2WR2    WR3WR3WR3WR3    WR4WR4WR4WR4    

Average Average Average Average 
ventilation rateventilation rateventilation rateventilation rate    

ClassesClassesClassesClasses    % of the building stock% of the building stock% of the building stock% of the building stock    (ach)(ach)(ach)(ach)    
A+ 0.0 0.0 0.0 0.0 0.0 0.0 0.0 - 
A 36.1 32.4 31.5 18.3 28.3 26.5 26.9 4.2 
B 35.7 32.7 31.6 23.5 26.9 24.8 24.8 5.0 
C 35.2 32.5 32.2 26.2 25.4 24.0 24.3 5.3 
D 34.0 32.4 33.6 26.6 21.9 26.4 25.1 5.5 
E 33.9 31.4 34.7 27.2 25.3 25.3 22.3 5.7 
F 30.6 34.3 35.2 25.2 25.4 23.8 25.6 5.8 
G 23.4 35.3 41.2 25.6 20.6 26.7 27.1 5.0 
H 0.0 0.0 0.0 0.0 0.0 0.0 0.0 - 

Window Types: W1: Single U=5.58 W/m2/K, W2: Double U=2.38 W/m2K, W3: Low-e U=1.4 W/m2K 
Wall and Roof Types:  
WR1: Uwall=1.743W/m2K, Uroof=3.18W/m2K WR3: Uwall=0.643/m2K, Uroof=0.452W/m2K 
WR2: Uwall=1.354W/m2K, Uroof=0.5W/m2K WR4: Uwall=0.452W/m2K, Uroof=0.452W/m2K 
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6.6.1.6.6.1.6.6.1.6.6.1. Energy classification and construction elementsEnergy classification and construction elementsEnergy classification and construction elementsEnergy classification and construction elements    

The construction elements (walls and roofs) are correlated strongly with heating 

energy demand. As shown in Table 6-31, all of buildings in “G Class” (99%) of heating 

classification consist of buildings with elements of high U-values (Uwall=1.743 W/m2/K 

and Uroof=3.18 W/m2/K and no insulation). On the contrary the cooling demand of 

buildings is not so strong related with insulation and depends on other building 

parameters. The percentage of elements with the highest U-value (wall without 

insulation) and the lowest U-values (wall with high insulation) are presented in 

Figure 6-8 and Figure 6-9.  
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Figure Figure Figure Figure 6666----9999: : : : TTTType of elements and heating demandype of elements and heating demandype of elements and heating demandype of elements and heating demand classification classification classification classification    
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Figure Figure Figure Figure 6666----10101010: : : : TTTType of elements and cooling demandype of elements and cooling demandype of elements and cooling demandype of elements and cooling demand classification classification classification classification    

Glazing plays provides view and daylight, but can also increase energy consumption 

due to its poor insulation value. Considering the obtained results, the type of glazing 

affect energy demand while the proportion of single glazed windows is increased as 

the energy demand increases. As a result the percentage of office buildings with 

double glazed and low-E windows is usually decreased as the heating and cooling 

demand is increased. The variation of single glazed and low-E windows is illustrated 

in the figures below. 
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Figure Figure Figure Figure 6666----11111111: : : : TTTType of windows and heating demandype of windows and heating demandype of windows and heating demandype of windows and heating demand classification classification classification classification    
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Figure Figure Figure Figure 6666----12121212: : : : TTTType of windows and cooling demandype of windows and cooling demandype of windows and cooling demandype of windows and cooling demand classification classification classification classification    
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6.6.2.6.6.2.6.6.2.6.6.2. Energy classification and ventilationEnergy classification and ventilationEnergy classification and ventilationEnergy classification and ventilation    

Ventilation consumes energy, primarily because the ventilation air is thermally 

conditioned, i.e., heated, cooled, and dehumidified or humidified. In mechanically 

ventilated buildings, the operation of ventilation fans also consumes energy. The 

capacity of heating and cooling equipment must also be increased as the amount of 

ventilation air provided increases. Thus, ventilation rates have often been minimized, 

particularly after the energy crisis in the early 1970s, in order to reduce equipment 

and energy costs. In order to examine the correlation between ventilation rate and 

total energy consumption, the average values for each class and method were 

calculated. According to Table 6-31, ventilation rate is increased as energy demand for 

heating and cooling is increased. The relative values range from and 2 ACH to 8.1 

ACH. These variations are illustrated in Figure 6-10. 
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Figure Figure Figure Figure 6666----13131313: Ventilation : Ventilation : Ventilation : Ventilation rates and rates and rates and rates and energy classification  energy classification  energy classification  energy classification      

6.6.3.6.6.3.6.6.3.6.6.3. Improving the efficiency of office buildingsImproving the efficiency of office buildingsImproving the efficiency of office buildingsImproving the efficiency of office buildings    

The analysis of building characteristics on each class, presented in previous 

paragraph, shows that every energy class has common features (U-values of walls and 

roofs, type of glazing, etc.). The corresponding features of buildings rated either as 

either “A Class” or “B Class” must be taken into consideration for the improvement of 
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office buildings’ energy categories. The proposed total energy classification indicates 

that “A Class” and “B Class” refer mainly to buildings with insulated constructional 

elements and double or Low-E windows. Similar proportions derive from the 

corresponding heating energy classification. Additionally, buildings rated in classes 

with low cooling energy consumption include offices with an adequate external 

shading factor.  

The obtained outputs indicate the selection and maintenance of appropriate 

ventilation rates as a crucial parameter of energy consumption. The goal is to provide 

adequate ventilation with respect to the quality of indoor air while considering the 

corresponding heating and cooling energy consumption needs of buildings. For this 

reason, relevant standards have been established (CEN, etc.), which determine 

appropriate levels of ventilated air flows (m3/h) according to buildings’ energy use, 

occupancy density of area and other factors. Referring to the clustering results, the 

variation of ventilation throughout energy classes show that slight relevant 

increments result in higher amounts of energy consumption.  

Maintaining good indoor air quality requires attention to the building's heating, 

ventilation, and air conditioning (HVAC) system, the design and layout of the space 

and pollutant source management. HVAC systems include all of the equipment used 

to ventilate, heat, and cool the building, to move the air around the building 

(ductwork) and to filter and clean the air. These systems can have a significant impact 

on how pollutants are distributed and removed. They can even act as sources of 

pollutants in some cases, such as when ventilation air filters become contaminated 

with dirt and/or moisture and when microbial growth results from stagnant water in 

drip pans or from uncontrolled moisture inside of air ducts. 

6.7.6.7.6.7.6.7. ConclusionsConclusionsConclusionsConclusions    

In this Chapter, five clustering techniques have been tested in order to investigate the 

appropriate method for establishing energy and thermal comfort classifications for the 

Greek office building sector.  The clustering algorithms that have been applied to VBD 

for this purpose are: Hierarchical Clustering (HC), K-Means Clustering (KMC), 

Gaussian Mixture Models (GMM), Fuzzy C-Means Clustering (FC) and Neural 

Clustering (SOM). Each method has been applied to energy demand for heating, 
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energy demand for cooling and PMV index for each climatic zone and for 2 to 9 

classes.  

In order to evaluate the clustering results of our problem, three internal validity 

indices: The Silhouette Index, the Davies Bouldin Index, and the Dunn Index have 

been selected for testing the classifications. All the cases that clustering algorithms 

have been applied,  have been tested with these internal validation algorithms in 

order to investigate the number of clusters (k) which best fits our dataset and then 

investigate the more efficient algorithm for each case. External criteria were not 

applicable, since it was not known in advance the structure of our dataset. 

As the proposed classification should represent the European and national energy 

policy, the following restrictions have been taken into account in order the obtained 

results to satisfy the policy criteria, apart from analytical ones. 

� For the case of energy classification number of clusters k≥5 will be investigated. 

� For the thermal comfort classification number of clusters k≥3 will be investigated. 

� For the final selection of the classification system, the Building Stock and 

Regulation Reference Values of Greek building stock have to be taken into account 

for a successful rating and certification scheme.  

According the aforementioned restrictions the following classification methods have 

been proposed for office buildings for each climatic zone in Greece: 

� An 8 cluster (9-class) heating energy demand classification based on K-Means 

Clustering technique. 

� An 8 cluster (9-class) cooling energy demand classification based on Neural (SOM) 

Clustering technique. 

� A 3 cluster (3-class) thermal comfort classification based on Fuzzy Clustering 

technique. 

The comparison of the proposed method with the CEN method leads us to the 

following conclusions: 

� The proposed method incorporates the thermal comfort of the indoor environment 

as a parameter for building’s efficiency.  According to this rating system, building 

that demands a small amount of energy having an inacceptable indoor 
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environment for occupants can not be characterized as “efficient”, which may occur 

when rating with CEN method. 

� The proposed method relies on the EU proposed energy policy, is more encouraging 

and gives more robust classes, as this method considers the common characteristics 

of the buildings and classifies them according to existing similarities. 

The buildings parameter investigation has shown that U-values of roofs and walls 

play a significant role in heating energy demand. The common characteristic of 

buildings rated in “A Class” of total and heating energy classification is that the 

majority of them were constructed with high insulated elements. The relative U-

values stood at 0.643 W/m2 K or 0.452 W/m2 K for walls and 0.452 W/m2 K for roofs. 

Respectively, “G Class” includes mainly poor insulated buildings with high U-values 

of 1.743 W/m2 K for walls and 3.18 W/m2 K for roofs.  

In order to improve office buildings’ energy categories the new office buildings must be 

constructed using elements with lower U-values, while the existing buildings must be 

renovated appropriately by adding insulation in external wall and roofs. Glazed areas 

in offices usually share a noticeable proportion of the total external surface of the 

building. For this reason the replacement of single glazed windows with double or 

Low-E is proposed in order to reduce relative transmission losses. It should be 

remembered however that the use of improved glazing may result in decreased 

daylighting and collection of solar energy. Additionally, the heat gain/loss ratio will, 

nevertheless, be greatly improved. Considering the orientation of windows and the 

external climatic conditions, the appropriate use of shading configurations will have 

as a result the reduction of cooling energy consumption. 
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CHAPTER 7:CHAPTER 7:CHAPTER 7:CHAPTER 7: FINAL CONCLUSIONSFINAL CONCLUSIONSFINAL CONCLUSIONSFINAL CONCLUSIONS AND FUTURE  AND FUTURE  AND FUTURE  AND FUTURE 

PROSPECTSPROSPECTSPROSPECTSPROSPECTS    

In this doctorial research an integrated classification method, in terms of energy and 

thermal comfort efficiency, for office buildings in Greece has been developed. The 

proposed scheme includes the creation of the detailed simulation model for evaluating 

the buildings’ performance, the creation of the building stock dataset, the definition of 

the energy and thermal comfort benchmarks, the clustering method for determining 

the number of classes and their limits and finally recommendations for building 

efficiency improvement methods. The points that should be discussed in this Chapter 

are: 

1. Simple and detailed energy audits1. Simple and detailed energy audits1. Simple and detailed energy audits1. Simple and detailed energy audits    

Two types of energy audits have been conducted by the author in the framework of 

this thesis: 10 simple audits (preliminary or walk –through audits) to office buildings 

and a detailed audit based on BMS measurements in BYTE office building. The 

detailed audit approximates reality at a higher degree, since the study is based on 

hourly measurements and not only on energy bills. Apart from energy consumption 

data the model takes into account and calculates environmental parameters such as 

indoor temperature, humidity and PMV indicator in each thermal zone of the building 

at an hourly base. 

However, there are difficulties and drawbacks to the detailed process such as the high 

cost of BMS installation and the long time required for data collection and auditing 

procedure. 

2. 2. 2. 2. Asset and operationalAsset and operationalAsset and operationalAsset and operational rating rating rating rating    

During simulation model validation, the comparison between measured and 

calculated values has revealed conclusions related on asset and operational rating of 

buildings. It is shown that the calculated (asset) energy rating can give a rough 

estimate of the indoor air temperature and the heating/cooling energy consumption of 

the building and can be used as a preliminary energy consumption estimation 

method, while the measured method can be used for the final energy classification of 

the building. 
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3. Simulated building datasets3. Simulated building datasets3. Simulated building datasets3. Simulated building datasets    

In this PhD research, an innovative approach for producing a Virtual Building 

Dataset (VBD) has been demonstrated in order to investigate the energy and indoor 

thermal comfort efficiency of a user-defined number of virtual office buildings. The 

method has been applied to 10,000 office buildings for each of the three major climatic 

zones in Greece. Besides the constructional and operational characteristics of each 

building, the VBD contains the calculated energy demands for heating and cooling, 

the energy consumption for lighting and appliances as well as the indoor thermal 

comfort requirements. 

It is shown that the VBD produces an extensive spectrum of office building profiles, 

which renders it a representative virtual sample of the building stock. The method is 

easily adapted to any country's building constructional and operational ranges and 

climatic zone data for producing a respective localized VBD.  

Such an approach could constitute a time-saving substitute to the real building data 

collection required prior to the definition of energy classes. 

Moreover, it is important that this virtual building dataset can be used for the 

definition of the limits of the energy classes (cluster analysis) for each building 

category. The optimum, though, use of the VBD is in combination with smaller in size 

but real datasets for each building category, in order to ensure reliable and safe 

results. 

Additionally, the VBD can be used as the basis for a parametric study of one or more 

building characteristics with respect to the energy and thermal comfort efficiency 

attained. In order to proceed with an integrated building efficiency approach, 

correlating the energy consumption to the thermal comfort of the building, VBD 

proves to be a valuable tool for the definition of respective guidelines. 

Moreover, VBD is a useful tool for  building energy clustering, energy rating 

procedures, determination of energy and indoor thermal environment building 

classification boundaries, neural networks training and validation, multi-criteria 

decision making data for building retrofit scenarios, sensitivity analysis and to any 

process requires large number of building data, in general. 



                                                                                    CHAPTER 7: FINAL CONCLUSIONS AND FUTURE PROSPECTS 

                                                                                                                                           
247 

The advantages of the VBD compared to a real dataset is the capability of simulating 

a large amount of buildings, the flexibility to isolate and study the interaction of 

various parameters and their effect in the energy performance of the buildings, the 

possibility to mass study different scenarios for improving the energy efficiency of a 

large number of buildings and not only on individual case-study buildings. 

4. Application of clustering 4. Application of clustering 4. Application of clustering 4. Application of clustering techniques for energy and thermal comfort classificationtechniques for energy and thermal comfort classificationtechniques for energy and thermal comfort classificationtechniques for energy and thermal comfort classification    

Using VBD as building sample, five clustering techniques have been tested in order to 

investigate the appropriate method for establishing energy and thermal comfort 

classifications for the Greek office building sector.  The clustering algorithms that 

have been applied to VBD for this purpose are: Hierarchical Clustering (HC), K-

Means Clustering (KMC), Gaussian Mixture Models (GMM), Fuzzy C-Means 

Clustering (FC) and Neural Clustering (SOM).  

For the evaluation of the cluster methods, three internal validity indices: The 

Silhouette Index, the Davies Bouldin Index, and the Dunn Index have been selected 

for testing the classifications, in terms of the best number of classes and the method 

that best fits on VBD.  

As the proposed classification should comply with the European and national energy 

policies, restrictions have been taken into account in order the obtained results to 

meet the policy criteria. 

The innovation of the proposed method, in comparison to the CEN method, is that the 

thermal comfort of the indoor environment has been incorporated into the 

classification system.  The proposed method complies with the EU proposed energy 

policy, is more encouraging and gives more robust classes, as it considers the common 

characteristics of the buildings and classifies them according to the existing 

similarities. 

5. Buildings parameter investigation and efficiency improvement5. Buildings parameter investigation and efficiency improvement5. Buildings parameter investigation and efficiency improvement5. Buildings parameter investigation and efficiency improvement    

The buildings’ parameter investigation has shown that U-values of roofs and walls 

play a significant role in energy consumption. In order to upgrade the energy category 

of an office building, elements with lower U-values must be employed during 

construction for the new office buildings, while appropriate renovation to this 
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direction (e.g. adding insulation in external wall and roofs) must be proposed in case 

of existing buildings.  

Glazed areas in offices usually share a noticeable proportion of the total external 

surface of the building. Thus, the replacement of single glazed windows with double or 

Low-E is proposed in order to reduce relative transmission losses. It should be 

remembered, though, that the use of improved glazing may result in decreased 

daylighting and collection of solar energy. Additionally, the heat gain/loss ratio will, 

nevertheless, be greatly improved. Considering the orientation of the windows and the 

external climatic conditions, the appropriate use of shading configurations will lead to 

the reduction of cooling energy consumption. 

Summarizing all the above, the innovative parts of the present thesis are: 

� The adoption of a detailed simulation model validated with hourly measured 

monitoring data, which has been generalized in order to simulate a large amount 

of office buildings. 

� The adoption of a Virtual Building Dataset that overcomes the barrier of lack of 

available building data.  

� The adaptability of VBD to any country's building constructional and operational 

ranges and climatic zone data for producing a respective localized VBD. 

� The adaptability of VBD to new constructional and operational data. 

� The fact that VBD constitutes a useful tool for the training and validation of 

neural networks, multi-criteria decision making data for building retrofit 

scenarios, sensitivity analysis, investigation of applications such as cool roofs, 

external insulation, new construction elements and other methods requiring a 

large number of building data. 

� The proposed limits for energy and thermal comfort classification are based on 

clustering techniques, optimally identified during a detailed and analytical 

investigation among various clustering algorithms. 

� The thermal comfort of the indoor environment has been incorporated into the 

classification system, with a 3-class proposed rating system. 

� As VBD contains detailed information about buildings’ characteristics, the 

proposed classification method allows for the investigation of parameters that 

characterize each energy and environmental class, leading to the ability of 

investigating multiple class upgrading methods. 
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� The adoption of an integrated classification dynamic methodology for Greek 

office building sector with the following characteristics: time saving and low 

budget processes, large flexibility and expandability and an easy update to the 

new building data and/or policy decisions. 

Finally, based on the topics discussed earlier in this Chapter, further research effort 

should be put in: 

1. Classification based on the final energy consumption of buildings. 1. Classification based on the final energy consumption of buildings. 1. Classification based on the final energy consumption of buildings. 1. Classification based on the final energy consumption of buildings. Having the 

results of VBD concerning the heating and cooling demands (loads) of the buildings, 

the proposed method can be applied to the final energy consumption of buildings by 

taking into account the heating and cooling efficiency coefficient for each building, 

since VBD already contains the energy consumption for lighting and equipment. First 

the values for coefficients have to be selected, for example n= 0.7 ÷ 0.9, COP=2÷5 etc, 

then the loads have to be transformed into consumptions by dividing the loads with 

the above efficiency coefficients and finally to add the energy consumption for lighting 

and equipment.   

2. 2. 2. 2. The generalization of the VBD to other building categories in Greece.The generalization of the VBD to other building categories in Greece.The generalization of the VBD to other building categories in Greece.The generalization of the VBD to other building categories in Greece. Following the 

same concept of VBD creation, the dataset can be generalized to any building category 

(hospitals, schools, dwellings etc.). The method is based on the change of the value 

ranges of all the simulation parameters according to each building category. The new 

value ranges must be complying with the national codes and the outcomes of the 

audits that have been conducted to each building category. 

3333.... The generalization of the VBD at  The generalization of the VBD at  The generalization of the VBD at  The generalization of the VBD at a a a a global level.global level.global level.global level. The method can be generalized 

globally for creating a VBD in any country by changing the weather input data 

according to the country's climatic zones division and the constructional 

characteristics of materials and structural elements dominating the country’s building 

sector. 

4444. . . . The incorporation of indoor air quality and visual comfort in the proposed The incorporation of indoor air quality and visual comfort in the proposed The incorporation of indoor air quality and visual comfort in the proposed The incorporation of indoor air quality and visual comfort in the proposed 

classification scheme.classification scheme.classification scheme.classification scheme. This can be achieved by including indoor air quality (e.g.CO2 

concentration), and visual comfort parameters (e.g. luminance levels) in VBD. In this 

case, the thermal model (adopted in TRNSYS or other simulation program) has to be 

in cooperation with an air flow model (TRNFLOW, COMIS, etc) and with a luminance 

model.  
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5555. The training and v. The training and v. The training and v. The training and validation of neural networks using alidation of neural networks using alidation of neural networks using alidation of neural networks using the the the the VBD data.VBD data.VBD data.VBD data.    The VBD data, 

including the proposed classifications, can be used    in order to train a neural network 

for office buildings’ rating and classification. The neural network will take into 

account some basic inputs of building’ characteristics (e.g. floor area, fraction of 

openings, wall type, window type, heating and cooling system) and, without any 

simulation process, it will estimate the class that a building belongs to.   

6666. The use of . The use of . The use of . The use of the the the the VBD for multiVBD for multiVBD for multiVBD for multi----critercritercritercriteria decision making for building retrofit scenarios ia decision making for building retrofit scenarios ia decision making for building retrofit scenarios ia decision making for building retrofit scenarios 

and sensitivity analysis.and sensitivity analysis.and sensitivity analysis.and sensitivity analysis.    The large amount of data that VBD contains can be used for 

various kinds of data analysis for investigating the contribution of each parameter to 

building’s energy and environmental efficiency. 



 

                                                                                                                                           
251 

REFERENCESREFERENCESREFERENCESREFERENCES    

Anon,Anon,Anon,Anon, 1998,1998,1998,1998, Green Building Assessment Tool-GBTool 1.3-a second-generation tool for 

building performance labeling, Green Building Challenge ’98 Conference 

Retrospective. 

Argiriou, A., Asimakopoulos, D., Balaras, C., Dascalaki, E.,Argiriou, A., Asimakopoulos, D., Balaras, C., Dascalaki, E.,Argiriou, A., Asimakopoulos, D., Balaras, C., Dascalaki, E.,Argiriou, A., Asimakopoulos, D., Balaras, C., Dascalaki, E., Lagoudi, A., Loizidou, M.,  Lagoudi, A., Loizidou, M.,  Lagoudi, A., Loizidou, M.,  Lagoudi, A., Loizidou, M., 

Santamouris, M., Tselepidaki, I.,Santamouris, M., Tselepidaki, I.,Santamouris, M., Tselepidaki, I.,Santamouris, M., Tselepidaki, I., 1994199419941994,,,, On the Energy Consumption and Indoor 

Air Quality in Office and Hospital Buildings in Athens, Hellas, Energy 

Conversion and Management Vol. 35, No. 5, pp. 385 394. 

ASHRAE 1993, ASHRAE 1993, ASHRAE 1993, ASHRAE 1993, ASHRAE Handbook Fundamentals. Atlanta, Georgia, US: American 

Society of Heating, Refrigerating and Air-Conditioning Engineers, Inc.  

ASHRAE 2001, ASHRAE 2001, ASHRAE 2001, ASHRAE 2001, ASHRAE Handbook Fundamentals. Atlanta, Georgia, US: American 

Society of Heating, Refrigerating and Air-Conditioning Engineers.  

ASHRAE Handbook of Fundamentals 2009ASHRAE Handbook of Fundamentals 2009ASHRAE Handbook of Fundamentals 2009ASHRAE Handbook of Fundamentals 2009, American Society of Heating, 

Refrigerating and Air-Conditioning Engineers, Atlanta, GA, 2009. 

ASHRAE Standard 55, 1992, ASHRAE Standard 55, 1992, ASHRAE Standard 55, 1992, ASHRAE Standard 55, 1992, “Thermal Environment Conditions for Human 

Occupancy”, American Society of Heating, Refrigerating and Air Conditioning 

Engineers.    

ASHRAE Standard 62ASHRAE Standard 62ASHRAE Standard 62ASHRAE Standard 62----99999999, 1999,1999,1999,1999, Ventilation for Acceptable Indoor Air Quality, 

American Society of Heating, Refrigerating, Air-Conditioning Engineers, Atlanta, 

GA.  

ASHRAE Standard 90.1ASHRAE Standard 90.1ASHRAE Standard 90.1ASHRAE Standard 90.1., 1989,., 1989,., 1989,., 1989, Energy efficient design of new buildings except low-

rise residential buildings. American Society of Heating Refrigerating and Air-

conditioning Engineers, Inc. Atlanta, GA. 

AsimakoAsimakoAsimakoAsimakopoulos, D.N., Santamouris, M., 1998poulos, D.N., Santamouris, M., 1998poulos, D.N., Santamouris, M., 1998poulos, D.N., Santamouris, M., 1998,,,, Energy Rehabilitation of existing Air 

conditioned buildings, KENE, University of Athens, SAVE Project, European 

Committee, XVII. 

Avgelis, A., Papadopoulos, A.M.,Avgelis, A., Papadopoulos, A.M.,Avgelis, A., Papadopoulos, A.M.,Avgelis, A., Papadopoulos, A.M., 2009,2009,2009,2009, Application of multicriteria analysis in 

designing HVAC systems, Energy and Buildings vol. 41, pp.774-780. 

Avgelis, A., Papadopoulos, A.M.,Avgelis, A., Papadopoulos, A.M.,Avgelis, A., Papadopoulos, A.M.,Avgelis, A., Papadopoulos, A.M., 2009,2009,2009,2009, Application of multicriteria analysis in 

designing HVAC systems, Energy and Buildings, vol. 41, pp.774-780. 



 

                                                                                                                                           
252 

Backer, R., Paciuk, M.,Backer, R., Paciuk, M.,Backer, R., Paciuk, M.,Backer, R., Paciuk, M., 2002, 2002, 2002, 2002, Inter-related effects of cooling strategies and building 

features on energy performance of office buildings, Energy and Buildings vol. 34, 

no.1,pp. 25-31. 

BBBBahnfleth, W.P., Pedersen, C.O., 1990, ahnfleth, W.P., Pedersen, C.O., 1990, ahnfleth, W.P., Pedersen, C.O., 1990, ahnfleth, W.P., Pedersen, C.O., 1990, A Three Dimensional Numerical Study of 

Slab-on-Grade Heat Transfer. ASHRAE Transactions Pt. 2, vol. 96, pp.61-72. 

Balaras, C.A.,  Droutsa, K.,  Balaras, C.A.,  Droutsa, K.,  Balaras, C.A.,  Droutsa, K.,  Balaras, C.A.,  Droutsa, K.,  Argiriou, A.A.,  Wittchen, K., 2002Argiriou, A.A.,  Wittchen, K., 2002Argiriou, A.A.,  Wittchen, K., 2002Argiriou, A.A.,  Wittchen, K., 2002,,,, Assessment of energy 

and natural resources conservation in office buildings using TOBUS, Energy and 

Buildings vol. 34, pp. 135-153. 

Balaras, C.A., Galia, A.G., Georgopoulou, E., Mirasgedis, S., Sarafidis, Y., Lalas, D.P,Balaras, C.A., Galia, A.G., Georgopoulou, E., Mirasgedis, S., Sarafidis, Y., Lalas, D.P,Balaras, C.A., Galia, A.G., Georgopoulou, E., Mirasgedis, S., Sarafidis, Y., Lalas, D.P,Balaras, C.A., Galia, A.G., Georgopoulou, E., Mirasgedis, S., Sarafidis, Y., Lalas, D.P, 

2007,2007,2007,2007, European residential buildings and empirical assessment of the Hellenic 

building stock, energy consumption, emissions and potential energy savings, 

Building and Environment, vol. 42, pp.1298-1314..  

Barelli, L., Bidini, G., Pinchi, E.M.,Barelli, L., Bidini, G., Pinchi, E.M.,Barelli, L., Bidini, G., Pinchi, E.M.,Barelli, L., Bidini, G., Pinchi, E.M., 2009,2009,2009,2009, Evaluation of the corrected seasonal energy 

demand, for buildings classification, to be compared with a standard performance 

scale, Energy and Buildings, vol. 41, pp.958-965. 

BatistakisBatistakisBatistakisBatistakis,,,, Y. Y. Y. Y.,,,, Halkidi Halkidi Halkidi Halkidi,,,, M. M. M. M.,,,,    Vazirgiannis,Vazirgiannis,Vazirgiannis,Vazirgiannis, M.M.M.M., 2002, , 2002, , 2002, , 2002, Cluster validity methods: Part I. 

Sigmod Record, vol. 31, no.12.  

BEBEBEBE2222AM,AM,AM,AM, Building Energy and Environmental Assessment Method, Private 

communication from ECD. 

BeausoleilBeausoleilBeausoleilBeausoleil----Morrison I.Morrison I.Morrison I.Morrison I., Mitalas G., 1997,, Mitalas G., 1997,, Mitalas G., 1997,, Mitalas G., 1997, “BASESIMP: A Residential-Foundation 

Heat-Loss Algorithm for Incorporating into Whole-Building Energy-Analysis 

Programs”, Proceedings of Building Simulation ’97, (2) 1-8, Int Building 

Performance Simulation Association, Prague, Czech Republic. 

BeausoleilBeausoleilBeausoleilBeausoleil----Morrison, I.Morrison, I.Morrison, I.Morrison, I., 1996,, 1996,, 1996,, 1996, "BASECALC: A Software Tool for Modelling 

Residential- TM Foundation Heat Losses.” Third Canadian Conference on 

Computing in Civil and Building Engineering, Montreal, pp.117-126. 

Bolshakova,  N.,  Azuaje, F., 2003Bolshakova,  N.,  Azuaje, F., 2003Bolshakova,  N.,  Azuaje, F., 2003Bolshakova,  N.,  Azuaje, F., 2003,,,, Cluster validation techniques for genome 

expression data. Signal Processing, vol. 83, pp. 825-833. 

Buildings Platform , 2006, Buildings Platform , 2006, Buildings Platform , 2006, Buildings Platform , 2006, The set of CEN standards developed to support the 

implementation of the EPBD in the EU Member States. Available on 



 

                                                                                                                                           
253 

<http://www.buildingsplatform.eu/cms/fileadmin/documents/information_papers/P

02_EPBD_CEN_Standards.pdf> (accessed on 20 September). 

CALCALCALCAL----ARCHARCHARCHARCH, 2003,, 2003,, 2003,, 2003,    California Energy Commission, (California Energy benchmarking 

tool). 

Carlo, J., Lamberts, R.,Carlo, J., Lamberts, R.,Carlo, J., Lamberts, R.,Carlo, J., Lamberts, R., 2008, 2008, 2008, 2008, Development of envelope efficiency labels for 

commercial buildings: Effect of different variable on electricity consumption, 

Energy and Buildings, vol. 40, pp. 2002-2008. 

Carriere, Carriere, Carriere, Carriere, M., Schoenau, G.J., Besant, R.W.,M., Schoenau, G.J., Besant, R.W.,M., Schoenau, G.J., Besant, R.W.,M., Schoenau, G.J., Besant, R.W., 1999, 1999, 1999, 1999, Investigation of some large building 

energy conservation opportunities using the DOE-2 model, Energy Conversion 

and Management, vol. 40, pp. 861–872. 

Casals, X.GCasals, X.GCasals, X.GCasals, X.G., 2006,., 2006,., 2006,., 2006, Analysis of building energy regulation and certification in Europe: 

their role, limitations and differences, Energy and Buildings, vol. 38 no.5, pp. 

381– 392. 

CEN CEN CEN CEN 2006200620062006,,,, Explanation of the general relationship between various CEN standards 

and the Energy Performance of Buildings Directive (EPBD), Umbrella document 

V7-prCEN/TR 15615. 

Chung, W., Hui, Y.V., Lam, Y.M.,Chung, W., Hui, Y.V., Lam, Y.M.,Chung, W., Hui, Y.V., Lam, Y.M.,Chung, W., Hui, Y.V., Lam, Y.M., 2006, 2006, 2006, 2006, Benchmarking the energy efficiency of 

commercial buildings, Applied Energy, vol. 83, pp.1–14. 

Clarke, J.A., Kelly, N.J. and Tang, DClarke, J.A., Kelly, N.J. and Tang, DClarke, J.A., Kelly, N.J. and Tang, DClarke, J.A., Kelly, N.J. and Tang, D., 2007,., 2007,., 2007,., 2007, A Review of ESP-r’s Flexible Solution 

Approach and its Application to Prospective Technical Domain Developments, 

Advances in Building Energy Research, vol.1, pp. 227-247. 

Crawley, D., Lawrie, L., Pedersen, C., Winkelmann, F., Witte, M., Strand, R., Liesen, Crawley, D., Lawrie, L., Pedersen, C., Winkelmann, F., Witte, M., Strand, R., Liesen, Crawley, D., Lawrie, L., Pedersen, C., Winkelmann, F., Witte, M., Strand, R., Liesen, Crawley, D., Lawrie, L., Pedersen, C., Winkelmann, F., Witte, M., Strand, R., Liesen, 

R., Buhl, W.F.;Huang, Y.J., Henninger, R., GR., Buhl, W.F.;Huang, Y.J., Henninger, R., GR., Buhl, W.F.;Huang, Y.J., Henninger, R., GR., Buhl, W.F.;Huang, Y.J., Henninger, R., Glazer, J., Fisher, D., Shirey, D., lazer, J., Fisher, D., Shirey, D., lazer, J., Fisher, D., Shirey, D., lazer, J., Fisher, D., Shirey, D., 

Griffith, B., Ellis, P., Gu, L.Griffith, B., Ellis, P., Gu, L.Griffith, B., Ellis, P., Gu, L.Griffith, B., Ellis, P., Gu, L., 2004, 2004, 2004, 2004, ““““EnergyPlus: New Capable and Linked,” in 

Proceedings of the SimBuild 2004 Conference, Boulder, Colorado, US: IBPSA-

USA. 

Crawley, D.B., Hand, J.W., Kummert, M., Griffith, B.T.,Crawley, D.B., Hand, J.W., Kummert, M., Griffith, B.T.,Crawley, D.B., Hand, J.W., Kummert, M., Griffith, B.T.,Crawley, D.B., Hand, J.W., Kummert, M., Griffith, B.T., 2008, 2008, 2008, 2008, Contrasting the 

capabilities of building energy performance simulation programs, Building and 

Environment, vol. 43, pp. 661-673. 



 

                                                                                                                                           
254 

Dahlsveen, T., 2004,Dahlsveen, T., 2004,Dahlsveen, T., 2004,Dahlsveen, T., 2004, Energy Auditing of Buildings-Methods and Tools complying with 

the EU Directive on the Energy Performance of Buildings, Energy Saving 

International AS, Oslo. 

Daskalaki, E., Santamouris, M.,Daskalaki, E., Santamouris, M.,Daskalaki, E., Santamouris, M.,Daskalaki, E., Santamouris, M., 2002, 2002, 2002, 2002, On the potential of retrofitting scenarios for 

offices, Building and Environment, vol. 37 no.6, pp.25-31. 

DATAMINEDATAMINEDATAMINEDATAMINE 2007 2007 2007 2007---- Collecting Data from Energy Certification to Monitor Performance 

Indicators for New and Existing Buildings, Model Project 6/Greece, Data 

collection from energy audits for Hellenic buildings in the residential and tertiary 

sector, Summary Report, National Observatory of Athens, Athens, Greece 

December 2007, with the support of Contract N°: EIE/05/097. 

DaviesDaviesDaviesDavies,,,, D. D. D. D., Bouldin,, Bouldin,, Bouldin,, Bouldin, D.D.D.D., 1967,, 1967,, 1967,, 1967,    A cluster separation measure. IEEE Transactions on 

Pattern Analysis and Machine Intelligence, vol. 1. no.2. 

Depecker, P., Menezo, C., Virgone, J., Lepers, S.,Depecker, P., Menezo, C., Virgone, J., Lepers, S.,Depecker, P., Menezo, C., Virgone, J., Lepers, S.,Depecker, P., Menezo, C., Virgone, J., Lepers, S., 2001, 2001, 2001, 2001, Design of buildings shape and 

energetic consumption, Building and Environment, vol. 36, pp.627–635. 

Directive 2002/91/ECDirective 2002/91/ECDirective 2002/91/ECDirective 2002/91/EC, 2002,, 2002,, 2002,, 2002, of the European Parliament and of the Council of 16 

December 2002 on the energy performance of buildings. 

DiDiDiDirective 2006/32/EC, 2006,rective 2006/32/EC, 2006,rective 2006/32/EC, 2006,rective 2006/32/EC, 2006, of the European Parliament and of the Council of  5 April 

2006 on energy end-use efficiency and energy services and repealing Council 

Directive 93/76/EEC.  

Directive 92/75/EECDirective 92/75/EECDirective 92/75/EECDirective 92/75/EEC, 1992,, 1992,, 1992,, 1992, of 22 September 1992 on the indication by labeling and 

standard product information of the consumption of energy and other resources 

by household appliances. 

Directive 93/76/CEEDirective 93/76/CEEDirective 93/76/CEEDirective 93/76/CEE, 1993,, 1993,, 1993,, 1993, of 13 September 1993 to limit carbon dioxide emissions by 

improving energy efficiency (SAVE).  

DOEDOEDOEDOE----2.1E Version 121,2.1E Version 121,2.1E Version 121,2.1E Version 121, 2003, 2003, 2003, 2003, US Department of Commerce, Springfield Illinois, USA: 

National Technical Information Service. 

Dunn, J. C., 1974,Dunn, J. C., 1974,Dunn, J. C., 1974,Dunn, J. C., 1974, Well separated clusters and optimal fuzzy partitions", J. Cybern. 

Vol.4, pp. 95-104. 



 

                                                                                                                                           
255 

Elmorth, A., 2003,Elmorth, A., 2003,Elmorth, A., 2003,Elmorth, A., 2003, Integrated Methodologies and Harmonization of Certification 

Schemes to Support the Implementation of the New EU Directive on Energy 

Performance of Buildings. 

EN 15203 /15315EN 15203 /15315EN 15203 /15315EN 15203 /15315, 2007,, 2007,, 2007,, 2007, Energy Performance of Buildings-Overall Energy Use, CO2 

emissions and definition of energy ratings. 

EN 15217EN 15217EN 15217EN 15217, 2007, 2007, 2007, 2007, Energy performance of buildings-methods for expressing energy 

performance and for energy certification of buildings.  

EN 15251, EN 15251, EN 15251, EN 15251, 2006,2006,2006,2006, Indoor environmental input parameters for design and assessment of 

energy performance of buildings-addressing indoor air quality, thermal 

environment, lighting and acoustics. 

EN 15603,EN 15603,EN 15603,EN 15603, 2008,  2008,  2008,  2008, Energy performance of buildings-overall energy use and definition of 

ratings. 

EN ISO 7730, EN ISO 7730, EN ISO 7730, EN ISO 7730, 2005,2005,2005,2005, Ergonomics of the thermal environment -Analytical 

determination and interpretation of thermal comfort using calculation of the PMV 

and PPD indices and local thermal comfort criteria. 

Energy Information Administration (EIA)Energy Information Administration (EIA)Energy Information Administration (EIA)Energy Information Administration (EIA), 1995199519951995, Measuring energy efficiency in the 

United  States economy: a beginning, DOE/EIA-0555 (95)/2, Department of 

Energy, Washington, DC. 

Energy Energy Energy Energy Information Administration,Information Administration,Information Administration,Information Administration, 2001, 2001, 2001, 2001, Residential Energy Consumption Survey 

(RECS), U.S. Department of Energy. 

Energy Information Administration,Energy Information Administration,Energy Information Administration,Energy Information Administration, 2003, 2003, 2003, 2003, Commercial Buildings Energy 

Consumption Survey (CBECS), U.S. Department of Energy. 

ENERGY STAR program,ENERGY STAR program,ENERGY STAR program,ENERGY STAR program, 1992 1992 1992 1992,,,, Environmental Protection Agency and the U.S. 

Department of Energy. 

ENPERENPERENPERENPER----EXIST,EXIST,EXIST,EXIST, 2007, 2007, 2007, 2007, Applying the EPBD to improve the Energy Performance 

Requirements to Existing Buildings. Building stock knowledge, http://www.enper-

exist.org. 

EPAEPAEPAEPA----NR SurveyNR SurveyNR SurveyNR Survey,,,, 2005, 2005, 2005, 2005, National context and need for instruments, Group Energy 

Conservation, Institute for Environmental Research & Sustainable Development, 

National Observatory of Athens, www.epa-nr.org. 



 

                                                                                                                                           
256 

EPLabel,EPLabel,EPLabel,EPLabel, 2007, 2007, 2007, 2007, A programme to deliver energy certificates based on measured energy 

consumption for display in Public buildings across Europe within a harmonizing 

framework, http://www.eplabel.org. 

Erbs, D.G., Klein, S.A. and Beckman, W.A.,Erbs, D.G., Klein, S.A. and Beckman, W.A.,Erbs, D.G., Klein, S.A. and Beckman, W.A.,Erbs, D.G., Klein, S.A. and Beckman, W.A., 1983, 1983, 1983, 1983, Estimation of Degree-Days and 

Ambient Temperature Bin Data from Monthly- Average Temperatures, ASHRAE 

J, pp. 60-65. 

Eskin, N., Turkmen, H.,Eskin, N., Turkmen, H.,Eskin, N., Turkmen, H.,Eskin, N., Turkmen, H., 2007, 2007, 2007, 2007, Analysis of annual heating and cooling energy 

requirements for office building in different climates in Turkey, Energy and 

Buildings, doi: 10.1016/j.enbuild.2007.05.008. 

ESPESPESPESP----r Software (Version 10.12),r Software (Version 10.12),r Software (Version 10.12),r Software (Version 10.12), 2005, 2005, 2005, 2005, Building Energy Simulation Code. University 

of Strathclyde, Glasgow. 

EUROPROSPER,EUROPROSPER,EUROPROSPER,EUROPROSPER, 2004,2004,2004,2004, European Programme for occupant satisfaction, productivity 

and environmental rating of buildings: certification of existing building energy 

performance, http://www.europrosper.org/. 

Fahim, A.A.M.,Fahim, A.A.M.,Fahim, A.A.M.,Fahim, A.A.M., 2005, 2005, 2005, 2005, Optimizing energy efficiency for office building (case study), 3rd 

AIAA Aerospace Science Meeting and Exhibit –Meeting Papers, pp. 10979-10986. 

Fanger, POFanger, POFanger, POFanger, PO, 1970,1970,1970,1970, Thermal comfort analysis and applications in environmental 

engineering, Mc Graw Hill, New York. 

Fayyad, M.U., PiateskyFayyad, M.U., PiateskyFayyad, M.U., PiateskyFayyad, M.U., Piatesky----ShapiroShapiroShapiroShapiro, G., Smuth P., Uthurusamy, R., 1996,, G., Smuth P., Uthurusamy, R., 1996,, G., Smuth P., Uthurusamy, R., 1996,, G., Smuth P., Uthurusamy, R., 1996, Advances in 

Knowledge Discovery and Data Mining. AAAI Press. 

Fedrspiel, C., Zhan, Q., Arens, E.,Fedrspiel, C., Zhan, Q., Arens, E.,Fedrspiel, C., Zhan, Q., Arens, E.,Fedrspiel, C., Zhan, Q., Arens, E., 2002, 2002, 2002, 2002, Model-Based benchmarking with application 

to laboratory buildings, Energy and Buildings vol. 34, pp.203-214. 

Fels, ME.,Fels, ME.,Fels, ME.,Fels, ME., 1986, 1986, 1986, 1986, The princeton scorekeeping method (PRISM). Energy and Buildings 

vol.9, no.1. 

Filippìn, C.,Filippìn, C.,Filippìn, C.,Filippìn, C., 2000, 2000, 2000, 2000, Benchmarking the energy efficiency and greenhouse-gases 

emissions of school buildings in central Argentina, Build Environ, vol. 35, pp. 

407–414. 

Guha, S, RasGuha, S, RasGuha, S, RasGuha, S, Rastogi, R., and Shim K., 1999, togi, R., and Shim K., 1999, togi, R., and Shim K., 1999, togi, R., and Shim K., 1999, ROCK: A Robust Clustering Algorithm for 

Categorical Attributes. In Proceedings of the IEEE Conference on Data 

Engineering. 



 

                                                                                                                                           
257 

Hernandez, P., Burke, K., Lewis, J.O.,Hernandez, P., Burke, K., Lewis, J.O.,Hernandez, P., Burke, K., Lewis, J.O.,Hernandez, P., Burke, K., Lewis, J.O., 2008, 2008, 2008, 2008, Development of energy performance 

benchmarks and building energy ratings for non-domestic buildings: An example 

for Irish primary schools, Energy and Buildings vol. 40, no. 3, pp. 249-254. 

HERSHERSHERSHERS Council, 2000, What are home energy rating schemes? (HERS). 

ISO 13370, 1998,ISO 13370, 1998,ISO 13370, 1998,ISO 13370, 1998, Thermal Performance of Buildings – Heat Transfer via the Ground – 

Calculation Methods, European Committee for Standardization. Brussels, 

Belgium. 

Jensen, S.Ø.,Jensen, S.Ø.,Jensen, S.Ø.,Jensen, S.Ø., 1995, 1995, 1995, 1995, Validation of building energy simulation programs: a 

methodology, Energy and Buildings vol. 22, pp.133-144. 

Jones, P.G., Turner, R.N., Browne, D.W.J., Illingworth, P.J.,Jones, P.G., Turner, R.N., Browne, D.W.J., Illingworth, P.J.,Jones, P.G., Turner, R.N., Browne, D.W.J., Illingworth, P.J.,Jones, P.G., Turner, R.N., Browne, D.W.J., Illingworth, P.J., 2000, 2000, 2000, 2000, Energy 

benchmarks for public sector buildings in Northern Ireland, in: Proceedings of 

CIBSE National Conference, Dublin. 

Jones, P.G., Turner, R.N., Browne, D.W.J., Illingworth, P.J.,Jones, P.G., Turner, R.N., Browne, D.W.J., Illingworth, P.J.,Jones, P.G., Turner, R.N., Browne, D.W.J., Illingworth, P.J.,Jones, P.G., Turner, R.N., Browne, D.W.J., Illingworth, P.J., 2000, 2000, 2000, 2000, Energy 

benchmarks for public sector buildings in Northern Ireland, in: Proceedings of 

CIBSE National Conference, Dublin.  

Judkoff, R., Neymark, J., 1995Judkoff, R., Neymark, J., 1995Judkoff, R., Neymark, J., 1995Judkoff, R., Neymark, J., 1995,,,, Home Energy Rating System Building Energy 

Simulation Test (HERS BESTEST). NREL/TP-472-7332. Golden, Colorado, US: 

National Renewable Energy Laboratory. 

Judkoff, R.D.,Judkoff, R.D.,Judkoff, R.D.,Judkoff, R.D., 19 19 19 1998,98,98,98, Validation of building energy analysis simulation programs at the 

solar energy research Institute, Energy and Buildings, vol. 10, pp. 221–239. 

Karatasou, S., Santamouris, M., Geros, V.,Karatasou, S., Santamouris, M., Geros, V.,Karatasou, S., Santamouris, M., Geros, V.,Karatasou, S., Santamouris, M., Geros, V., 2006, 2006, 2006, 2006, Modeling and predicting building’s 

energy use with electric neural networks: Methods and results, Energy and 

Buildings, vol. 38, pp. 949-958. 

Karekos. S.I.,Karekos. S.I.,Karekos. S.I.,Karekos. S.I., 2001, 2001, 2001, 2001, Heat transfer-thermal insulation. Athens: Technical Chamber of 

Greece [In Greek].  

Kaufman, L., Rousseeuw, P., 1990Kaufman, L., Rousseeuw, P., 1990Kaufman, L., Rousseeuw, P., 1990Kaufman, L., Rousseeuw, P., 1990,,,, Finding groups in data: An introduction to cluster 

analysis. John Wiley & Sons. 

Kinney, S. and. Piette, M.A.,Kinney, S. and. Piette, M.A.,Kinney, S. and. Piette, M.A.,Kinney, S. and. Piette, M.A., 2002, 2002, 2002, 2002, Development of California Commercial Building 

Benchmarking Database, ACEEE 2002 Summer Study on Energy Efficiency in 

Buildings, 12-23 August 2002, Alisomar Conference Center, California. 



 

                                                                                                                                           
258 

Kohonen, T., 1995Kohonen, T., 1995Kohonen, T., 1995Kohonen, T., 1995,,,, Self Organizing Maps (Springer, Berlin). 

Kolokotsa, D., 2001, Kolokotsa, D., 2001, Kolokotsa, D., 2001, Kolokotsa, D., 2001, Design and Implementation of an Integrated Intelligent Building 

Indoor Environment Management System using Fuzzy Logic, Advanced Decision 

Support Techniques, Local Operating Network capabilities and Smart Card 

Technology, PhD Thesis, Technical University of Crete.     

Kolokotsa, D., Niachou, K., Geros, V., Kalaitzakis, K., Stavrakakis, G.S., Kolokotsa, D., Niachou, K., Geros, V., Kalaitzakis, K., Stavrakakis, G.S., Kolokotsa, D., Niachou, K., Geros, V., Kalaitzakis, K., Stavrakakis, G.S., Kolokotsa, D., Niachou, K., Geros, V., Kalaitzakis, K., Stavrakakis, G.S., 

Santamouris, M.,Santamouris, M.,Santamouris, M.,Santamouris, M., 2005, 2005, 2005, 2005,    Implementation of an integrated indoor environment and    

energy management system, Energy and Buildings, vol. 37, pp. 93-99.    

Kolokotsa, D., Stavrakakis, G.,  Nikolaou, T.,  Skias, I., 2008,Kolokotsa, D., Stavrakakis, G.,  Nikolaou, T.,  Skias, I., 2008,Kolokotsa, D., Stavrakakis, G.,  Nikolaou, T.,  Skias, I., 2008,Kolokotsa, D., Stavrakakis, G.,  Nikolaou, T.,  Skias, I., 2008, Comparison of asset and 

operational rating for office buildings' energy performance-A case study in Athens 

Greece, PROTECTION AND RESTORATION OF THE ENVIRONMENT IX 

CONFERENCE, Kefalonia, Greece 29 June - 3 July 2008. 

Kolokotsa, D., Stavrakakis, G., Kaminaris, S., Geros, V., Santamouris, M., Kitrinakis, Kolokotsa, D., Stavrakakis, G., Kaminaris, S., Geros, V., Santamouris, M., Kitrinakis, Kolokotsa, D., Stavrakakis, G., Kaminaris, S., Geros, V., Santamouris, M., Kitrinakis, Kolokotsa, D., Stavrakakis, G., Kaminaris, S., Geros, V., Santamouris, M., Kitrinakis, 

M., Tripolitsiotis, S., Bakonikolas, N., Konstantopoulos, G.,M., Tripolitsiotis, S., Bakonikolas, N., Konstantopoulos, G.,M., Tripolitsiotis, S., Bakonikolas, N., Konstantopoulos, G.,M., Tripolitsiotis, S., Bakonikolas, N., Konstantopoulos, G., 2006,  2006,  2006,  2006, E-Building: A 

software platform for energy auditing and management of buildings, EPEQUB 

Conference, Milos Greece. 

Kortman, J., Van Ewijk, H., Mak, J., Anink, D., Knapen M.,Kortman, J., Van Ewijk, H., Mak, J., Anink, D., Knapen M.,Kortman, J., Van Ewijk, H., Mak, J., Anink, D., Knapen M.,Kortman, J., Van Ewijk, H., Mak, J., Anink, D., Knapen M., 1998,  1998,  1998,  1998,  Eco-quantum the 

LCA-based computer tool for the quantitative determination of the environmental 

impact of buildings. Proceedings of Buildings and Environment in Asia 

Conference, Singapore. 

Krarti, M.Krarti, M.Krarti, M.Krarti, M., 2000,, 2000,, 2000,, 2000, Energy Audit of Building Systems: An Engineering Approach, CRC 

Press. 

Kreider, J.F., Curtiss, P. and Rabl, A.,Kreider, J.F., Curtiss, P. and Rabl, A.,Kreider, J.F., Curtiss, P. and Rabl, A.,Kreider, J.F., Curtiss, P. and Rabl, A., 2002, 2002, 2002, 2002, Heating and Cooling for Buildings, 

Design for Efficiency.  McGraw-Hill, New York. 

Lam, J.C., Hui, C.S., Chan, A.L.S.,Lam, J.C., Hui, C.S., Chan, A.L.S.,Lam, J.C., Hui, C.S., Chan, A.L.S.,Lam, J.C., Hui, C.S., Chan, A.L.S., 1997, 1997, 1997, 1997, Regression analysis of high-rise fully air-

conditioned office buildings, Energy and Buildings, vol.26, no. 2, pp.189–197. 

Larson, N.K., Cole, R.J.,Larson, N.K., Cole, R.J.,Larson, N.K., Cole, R.J.,Larson, N.K., Cole, R.J.,    1998,1998,1998,1998, A second-generation environmental performance 

assessment system for buildings, Proceedings of Green Building Challenge ‘98 

Conference. 



 

                                                                                                                                           
259 

Latta, J.K.; Boileau, G.G., 1969,Latta, J.K.; Boileau, G.G., 1969,Latta, J.K.; Boileau, G.G., 1969,Latta, J.K.; Boileau, G.G., 1969, “Heat Losses from House Basements.” Canadian 

Building 19(10):39. 

Lechner, T.,Lechner, T.,Lechner, T.,Lechner, T., 199 199 199 1992,2,2,2, Mathematical and physical fundamentals of the Transfer function 

method (in german), Institut für Thermodynamik und Wärmetechnik, Universität 

Stuttgart. 

Lee, WLee, WLee, WLee, W----S., Lee, KS., Lee, KS., Lee, KS., Lee, K----P.,P.,P.,P., 2008, 2008, 2008, 2008, Benchmarking the performance of building energy 

management using data envelopment analysis, Applied Thermal Engineering, In 

press. 

LEEDLEEDLEEDLEED 1998, 1998, 1998, 1998, (Leader Ship in Energy and Environmental Design)-Green Building 

Rating System, Draft edition, US Green Building Council. 

LEEDLEEDLEEDLEED----NC,NC,NC,NC, 2005, 2005, 2005, 2005, U.S. Green Building Council, Green Building Rating System for New 

Construction & Major Renovations, Version 2.2. 

Lomas, K.J., Eppel, H., Martin, C.J., Bloomfield, D.P.,Lomas, K.J., Eppel, H., Martin, C.J., Bloomfield, D.P.,Lomas, K.J., Eppel, H., Martin, C.J., Bloomfield, D.P.,Lomas, K.J., Eppel, H., Martin, C.J., Bloomfield, D.P., 1997, 1997, 1997, 1997, Empirical validation of 

building energy simulation programs, Energy and Buildings, vol. 26, pp. 253–275. 

Lombard, L.Lombard, L.Lombard, L.Lombard, L.----P., Ortiz, J., P., Ortiz, J., P., Ortiz, J., P., Ortiz, J., González, González, González, González, R., Maestre, I.M.,R., Maestre, I.M.,R., Maestre, I.M.,R., Maestre, I.M., 2009, 2009, 2009, 2009, A review of 

benchmarking, rating and labeling concepts within the framework of building 

energy certification schemes, Energy and Buildings, vol. 41, pp. 272-278. 

Lombard, PLombard, PLombard, PLombard, P----L., Ortiz, J., Pout, C.,L., Ortiz, J., Pout, C.,L., Ortiz, J., Pout, C.,L., Ortiz, J., Pout, C., 2008, 2008, 2008, 2008,    A review on buildings energy consumption 

information, Energy and Buildings, vol. 40, pp. 349-398. 

Loutzenhiser, P.G., Manz, H., Felsmann, C., Strachan, P.A., Maxwell, G.M.,Loutzenhiser, P.G., Manz, H., Felsmann, C., Strachan, P.A., Maxwell, G.M.,Loutzenhiser, P.G., Manz, H., Felsmann, C., Strachan, P.A., Maxwell, G.M.,Loutzenhiser, P.G., Manz, H., Felsmann, C., Strachan, P.A., Maxwell, G.M., 2007, 2007, 2007, 2007, An 

empirical validation of modeling solar gain through a glazing unit with external 

and internal shading screens, Applied Thermal Engineering, vol. 27, pp. 528-538. 

Loutzenhiser, P.G., Maxwell, G.M.,Loutzenhiser, P.G., Maxwell, G.M.,Loutzenhiser, P.G., Maxwell, G.M.,Loutzenhiser, P.G., Maxwell, G.M., 2006, 2006, 2006, 2006, A comparison of DOE-2.1E daylighting and 

HVAC system interactions to actual building performance, ASHRAE 

Transactions 112 (2). 

LovellLovellLovellLovell----Smith, JERSmith, JERSmith, JERSmith, JER, Baldwin, JA.,, Baldwin, JA.,, Baldwin, JA.,, Baldwin, JA., 1998, 1998, 1998, 1998, Energy use trends in the New Zealand dairy 

industry. N Z J Dairy Sci Technol, vol. 23, pp.237–255. 

Matson, N.E., Piete, M.A.,Matson, N.E., Piete, M.A.,Matson, N.E., Piete, M.A.,Matson, N.E., Piete, M.A., 2005, 2005, 2005, 2005, Review of California and National Methods for 

Energy Performance Benchmarking of Commercial Buildings, Ernest Orlando 

Lawrence Berkeley National Laboratory. 



 

                                                                                                                                           
260 

Maxwell, G.M., Loutzenhiser, P.G., Klaassen, C.J.,Maxwell, G.M., Loutzenhiser, P.G., Klaassen, C.J.,Maxwell, G.M., Loutzenhiser, P.G., Klaassen, C.J.,Maxwell, G.M., Loutzenhiser, P.G., Klaassen, C.J., 2003, 2003, 2003, 2003, Daylighting -HVAC 

interaction tests for the empirical validation of building energy analysis tools, A 

Report of Task 22 Subtask D. Building Energy Analysis Tools Project D Empirical 

Validation, 2003, Available from: <http://www.iea-shc.org/task22/reports/IEA> 

Daylighting Report Final.pdf. 

Moinard, S., Guyon, G.,Moinard, S., Guyon, G.,Moinard, S., Guyon, G.,Moinard, S., Guyon, G., 1999, 1999, 1999, 1999, Empirical validation of EDF ETNA and GENEC test-

cell models, A Report of Task 22, Project A.3 Empirical Validation, International 

Energy Agency. 

Monts, J.K, Blissett, M.,Monts, J.K, Blissett, M.,Monts, J.K, Blissett, M.,Monts, J.K, Blissett, M., 1982, 1982, 1982, 1982, Assessing energy efficiency and energy-conservation 

potential among commercial buildings: a statistical approach, Energy, vol. 7, no. 

10, pp. 861–869. 

Neymark,Neymark,Neymark,Neymark, J. and Judkoff, R., 2008,  J. and Judkoff, R., 2008,  J. and Judkoff, R., 2008,  J. and Judkoff, R., 2008,  International Energy Agency Building Energy 

Simulation Test and Diagnostic Method (IEA BESTEST),  In-Depth Diagnostic 

Cases for Ground Coupled Heat Transfer Related to Slab-On-Grade Construction, 

Technical Report NREL/TP-550-43388. 

NHSS,NHSS,NHSS,NHSS, 2000a, 2000a, 2000a, 2000a, Statistics of building construction activity for the years 1995 and 1997, 

Athens: National Hellenic Statistical Service [in Greek]. 

NHSS.NHSS.NHSS.NHSS., 1997,, 1997,, 1997,, 1997, Statistical register of Greece 1996, Statistical Service [in Greek]. 

NHSS.NHSS.NHSS.NHSS., 2002b,, 2002b,, 2002b,, 2002b, Results from the census of constructions-buildings of the December 1, 

1990. Athens: National Hellenic Statistical Service [in Greek].        

Nikolaou, T., Kolokotsa, D., Stavrakakis, G., Skias, I., 2008Nikolaou, T., Kolokotsa, D., Stavrakakis, G., Skias, I., 2008Nikolaou, T., Kolokotsa, D., Stavrakakis, G., Skias, I., 2008Nikolaou, T., Kolokotsa, D., Stavrakakis, G., Skias, I., 2008aaaa, , , , Building Energy 

Performance Evaluation according to the Greek Law 3661/08: Comparison 

between Measured and Calculated Approach, 3rd ENERTECH 08 Conference, 

Athens, Greece. 

Nikolaou, T., Skias, I., Kolokotsa, D., Stavrakakis, G., 2009,Nikolaou, T., Skias, I., Kolokotsa, D., Stavrakakis, G., 2009,Nikolaou, T., Skias, I., Kolokotsa, D., Stavrakakis, G., 2009,Nikolaou, T., Skias, I., Kolokotsa, D., Stavrakakis, G., 2009, Virtual Building Dataset 

for energy and indoor thermal comfort benchmarking of office buildings in Greece, 

Energy Buildings, vol. 41, no. 12, pp. 1409-1416. 

Nikolaou, T., Stavrakakis, G., Skias, I., Kolokotsa, D.,Nikolaou, T., Stavrakakis, G., Skias, I., Kolokotsa, D.,Nikolaou, T., Stavrakakis, G., Skias, I., Kolokotsa, D.,Nikolaou, T., Stavrakakis, G., Skias, I., Kolokotsa, D., 2007, 2007, 2007, 2007, Contribution of Shading 

in Improving the Energy Performance of Buildings, 2nd PALENC Conference and 

28th AIVC Conference, Building Low Energy Cooling and Advanced Ventilation 



 

                                                                                                                                           
261 

Technologies in the 21st Century, 27-29 September 2007, Crete Island, Greece, in 

Conference Proceedings pp.718-722. 

Nikolaou, T.G., Kolokotsa, D.S.,  Skias, I.D., Stavrakakis, G.S., 2008Nikolaou, T.G., Kolokotsa, D.S.,  Skias, I.D., Stavrakakis, G.S., 2008Nikolaou, T.G., Kolokotsa, D.S.,  Skias, I.D., Stavrakakis, G.S., 2008Nikolaou, T.G., Kolokotsa, D.S.,  Skias, I.D., Stavrakakis, G.S., 2008bbbb,,,, Asset and 

operational benchmarking for office buildings in Greece, International Journal of 

Sustainable Energy, vol. 27, no. 4, pp.1-15. 

Official Government Gazette, 2008,Official Government Gazette, 2008,Official Government Gazette, 2008,Official Government Gazette, 2008, Ministerial Decision D6/Β/14826/17.6.2008. 

Measures for the improvement of energy performance and energy saving in 

public sector. 

Olofsson, T., Olofsson, T., Olofsson, T., Olofsson, T., Anderson, S., Sjögren, JAnderson, S., Sjögren, JAnderson, S., Sjögren, JAnderson, S., Sjögren, J----U.,U.,U.,U., 2009, 2009, 2009, 2009, Building energy parameter 

investigations based on multivariable analysis, Energy and buildings, vol. 41, pp. 

71-78. 

Papadimitriou, G., 2009, Papadimitriou, G., 2009, Papadimitriou, G., 2009, Papadimitriou, G., 2009,     The benchmarking of Greek Office buildings using 

clustering techniques, Master Thesis, Heriot-Watt University, M.Sc. in Energy. 

Papadopoulos, A.M., Oxididis, S., Papathanasiou, L.,Papadopoulos, A.M., Oxididis, S., Papathanasiou, L.,Papadopoulos, A.M., Oxididis, S., Papathanasiou, L.,Papadopoulos, A.M., Oxididis, S., Papathanasiou, L., 2008,2008,2008,2008, Developing a new library 

of materials and structural elements for the simulative evaluation of buildings’ 

energy performance, Building and Environment, vol. 43, pp.710-719. 

Papadopoulos, A.M., Oxizidis, S., Papandristas, G.,Papadopoulos, A.M., Oxizidis, S., Papandristas, G.,Papadopoulos, A.M., Oxizidis, S., Papandristas, G.,Papadopoulos, A.M., Oxizidis, S., Papandristas, G., 2008, 2008, 2008, 2008, Energy, economic and 

environmental performance of heating systems in Greek buildings, Energy and 

Buildings, vol. 40, pp. 224-230. 

Papadopoulos, A.M., Theodosiou, T.G., Karatzas, K.D.,Papadopoulos, A.M., Theodosiou, T.G., Karatzas, K.D.,Papadopoulos, A.M., Theodosiou, T.G., Karatzas, K.D.,Papadopoulos, A.M., Theodosiou, T.G., Karatzas, K.D., 2002, 2002, 2002, 2002, Feasibility of energy 

saving renovation measures in urban buildings, The impact of energy prices and 

acceptable pay back criterion, Energy and Buildings, vol. 34, pp. 455-466. 

Papadopoulos, M. A.,Papadopoulos, M. A.,Papadopoulos, M. A.,Papadopoulos, M. A., 1987, 1987, 1987, 1987, Thermal insulation of buildings, third ed. Thessaloniki: 

Kyriakidis Brothers [In Greek].  

Papakostas K.T., Papadopoulos, A.M.,Papakostas K.T., Papadopoulos, A.M.,Papakostas K.T., Papadopoulos, A.M.,Papakostas K.T., Papadopoulos, A.M., 2004, 2004, 2004, 2004, Energy requirements for the treatment of 

fresh air in HVAC systems: A case study for Athens and Thessaloniki, Greece, 

Int. Journal of Ventilation, vol. 3, no.1, pp. 33-40. 

Papamanolis, N.,Papamanolis, N.,Papamanolis, N.,Papamanolis, N., 2005, 2005, 2005, 2005, The main constructional characteristics of contemporary 

urban residential buildings in Greece, Building and Environment, vol. 40, pp. 

391–398. 



 

                                                                                                                                           
262 

Prior, J.,Prior, J.,Prior, J.,Prior, J., 1993, 1993, 1993, 1993, Building Research Establishment Environmental Assessment Method-

BREEAM Version 1/93, BRE, Watford, UK. 

Roulet, C.A., Florentzou, F., Labben, H.H., Santamouris, M., KoronakRoulet, C.A., Florentzou, F., Labben, H.H., Santamouris, M., KoronakRoulet, C.A., Florentzou, F., Labben, H.H., Santamouris, M., KoronakRoulet, C.A., Florentzou, F., Labben, H.H., Santamouris, M., Koronaki, I., Daskalaki, i, I., Daskalaki, i, I., Daskalaki, i, I., Daskalaki, 

E., Richalet, V.,E., Richalet, V.,E., Richalet, V.,E., Richalet, V., 2002, 2002, 2002, 2002, ORME: A multicriteria rating methodology for buildings, 

Building and Environment, vol. 37, pp. 579-586. 

RousseuwRousseuwRousseuwRousseuw, P., 1987,, P., 1987,, P., 1987,, P., 1987, Silhouettes: A graphical aid to the interpretation and validation 

of cluster analysis. Computational and Applied Mathematics, 20. 

Santamouris, MSantamouris, MSantamouris, MSantamouris, M. (Ed.), 2001,. (Ed.), 2001,. (Ed.), 2001,. (Ed.), 2001, Final Report of the EUROCLASS Project, SAVE 

Program, European Commission, Directorate General for Transports and Energy, 

Brussels. 

Santamouris, M., Argiriou, A., Dascalaki, E., Balaras, CSantamouris, M., Argiriou, A., Dascalaki, E., Balaras, CSantamouris, M., Argiriou, A., Dascalaki, E., Balaras, CSantamouris, M., Argiriou, A., Dascalaki, E., Balaras, C., Gaglia, A.,., Gaglia, A.,., Gaglia, A.,., Gaglia, A., 1994199419941994,,,, Energy 

characteristics and savings potential in office buildings, Solar Energy, vol. 52 no. 

1, pp. 59-66. 

Santamouris, M., et al.,Santamouris, M., et al.,Santamouris, M., et al.,Santamouris, M., et al., 2005, 2005, 2005, 2005, Energy Performance of Residential Buildings: A 

Practical Guide for Energy Rating and Efficiency, James & James Earthscan. 

Santamouris, M., Michalakakou, G., Patagias, P., Gaitani, N., Sfakianaki, K., Santamouris, M., Michalakakou, G., Patagias, P., Gaitani, N., Sfakianaki, K., Santamouris, M., Michalakakou, G., Patagias, P., Gaitani, N., Sfakianaki, K., Santamouris, M., Michalakakou, G., Patagias, P., Gaitani, N., Sfakianaki, K., 

Papaglastra, M., Pavlou, C., Doukas, P., Primikiri, E., Geros, V., Assimakopoulos, Papaglastra, M., Pavlou, C., Doukas, P., Primikiri, E., Geros, V., Assimakopoulos, Papaglastra, M., Pavlou, C., Doukas, P., Primikiri, E., Geros, V., Assimakopoulos, Papaglastra, M., Pavlou, C., Doukas, P., Primikiri, E., Geros, V., Assimakopoulos, 

M.N., Mitoula, R., Zeferos, S.,M.N., Mitoula, R., Zeferos, S.,M.N., Mitoula, R., Zeferos, S.,M.N., Mitoula, R., Zeferos, S., 2007, 2007, 2007, 2007, Using intelligent clustering techniques to 

classify the energy performance of school buildings, Energy and Buildings, vol. 39, 

no.1,pp. 45-51. 

Seem, J.E.,Seem, J.E.,Seem, J.E.,Seem, J.E., 1987, 1987, 1987, 1987, Modeling of Heat in Buildings, Ph. D. thesis, Solar Energy 

Laboratory, University of Wisconsin Madison. 

Sharp T.,Sharp T.,Sharp T.,Sharp T., 1996, 1996, 1996, 1996, Energy benchmarking in commercial-office buildings. In: ACEEE 

1996 summer study on energy efficiency in buildings, vol. 4 pp. 321–329. 

Signor, R., Westphal, F.S., Lamberts, R.,Signor, R., Westphal, F.S., Lamberts, R.,Signor, R., Westphal, F.S., Lamberts, R.,Signor, R., Westphal, F.S., Lamberts, R., 2001, 2001, 2001, 2001, Regression analysis of electric energy 

consumption and architectural variables of conditioned commercial buildings in 

14 Brazilian cities, in: Proceedings of 7th International IBPSA Conference, 

Building Simulation 2001, Rio de Janeiro, pp. 1373–1379. 



 

                                                                                                                                           
263 

Soebarto, V.I., Williamson, T.J.,Soebarto, V.I., Williamson, T.J.,Soebarto, V.I., Williamson, T.J.,Soebarto, V.I., Williamson, T.J., 2001, 2001, 2001, 2001, Multi-criteria assessment of building 

performance: theory and implementation, Building and Environment, vol. 36, pp. 

681-690. 

SteinSteinSteinStein, J.R., 1997,, J.R., 1997,, J.R., 1997,, J.R., 1997, Accuracy of Home Energy Rating Systems, Report No. 40349, 

Lawrence Berkeley National Laboratory, Berkeley, CA. 

Stein, J.R., Meier, A.,Stein, J.R., Meier, A.,Stein, J.R., Meier, A.,Stein, J.R., Meier, A., 2000, 2000, 2000, 2000, Accuracy of home energy rating systems, Energy, vol. 25, 

no. 4, pp. 339–354. 

Stephenson, D.G. and Mitalas, G.P.,Stephenson, D.G. and Mitalas, G.P.,Stephenson, D.G. and Mitalas, G.P.,Stephenson, D.G. and Mitalas, G.P., 1971, 1971, 1971, 1971, Calculation of Heat Conduction Transfer 

Functions for Multi-Layer Slabs, ASHRAE Annual Meeting, Washington, D.C. 

Stephenson, D.G.,Stephenson, D.G.,Stephenson, D.G.,Stephenson, D.G., 1967, 1967, 1967, 1967, Room thermal response factors, ASHRAE Transactions, vol. 

73, no. 1. 

Stephenson, D.G., Mitalas, G.P.,Stephenson, D.G., Mitalas, G.P.,Stephenson, D.G., Mitalas, G.P.,Stephenson, D.G., Mitalas, G.P., 1967, 1967, 1967, 1967, Cooling load calculations by thermal response 

factor method. ASHRAE Transactions, vol. 73, no.1. 

Strachan, P.,Strachan, P.,Strachan, P.,Strachan, P., 1993, 1993, 1993, 1993, Model validation using the PASSYS test cells. Building and 

Environment, vol. 28, pp. 153–165. 

Technical Guideline 2425/86Technical Guideline 2425/86Technical Guideline 2425/86Technical Guideline 2425/86, 1986,, 1986,, 1986,, 1986, Technical Chamber of Greece [In Greek]. 

TheoTheoTheoTheodoridis, S. and Koutroubas, K., 1999,doridis, S. and Koutroubas, K., 1999,doridis, S. and Koutroubas, K., 1999,doridis, S. and Koutroubas, K., 1999, Pattern Recognition, Academic Press. 

Thermal insulation code for buildingsThermal insulation code for buildingsThermal insulation code for buildingsThermal insulation code for buildings, 1979,1979,1979,1979, Decree-Law 1/6/1979, Hellenic Ministry 

of Environment, Planning and Public Works, The Hellenic Official Gazette, 362D 

[In Greek].  

TRNSYS 16TRNSYS 16TRNSYS 16TRNSYS 16, 2004,, 2004,, 2004,, 2004, Manual, Solar Energy Laboratory, University of Wisconsin, USA. 

Wang, F.S., 1979Wang, F.S., 1979Wang, F.S., 1979Wang, F.S., 1979, , , , Mathematical Modeling and Computer Simulation of Insulation 

Systems in Below Grade Applications.” ASHRAE/DOE Conference on Thermal 

Performance of the Exterior Envelopes of Buildings. December 3-5 1979, 

Kissimmee, FL. 

Wong, L.T., Mui, K.W.,Wong, L.T., Mui, K.W.,Wong, L.T., Mui, K.W.,Wong, L.T., Mui, K.W., 2009, 2009, 2009, 2009, An energy performance assessment for indoor 

environmental quality (IEQ) acceptance in air-conditioned offices, Energy 

Conversion and Management, vol. 50, pp.1362–1367. 



 

                                                                                                                                           
264 

Wouters, P., Vandaele, L., Voit, P., Fisch, N.,Wouters, P., Vandaele, L., Voit, P., Fisch, N.,Wouters, P., Vandaele, L., Voit, P., Fisch, N.,Wouters, P., Vandaele, L., Voit, P., Fisch, N., 1993,  1993,  1993,  1993, The use of outdoor test cells for 

thermal and solar building research within the PASSYS project, Building and 

Environment, vol. 28, pp. 107–113. 

Xu, R., Wunsch, D.,Xu, R., Wunsch, D.,Xu, R., Wunsch, D.,Xu, R., Wunsch, D., 2005, 2005, 2005, 2005, Survey on Clustering Algorithms, IEEE Transactions on 

Neural Networks, vol. 16 No.3, pp.645-678. 

Zhu, Y.,Zhu, Y.,Zhu, Y.,Zhu, Y., 2006, 2006, 2006, 2006, Applying computer-based simulation to energy auditing: A case study, 

Energy and Buildings, vol. 38, pp.421–428. 

Zmeureanu R, Fazio P, 1992,Zmeureanu R, Fazio P, 1992,Zmeureanu R, Fazio P, 1992,Zmeureanu R, Fazio P, 1992, Analysis of the energy performance of office buildings in 

Montreal in 1998. Energy and Buildings, vol. 17, pp. 63–74. 

Zmeureanu, R.,Zmeureanu, R.,Zmeureanu, R.,Zmeureanu, R., 1992, 1992, 1992, 1992, A new method for evaluating the normalized energy 

consumption of buildings. Energy and Buildings, vol. 17, pp. 235–346. 

 


