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ABSTRACT 

 

It is widely accepted that decisions taken during the early phases of building 
design can have a large role in ensuring the performance of the end product. Thus, 
building performance simulation outcomes are important towards expanding the 
capabilities of the design team to make well-informed choices at the beginning of 
the design process. As an indirect way of using performance simulations within 
design process, a new methodology has been explored by help of sensitivity 
analysis. Sensitivity analysis is considered an effective instrument to evaluate the 
impact of design parameters on building performance and to identify which 
parameters are the most effective ones. 
 
The aim of this thesis is to examine the sensitivity of energy performance of 
school building schemes which are still at an early stage of the building design 
process. In order to reveal the sensitivity difference towards climatic conditions, 
the analysis has been performed for four degree day regions of Turkiye.  
 
 
The ESP-r building performance simulation program has been used to generate 
data for the study. A representative classroom block has been modeled and the 
input parameters are determined. The analysis has been carried out from point of 
view of annual heating energy consumption and annual cooling energy 
consumption.  
 
The consequence of the thesis includes attempt to develop a new, more thermally 
robust school outline design concept called Modulsco that is significantly more 
robust than the current general scheme. In order to test Modulsco, three pre-
design alternatives applied to different climatic regions of Turkiye to allow 
validation of the outcomes proposed in this study. The methodology is 
established as a general framework of developing design guideline for Turkish 
building designers who intend to design with climate. 
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1. INTRODUCTION 
 
Within the building industry there is an increasing need to take building 
performance into account, during all stages of the building design, construction and 
operation life cycle. Aspects like energy efficiency, user wellbeing and health now 
are crucial factors, and minimum requirements are enshrined in law. However, the 
design of high-performance buildings is far from straightforward. In general, each 
building design project is unique and has its own context – including a dedicated 
team of actors (architects, consultants, engineers, specialists), a specific design brief 
defined by the client, and a specific location with its own geographical, 
climatological and urban context. Many aspects of the building performance 
depend on details, and therefore assessing the performance is only possible once 
these details have been defined. In theory this should lead to a loop of iterations 
between building design and building performance assessment; in practice it often 
means that design progresses on the basis of assumptions rather than actual design 
information. This has significant consequences for the role played by available IT 
instruments. Earlier work in the field of thermal building performance simulation 
(Augenbroe, 2002; De Wilde, 2004; Crawley et al., 2005; Dunston et al., 2006; Xia et 
al., 2008) has demonstrated that many thermal calculation tools are usually only 
employed toward the later stages of the building design process, and only with the 
aim to confirm expectancies held by the design team on building performance. 
There is still a lack of understanding of the role of tools in the early stages of 
building design; work in this area continues, see for instance (Hensen, 2004; Hopfe 
et al., 2005; Dunston et al., 2006; Hansen, 2007). 
 
In order to achieve high performance buildings, it seems obvious that the way 
forward is to combine advances in design process management and IT support 
instruments. Such an approach will respond to the needs of the architectural 
practice in terms of responding to the information needs of the designers, while at 
the same time helping to structure the novel practice of tomorrow, which might 
very well need to adapt to new strategies and modes of working (Kalay, 2006; 
Lützkendorf and Lorenz, 2006). It is noted that the emergence of digital systems is 
already changing the way designers work in practice (Oxman, 2006). Most designers 
use general purpose computational tools, like databases, spreadsheets and word 
processors, and this is starting to have an impact on design theory and practice. 
However, the new digital instruments do not yet fit within a process view that 
integrates workflow management, performance analysis and actual creative design 
actions. Many of the existing general applications have automated an existing, 
document driven system engineering process, rather than improving the process to 
support alternative abstraction and visualization mechanisms (Özkaya, 2005). In the 
realm of (thermal) engineering software development, several research projects 
have aimed at re-engineering the design process (e.g. the CIB Program on 
Performance-Based Building PeBBu), or at the development of dedicated design 
tools (e.g. the IES/VE suite, Ecotect, and Building Design Advisor) and tool 
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interoperability approaches (most notably the IAI-IFC work). However, these ‘one-
size-fits-all’ approaches to create high-performance buildings fail to support the 
process that generates these unique designs. 
 
Within this context, the research described in this thesis investigates ways to 
improve the performance of a narrow category of buildings in a specific geographic 
arena: school buildings in the country of Turkiye. Schools are important buildings, as 
it is in schools that the future generation spend a lot of their time and receive their 
education. Performance aspects like thermal comfort, CO2 levels and ventilation, 
lighting, and acoustics have all been demonstrated to have a direct relation with 
student learning and well-being. The limitation to the country of Turkiye ensures 
some similarity in the general context in which these buildings are designed, 
constructed and operated.  
 
The following research questions are addressed in this thesis: Can a thermally 
robust school outline design be developed for new schools in the country of 
Turkiye, taking into account the climatic diversity of this country? And how can such 
a robust school outline design, if feasible, be presented as pre-design information 
that will help start the design of context-responsive variants that react to local 
conditions? 
 
The research assesses schools developed using the current Turkish approach for 
school design, and then investigates options to improve on this approach. The work 
is built upon the following premises: 
 
(1) the analysis of building performance throughout the building design process will 
allow the design team to make better informed design decisions, and allow the 
team to create a better-performing end product. 
(2) the benefit of IT instruments is interdependent on the embedding of the use of 
these instruments within the decision process, and hence on process management. 
(3) the properties of the building industry, where most processes and products are 
unique, requires highly flexible approaches with specific areas of application. 
 
Chapter 2 starts with a literature review to clarify the background terminology of 
performance based design and the overview of current school design practice 
stated by interviews and a critical review. In this chapter, the current state of 
effective area of building performance simulation and sensitivity analysis as a 
methodology is introduced as well.  
 
Chapter 3 describes material and method of the thesis. The work presented here 
employs sensitivity analysis to evaluate the impact of design parameters on building 
performance as quantified through building performance simulation, thereby 
identifying which parameters are the most important ones.  
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Chapter 4 summarises the results and discussion on how successful the outcomes of 
the work. The applicability potential of the hypothesis as a guideline is proved by 
developing three thermally robust school outline schemes.  
 
Chapter 5 summarises the work and includes future projections in this domain. 
 
 
 
2. LITERATURE REVIEW 
 
 
2.1. Performance Based Design 
 
In the literature, there are several terminologies used to define the performance 
characteristics of buildings. Different descriptions are made in their context to 
achieve high performance. The most frequently encountered terms are green 
building, sustainable building and high performance building.  
 
National Renewable Energy Laboratory (NREL, 2005) made a description for high 
performance building as “…a high-performance building is a building that uses 
whole-building design approach to achieve energy, economic, and environmental 
performance that is substantially better than standard practice. Whole-building 
design creates energy-efficient buildings that save money for their owners, besides 
produces buildings that are healthy places to live and work. It helps to preserve our 
natural resources and can significantly reduce a building's impact on the 
environment.” It is obvious that the explanation of NREL also includes the scores of 
green building.  
 
Kibert, et al (2001) defined that a green building is the creation and maintenance of 
a healthy built environment based on resource efficient and ecological principles 
and they emphasised that the green building covers the definitions of high 
performance buildings, sustainable construction, ecological design and ecologically 
sustainable design. 
 
Therefore whatever phrase is used, achieving high performance of buildings has a 
few basic benefits as to reduce the impacts of natural resource consumption, to 
improve the bottom line of costs, to enhance occupant comfort and health and to 
minimise strain on local infrastructures and improve quality of life.  
 
In this work, the context “high performance buildings” has been considered based 
on the conceptual frame explained above. Nevertheless, MacDonald (2000) 
emphasised that if one attempts to develop a definition of what a high performance 
building is, without also developing the metrics and approaches for assigning a 
performance rating, it will probably lead to quite extended development efforts.  
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The process of developing the actual metrics and approach for obtaining a rating 
usually leads to insights into how performance should be defined.  If the definition 
and metrics approach are not handled in tandem, serious problems with eventual 
use are likely to develop.  
 

 

Performance Ratings and Building Assessment Systems 
 
The ASHRAE GreenGuide (Grumman, 2003) defines green design as “…one that is 
aware of and respects nature and the natural order of things; it is a design that 
minimizes the negative human impacts on the natural surroundings, materials, 
resources, and processes that prevail in nature.” Gowri (2004) interpreted this 
definition that it emphasised the need for a holistic approach to designing buildings 
as an integrated system. Green building rating systems transform this design goal 
into specific performance objectives and provide a framework to assess the overall 
design. Gowri (2004) highlighted that three major green building rating systems 
provide the basis for the various green building rating systems and certification 
programs used throughout the world. 
 
Building Research Establishment Environmental Assessment Method (BREEAM) 
BREEAM (Building Research Establishment Environmental Assessment Method) is 
by far the oldest building assessment system. Developed in 1988 by the Building 
Research Establishment (BRE), the national building research organization of the 
UK, it was initially created to help transform the construction of office buildings to 
high performance standards.  BREEAM has been adopted in Canada, and several 
European and Asian countries (Kibert, 2003). 
BREEAM assesses the performance of buildings in the following areas: 
• management: overall management policy, commissioning site management and 
procedural issues 
•energy use: operational energy and carbon dioxide (CO2) issues 
•health and well-being: indoor and external issues affecting health and well-being 
•pollution: air and water pollution issues 
•transport: transport-related CO2 and location-related factors 
•land use: greenfield and brownfield sites 
•ecology: ecological value, conservation and enhancement of the site 
•materials: environmental implication of building materials, including life-cycle 
impacts 
• water: consumption and water efficiency 
 
BREEAM has two categories; for “design & procurement assessment” at the 
beginning of the design process and “management & operation” assessment after it 
is in use. 
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Leadership in Energy and Environmental Design (LEED) 
In North America, the U.S. Green Building Council (USGBC) developed the LEED 
rating system with a market driven strategy to accelerate the adoption of green 
building practices. The LEED rating system has gained a lot of momentum since 
Version 2.0 was released in March 2000. As of August 2004, about 1,450 projects 
have been registered for LEED certification (Gowri, 2004). 
LEED is structured with seven prerequisites and a maximum of 69 points divided 
into six major categories which are listed below. 
1.  Sustainable Sites     
2.  Water Efficiency      
3.  Energy and Atmosphere   
4.  Materials and Resources   
5.  Indoor Environmental Quality  
6.  Innovation and Design Process. 
LEED is still only used at the end of the construction process or design process for 
rehabilitation projects (LEED, 2005).  
 
Green Building Challenge Assessment Framework (GB tool) 
The Green Building Challenge is a collaborative of more than 20 countries 
committed to developing a global standard for environmental assessment. The first 
draft of the assessment framework was completed in 1998 and a spreadsheet tool 
(GBTool) was developed for participating countries to adapt the framework by 
incorporating the regional energy and environmental priorities (Gowri, 2004). 
 
GB Tool provides a standard basis of comparison for the wide range of buildings 
being compared in Green Building Challenge.  It requires a comprehensive set of 
information not only on the building being assessed, but also for a benchmark 
building for use in comparing how well the green building performs compared to 
the norm.  GB Tool requires the group using it to establish benchmark values and 
weights for the various impacts (Kibert, 2003).  
 
The basic difference of GBtool among others is to provide different assessments for 
every sub-phase of the design process.  
 
Discussion 
The wide variety in assessment criteria of the rating systems and different 
implementation phases during building process are the basic determinative of the 
selection of the effective system (Table.1).  
 
Since buildings are so diverse, serving many different types of occupancies or 
functions, any attempt to develop a single system to define and rate performance 
of these buildings will not be perfect and will even be unsatisfactory for many 
potential users (MacDonald, 2000). Hence, it might be one strategy to at least 
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define a flexible system that can have many possible configurations for dealing with 
the issues created by the diversity. 
 
Table.1. Rating systems based on building process phases 
 

 BUILDING PROCESS 

Pre-design Design Construction Operation 
Renovation 
Demolishment 

BREEAM 
Design & Procurement 
Assessment 

 Management 
& Operation 

 

 
LEED 

  
 
 

 
 

  

GB-tool 
Pre-design 
assessment 

Design 
assessment 

Construction 
assessment 

Operation 
assessment 

 

 
Mac Donald (2000) emphasised that; major issues related to who will be the users 
of such a rating system; how any rating results will impact actions of building 
owners, operators, and other building industry actors; how such abilities will be 
deployed and maintained; and how quality will be assured also exist.  These and 
other wide-ranging issues must be considered during development of performance 
definition and rating methods, although abilities to adequately address them all will 
likely be limited.   
 
On the other hand, inquirying the performance expectations during design process 
requires a decision support which could assist the designer while selecting the 
appropriate option among design alternatives. This is very essential particularly in 
the early design phases when options are diverse and the decisions are fuzzy. 
Hence, researches are held on redevelopment of implementation fields of the 
design decision supports as to meet with expectations during early phases of 
design. From this point of view, efforts are focused on searching the ways of 
enchancing the effective area of building performance simulations as a decision 
support tools towards high performance buildings.  
 
 
Effective Area of Building Performance Simulation in the Context of Rating 
Systems  
 
Since the early 1970’s, building performance simulation programs have been 
developed to undertake non-trivial building (design) analysis and appraisals (Kusuda 
2001). Dramatic improvements in computing power, algorithms, and physical data 
make it now possible to simulate physical processes at levels of detail and time 
scales that were not feasible only a few years ago. This enables contemporary 
software to deliver an impressive array of performance assessments (see e.g. 

At the end of design process, at the end of 

construction process or design of rehabilitation 
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Augenbroe and Hensen 2004, Hensen and Nakahara 2001, Hong et al. 2000). 
However at the same time, the ever increasing complexity of the real world built 
environment and the issues to be addressed (environmental for example) create 
barriers to routine application of building performance simulation in practice, 
mainly, in the areas of quality assurance, task sharing in program development and 
program interoperability (see e.g. Augenbroe and Eastman 1998, Bazjanac and 
Crawley 1999, Blis 2002, Bloor and Owen 1995, Crawley and Lawrie 1997, Eastman 
1999), and because the use is mainly restricted to the final stages of the overall 
building design process. (Hensen, 2004).  
 
Although there are many efforts held to overcome these barriers, it is an increasing 
awareness in design practice as well as in the building simulation research 
community that there is no need for more of the same. However there is definitely 
a need for more effective and efficient design decision support applications 
(Hensen, 2004). 
 
Through implementing building performance simulations as decision support tools, 
it is obvious to consider the answers of the questions like: what is going to be 
decided?, when is the correct time for effective decisions?, what are the 
limitations?.  If one would like to make people aware of the knowledge and skills to 
perform the simulations, it is essential to put the limits and needs of every design 
phase as a base for simulation abstraction and refer to the appropriate assessment 
tools. Hence, performance indicators assist for evaluation of the expected results 
with available knowledge capability. 
 
Hitchcock (2003) defined that performance indicators (metrics) are intended to 
explicitly represent the performance objectives of a building project, using 
quantitative criteria in a dynamic, structured format. Performance Indicators (PI) 
can be used to more clearly and quantitatively define the performance objectives 
for a building. Documenting and communicating performance data can provide 
value across the complete life cycle of a building project, from planning, through 
design and construction, into occupancy and operation. Performance criteria are 
limited based on several assessment indicators for sustainability directly related 
with building performance simulation. 
 
In Table.2, the indicators that can directly be obtained from simulation results are 
listed. There is no need to put a weight on the indicators to highlight their 
significance, as the weight for each building design might vary for the same 
performance indicators.  
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Table.2. Performance Indicators that are obtained from simulation results 
 

Performance Criteria Performance Indicators (PI) Simulation 
Approach 

1. Energy a. Heating energy demand BES 

b. Cooling energy demand BES 

c. Electricity consumption BES 

d. Gas consumption BES 

e. Primary energy BES 

2. Comfort  A. Thermal f. Predicted Percentage 
Dissatisfied (PPD) 

BES 

g. Max temperature in the 
zone 

BES 

h. Min temperature in the 
zone 

BES 

i. Over heating period BES 

j. Local discomfort AFN-CFD 

B. Indoor Air 
Quality (IAQ) 

k. Contaminant distribution AFN-CFD 

l. Ventilation efficiency AFN 

C. Visual m. Lighting level DLA 

D. Acoustic n. Reverberation time AA 

3. Cost o. Investment costs CA 

p. Energy costs CA 

r. Life cycle costs CA 

4. Environmental 
Impact 

s. Embodied energy LCA 

t. CO2 emissions LCA 

 
 
2.2. Building Performance Simulation 
 
Building performance simulation needs a simplified building model and use it to 
analyse and predict the behaviour of the real building. This is not only about energy 
saving, but also about the other performance criteria like lighting, acoustics, health, 
etc. 
 
While executing a building performance simulation, there are some steps following 
each other during the process (Figure 1).  
 
1. The first step is analysis of the problem, to find out what is necessary for design. 
However if we try to pull it to the earlier phases we probably come face to face 
many fuzzy concepts and in many cases these have to be assumed by user. 
 
2. After analyzing the problem, selection of validated software is essential. It 
should be suitable for problem resolution. While pulling this step to the earlier 
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phases the experience is necessary. Otherwise opportunistic referencing could be 
deceptive during selection. The opportunistic referencing can be defined as the 
tools that refer themselves for earlier phases but actually they could not solve the 
problems in this stage. 
 
3. The third step is building the model. For earlier phases, since the building 
component details are not clear enough, the model for analysis should be simple 
enough. However this is not means that every design can be analyzed as a shoe box. 
Actual design size, shape and surface properties are necessary key points for earlier 
stages performance evaluation. 
 
4. Now it is time to run simulation. Just before simulation some relevant 
conditions should be specified like indoor conditions, weather data, etc. At the 
earlier stages some of these conditions, particularly HVAC system configurations, 
should be set as default. At that point intelligent defaulting is very essential. The 
tool user should be sure of the tools reliability. 
 
5. The analysis of the simulation results gives some information about the 
performance in the means of energy demands, comfort parameters, overloads, 
emissions, etc. If we try to pull this step to the earlier phases we should be sure that 
the results are not just having nice, colorful graphs. It has to meet with the 
expectation figured out at the beginning of the process. It is important to be aware 
of what I want, what I get. This is also relevant with the translation of the results 
into design information.  
 
6. The results that can be available at the earlier stages, should have an ability to 
give advice to the further stages of design. The optimization and alternative 
solutions can be able to guide the designer during design decisions.   
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Figure 1. The challenges while pulling BPS usage process through conceptual design  
 
 
2.3. Parametric Evaluation by Performance Simulation 
 
In their study on validation of building simulations, Judkoff (et al., 1983) classified 
the reasons of inaccurate results as internal and external errors. Error sources 
which are directly linked to the internal workings of a prediction technique were 
called internal and they are contained within the coding of the program. External 
errors were defined as the ones caused of differences between user assumptions 
and actual conditions. Recently, these external errors are examined as the 
uncertainties of input data and various solutions were published towards 
converging to accurate interactions of real building. (ie. Fülbringer and Roulet, 1999; 
Tamburrini, et al 2003; Macdonal, 2004; Sargent, 2005; Westpal and Lamberts, 
2005).  
 
This study concentrates on uncertainties which are caused by differences between 
the actual thermal and physical properties of the building and those input by the 
user derived in the early phases of design.  
 
In fact, it is not possible to duplicate actual conditions even with dynamic 
simulation. Moreover if one intends to begin modelling in the early phases of design 
process, one should be aware of the possible deviations in the results caused by 
assumptions. 
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Exploring accurate input value ranges for a specific parameter, a sensitivity analysis 
can be performed via simulation. The ESP-r building performance simulation 
program has been used to generate data for sensitivity analysis. As a dynamic 
simulation program ESP-r requires detailed input data all of which is not always fully 
available during early phases of design. This might be a handicap for end user who is 
not a simulation expert. Transforming complex input-output structure of detailed 
tools to best practice advices of guidelines will be more handily for designers in the 
early phases of design. Here the aim of using Esp-r for data acquiring is to explore a 
way of using detailed tools for developing design guidelines which will be served to 
non-experts.  
 
 
Sensitivity Analysis 
 
As a general definition, sensitivity analysis is the study of how the variation in the 
output of a model can be apportioned, qualitatively or quantitatively, to different 
sources of variation. In sensitivity analysis, a mathematical model is defined by a 
series of equations, input factors, parameters, and variables aimed to characterize 
the process being investigated. Input is subject to many sources of uncertainty 
including errors of measurement, absence of information and poor or partial 
understanding of the driving forces and mechanisms. This uncertainty imposes a 
limit on the confidence in the response or output of the model. 
 
Specifically, sensitivity analysis differs from uncertainty analysis that uncertainty 
analysis refers to the determination of the uncertainty in analysis results that 
derives from uncertainty in analysis inputs. On the other hand, sensitivity analysis 
refers to the determination of the contributions of individual uncertain analysis 
inputs to the uncertainty in analysis results (Helton et al, 2006) 
 
There are several possible procedures to perform sensitivity analysis (SA). The most 
common SA is sampling-based. Several sampling strategies are available, including 
random sampling, importance sampling, and Latin hypercube sampling. 
 
In general, a sampling-based sensitivity is one in which the model is executed 
repeatedly for combinations of values sampled from the distribution (assumed 
known) of the input factors. Other methods are based on the decomposition of the 
variance of the model output and are model independent. 
 
In their reviews on sensitivity analysis in the scientific method, Saltelli (et al, 2006) 
emphasized that the works on sensitivity analysis highlight the importance of SA in 
corroborating or falsifying a model-based analysis. They stated that all sensitivity 
analyses were performed using a one-factor-at-a time (OAT) approach, so called as 
each factor is perturbed in turn while keeping all other factors fixed at their nominal 
value. On the other hand, it should be noted that when the purpose of SA is to 
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assess the relative importance of input factors in the presence of factors 
uncertainty this approach is only justified if the model is proven to be linear. 
 
There are several examples of the application of sensitivity analysis in building 
thermal modelling (Spitler, 1989; Corson, 1992; Hui and Lam, 1996; Fülbringer and 
Roulet, 1999; Mc Donald, 2002; Westphal and Lamberts, 2005) For sensitivity of 
energy simulation models, a set of input parameters and their values are defined 
and applied to a building model. The simulated energy consumption of the model is 
used as a base for comparison to determine how much the output (here measured 
in terms of energy use per year) changed for particular increments of input values 
(Corson, 1992). In other words, for energy simulation models usually OAT approach 
is used. 
 
For determining the results of sensitivity analysis, usually an influence coefficient is 
used. Basically this influence coefficient is calculated as follows: 
 
         Changes in output        Δ OP 
IC = -------------------------        =    -----------                (1) 
         Changes in input                   Δ IP 
 
where OP is output and  IP is input. This is an equation of a ratio of simple 
difference. If only one step change is used, the influence coefficient in equation (1) 
will be determined as the ratio of difference between output results (OP2-OP1) to 
difference between input results (IP2-IP1). If more perturbations are used in the 
analysis, the influence coefficient can be determined from the slope of the 
regression straight line for the data (Lam and Hui, 1996) 
 
In this study the general approach suggested by previous studies has been used. 
The procedure of the application of sensitivity analysis is as follows: 

 Definition, calibration and simulation of a base case model 

 Identification of the basic parameters of interest 

 Identification of base case values for the parameters 

 Introduction of perturbations to the selected parameters across their base case 
values one at a time. The change in the parameter should be large enough to 
cause a numerically significant change in the result. 

 Analysis of the corresponding effects of the perturbation on simulation outputs. 
 
 
Local and Global Sensitivity Analysis 
 
In this specific research project, sensitivity analysis is only concerned with the 
sensitivity of the actual building performance to climate and local context factors, 
rather than the whole spectrum of issues that apply to modelling work. 
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For sensitivity of energy simulation models, a set of input parameters and their 
values are defined and applied to a building model. The simulated energy 
consumption of the model is used as a base for comparison to determine how much 
the output (here measured in terms of energy use per year) changes due to 
particular increments of input values (Corson, 1992). Consequently the results show 
which parameters can be classified as “sensitive” or “robust”. Sensitive parameters 
are the parameters that by a change in their value cause effective changes on 
outputs (in this case energy consumption). Contrarily, change of robust parameters 
causes negligible changes on outputs. 
 
Previous works done by Hamby (1994), Saltelli (2006) and Hansen (2007) states that 
there are various classifications of sensitivity analysis. The distinction of sensitivity 
analysis between local sensitivity analysis and global sensitivity is accepted in this 
study.  
 
The differences are listed by Hansen (2007) as follows: 
 

Local analysis Global analysis  

•One at a time (OAT) 
•Less complex 
•Sensitivity ranking is 
dependent on the reference 
building 
 
 
•Parameters are assumed 
independent 

•Random sampling 
•Large degree of complexity 
•Sensitivity ranking is less dependent on the 
reference building than in the local analysis, it is 
however still dependent on the input data in the 
reference building that is not varied in the global 
analysis. 
•Provides information about possible correlations 
(inter-dependencies) between parameters. 

 
 
 
3. MATERIAL AND METHOD 
 
A baseline for advancing the state-of-the-art in school design in Turkey was 
established through a critical assessment of the performance of two existing case 
study schools. A fully dynamic thermal simulation was carried out to study the 
performance of design solutions selected for schools under different conditions, 
and to identify how different design decisions may lead to a better performance. 
Furthermore, the actual energy consumption of school buildings constructed in 
different climatic regions (in the cities of Antalya and Erzurum) was compared to 
highlight differences in energy-performance profiles for buildings sharing the same 
outline design. In order to take into account the design process context, the 
outcomes of the simulation study were augmented by interviews with designers 
that developed three recent school design projects in Ankara and Istanbul. These 
interviews increased the deeper understanding of the main considerations made by 
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the designers of actual buildings regarding their thermal performance, and the 
relation of this performance to the ‘unique selling points’ of the projects. The 
interviews also investigated whether actual designers held any (perceived) options 
about improving design decision making in practice. 
 
 
3.1. A Critical Review of Current School Performance and School Design Practice in 

Turkiye 
 
There are three main reasons for a critical review of school performance and school 
design practice in Turkiye. Firstly, there is the high energy consumption rate of 
school buildings in this country. A report of the government (NECC, 2004) states 
that savings in the order of 40% can be achieved in this specific sector through the 
introduction of energy efficiency measures. Secondly, there are doubts about the 
construction policy of the government. Most school buildings in Turkiye are built for 
this government, which supplies design teams with a mandatory outline design. 
Acquired projects are then realised in any region of the country, without taking into 
account local conditions. Yet each building has its unique context due to the site 
characteristics, leading to the fact that the government school buildings usually fail 
in energy savings and occupancy comfort (Ozturk, 2001). Thirdly, although more 
than 30 thousand school buildings are already in use, there is still high number of 
new school buildings required in Turkiye mainly because of population increase. 
 
 
Performance of current schools 
 
Dynamic, transient building performance simulation has been used for a critical 
review of two school buildings in Turkiye, and consequently their design process. 
School buildings based on one and the same outline design scheme were 
constructed all over the country, with the same design being applied more than one 
hundred times in almost all cities of Turkiye. Many of these schools are located 
within different climatic regions. Based on “Standard for Heat Insulation in Buildings 
(TS825)” there are four degree day regions (DDR) in Turkiye (latitudes between 36o-
42o N). In this study two schools based on this one design scheme are examined. 
One case study is located in the city of Antalya, which is a hot-humid climate (1st 
DDR); the other case study building is located in the city of Erzurum which is a cold 
climate (4th DDR). 
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Figure 2. 3D drawings of school building project designed by designer group of Gazi 
University Architecture 
 

 

The case study buildings investigated were designed for the government by a group 
of designers from Gazi University Architecture. CAD renderings from the design 
stage of the schools are presented in figure 2; photos of the completed schools are 
presented in figure 3. Site plans and key characteristics of the buildings are 
summarised in table 3. 
 
 

             

 
Figure 3. A view from Erzurum Horasan Primary School (left) and Antalya Emişbeleni 

Primary School (right).    
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Table 3. Site plans and key characteristics of schools 
 
 Site Plan  

(total heated area is 
3750m

2
) 

% Area 
Naturally 
Ventilated 

% Area 
Mechanically 
Ventilated 

% Area 
Cooled by 
AC system 

% Area 
Heated by 
Additional 
systems 

Erzurum 
Horasan P.S. 

 

86.7 3 N/A N/A 

Antalya 
Emişbeleni 
P.S. 

 

86,7 3 12.3 2,7 

 

 

The analysis conducted in this research project focuses on the study of existing 
school buildings. As a consequence, any suggestions for improvement need to 
address potential interventions at a renovation stage, where the values of some 
thermal and physical parameters can actually be changed in order to improve the 
energy efficiency. However, it will be obvious that the opportunities at an 
intervention/renovation stage offer less freedom than an initial building design 
stage, where the design team still can change all parameters. The parameters and 
their values as studied are listed in table 4. 
 
Table 4. The input parameters and new values used for renovation. 
 
 Parameter Initial values Improved values 

Erzurum Horasan Primary 
school 

Air change rate 1,0 ach 0,1 ach 

U-value (roof) 0,32 W/m
2
°C 0,22 W/m

2
°C 

U-value (wall) 0,44 W/m
2
°C 0,25 W/m

2
°C 

Ceiling height 3,4 m. 3,0 m. 

Zone depth (optional 
trial) 

7,2 m. 5,0 m.  

Antalya Emişbeleni Primary 
school 

Air change rate 1,0 ach 0,1 ach 

U-value (roof) 0,36 W/m
2
 °C 0,22 W/m

2
°C 

U-value (wall) 0,57 W/m
2
 °C 0,33 W/m

2
°C 

Ceiling height 3.4 m. 3.0 m. 

Wall/window ratio 
(optional trial) 

53% 30% 
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The procedure of analyzing the case study buildings using ESP-r simulation is as 
follows: 
 

 Definition, calibration and simulation of a base case model (which is the outline 
design of Gazi University Group) 

 Identification of the basic parameters of interest (applicable for renovation) 

 Identification of base case values for the parameters 

 Introduction of new values of the selected parameters. It is the intention to 
realise a large enough change in the parameter to cause a numerically 
significant change in the simulation result. 

 Analysis of the corresponding effects of the new values on simulation outputs. 
 
The above procedure has been applied to both Antalya and Erzurum to capture the 
climatic influence on the same outline design. Results are summarized in table 5. 
 
 
Table 5. Impact of parameter perturbation on of heating, cooling and total energy 

consumption for the schools in Antalya and Erzurum 
 
Derived models Heating 

energy 
consumption 
(kWh) 

Alteration 
percentage 
to base case 
(%) 

Cooling 
energy 
consumption 
(kWh) 

Alteration 
percentage 
to base case 
(%) 

Total energy 
consumption 
(kWh) 

Alteration 
percentage 
to base case 
(%) 

Erz-base 274221 - 60009 - 334230 - 

Erz-ach 52560 80,8 162669 171,0 215229 35,6 

Erz-roof 266637 2,7 62289 3,7 328926 1,6 

Erz-wall 264320 3,6 62203 3,6 326523 2,3 

Erz-ceil 240947 12,1 62870 4,7 303817 9,1 

Erz-zod 252814 7,8 62957 4,9 315771 5,5 

Erz-ach-roof-wall-ceil-zod 27461 89,9 191213 218,6 218674 34,5 

Ant-base 17408  - 381631  - 399039 - 

Ant-ach 4093  76,4 475976  24,7 480069 20,3 

Ant-roof 17037  2,1 383610  0,5 400647 0,4 

Ant-ceil 16133  7,3 366832  3,8 382965 4,0 

Ant-wall 14004  19,5 399576  4,7 413580 3,6 

Ant-wdw 18703  7,4 344847 9,6 363550 8,9 

Ant-ach-roof-ceil-wall-wdw 2626 84,9 451255 18,2 453881 13,7 

 

 
The results show that the measures introduced to reduce heating energy 
consumption were effective. The saving potential in terms of heating of both school 
buildings is very high (89,9% and 84,9%). Yet these measures have a negative 
impact on cooling energy. Note that the current improvements suggested by the 
Turkish government mainly focus on heating energy savings. Addressing the cooling 
energy consumption will require a different set of measures, like for instance 
changing orientation and space organisation, and the introduction of solar control 
systems. Considering the total energy consumption, the measures are effective in 
the school building at Erzurum, which is located in the region with most heating 
degree days. At Antalya, located in an area where the number of cooling degree 
days is highest, the same measures do not reduce overall energy consumption. 
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As stated before, the analysis is restricted to a limited number of parameters which 
could be altered and expanded. The results show that it is not easy to improve 
energy efficiency of school buildings once they are actually constructed. Parameters 
like form, size, orientation, zone organisation, etcetera can only be changed during 
the early design stages, and their values should be decided upon while taking into 
account the specific geographical conditions of each building site. Once these 
parameters are fixed, the remaining freedom at renovation stage is not sufficient 
for major improvements. 
 
During modelling, many assumptions are made, particularly related to occupants, 
environmental conditions, and system control and operation, which are expected to 
lead to a discrepancy between predicted and actual measured energy consumption. 
This difference is well-discussed in the literature. Pegg et al. (2007) state that the 
estimations of total energy consumption done by simulation tools has an error in 
the range of ±30%, the error for individual end use being in the range of ±90%. In 
the light of such high error levels, it seems essential to further analyse actual energy 
consumptions of the buildings. Thus, a comparative analysis of actual energy 
consumptions was done, providing additional background information to virtual 
analysis by modelling buildings in simulation programs. The monitored energy 
consumptions of the school buildings in Antalya and Erzurum are shown in Table 6. 
 
Table 6. Actual, monitored heating energy, cooling energy and electricity 

consumptions of the schools in Antalya and Erzurum 
 
 Heating season Annual Fuel 

Consumptio
n for 
heating 

Annual Fuel 
Consumption 
for heating 
(kWh) 

Annual Fuel 
Consumption 
for cooling 

Annual Electricity 
Consumption (incl. 
equipments for 
heating and cooling, 
auxiliaries and 
lighting) (kWh) 

Erzurum 
Horasan 
Primary 
School 

Between  
Oct.-April  
(7 months) 

60 ton fuel 
(coal)  

400200kWh N/A 919 

Antalya 
Emişbeleni 
Primary 
School 

Between  
Dec.-March  
(4 months) 

2 ton fuel 
(fuel-oil) 

17784 kWh N/A 24780 

 
In comparison to the simulation results in table 5, the results for Erzurum, where 
heating is dominant and actual fuel consumption covers the whole heating season, 
measured consumption is 20% higher than simulated consumption. This is well 
within the 30% margin listed in literature. Results for Antalya cannot be compared, 
as information on cooling is not available and the measurement window is too 
small. 
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Considering on the listed mean values of actual consumptions in a period of five 
years, Erzurum Horasan Primary School has a high rate of heating energy 
consumption. Nevertheless, interviews conducted with the managing director of 
the school indicate that despite of this actual consumed energy there still remains a 
thermal comfort problem during winter and additional heating equipments is 
needed. Although, Antalya Emişbeleni Primary School has a heating season with a 
period of only four months and uses a limited amount of fuel, cooling requirements 
arise as dominant problems; several classrooms have air conditioning system 
installed.  
 
It is obvious that the same outline design, applied both at Antalya and Erzurum, 
results in opposite effects on energy consumptions. The results of virtual 
experiments by building performance simulation show more or less similar conflicts 
of climatic regions. It is assumed that better performances will be realised by 
specific projects designed to operate within specific microclimatic data.  
 
 
Current school design practice 
 
In order to investigate the view of design professionals on ways to improve the 
design of school buildings in the country, face-to-face interviews were conducted 
with specialists in the design of educational buildings. The responses provided the 
following additional insights into the current school design process in Turkiye: 
 

 The respondents stated that the actual design objectives pursued in school 
design are highly variable, and that each program of requirements and design 
context is different. A general objective is to create spaces for special 
requirements of the prospective occupants. One designer approached the 
design of schools by considering the building an educational tool, which leads to 
a design approach of exposing installations, structural elements and the likes. 
Another approach is to see a school building as a small city, with a similar 
structure and break-down in smaller units, each with their own requirements 
and design solutions. 
 

 The design experts employ different strategies for making schools energy 
efficient. On a general level, they consider aspects like orientation, zoning, the 
use of daylighting, natural ventilation plus low infiltration, thermal insulation. It 
was stressed however that the actual design is very interdependent with local 
parameters like the climate characteristics, specific building type, and the 
anticipated occupancy schedule. As a consequence each design has a different 
emphasis and different local decisions regarding energy efficiency. 
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 One of the respondents approached design as the definition of spaces/volumes, 
which then were detailed in terms of (1) orientation (2) heating and air quality 
requirements (3) window sizes and positions. 

 

 Design solutions for energy efficient schools are very varied. In general, the 
interviewees seemed to tend towards passive systems like solar orientation, 
daylighting systems, and super insulation. However, it must be remembered 
that the sample size of the interview was only three, so this cannot be 
considered to be representative. 

 

 The interviewees named different unique selling points for their school designs. 
These varied from ‘a design that increases the opportunities of its occupants’, to 
‘an energy efficient building’, to ‘excellent functional spaces, in balance with the 
natural environment’.  

 

 Respondents recommended that the design process could be improved through 
the use of interdisciplinary design teams, rather than just having architects 
carrying out the project on their own; the application of building simulation 
tools throughout the project, in order to ‘increase design level’; the application 
of sufficient background experience in the design of new projects; and the 
development of a ‘common language’ between designers and clients. 

 
 
3.2. Sensitivity of School Design Parameters under Different Climate Regimes 
 
Currently there are four degree day regions in Turkiye, for evaluation of different 
climatic conditions (see Appendix A). Thermal requirements and acceptable total 
heating energy consumption of each are listed in the regulation of heat insulation 
(TS825-Standard for Heat Insulation in Buildings). Based on the IEA (International 
Energy Agency) Turkiye report (2002), 80 percent of the energy consumption in the 
building sector is for heating. Thus only heating degree day values are considered 
for assessment of energy efficiency in the Turkish regulations, despite a potential 
large contribution to energy consumption by cooling. 
 
This study aims not to prescribe parameter values effective for each climate region, 
but rather to explore the acceptable ranges of the parameters and their priority 
based on the characteristics of each degree day region. This will then become a 
guideline for designers who intend to design with climate in Turkiye. 
 
There has been several research projects that listed important parameters 
categorized based on design phase details. However it should be considered that 
each project has its own context and hence comes with its own design parameters. 
Therefore assessment of parameters in this study is limited to a set of the ones 
which will have a good prospect of importantly influencing building performance. 
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The parameters considered in this study are listed below: 

 U-value of the external wall 

 U-value of the floor 

 U-value of the roof 

 U-value of the glazing  

 Direct transmittance of the glazing 

 Window to wall ratio 

 Thermal mass of the external wall 

 Thermal mass of the floor 

 Ceiling height 

 Zone depth 

 Air change rate 

 Orientation 
 
These are studied as a set of basic parameters that are mainly set during early 
design phases, and which are highly relevant from an energy consumption point of 
view.  
 
Model Validation 
 
For inter-model validation of the model, the calculation methodology of “Standard 
for Heat Insulation in Buildings (TS825)” is used. Based on TS 825, each of four 
degree day regions (DDR) has a u-value limit for external walls and windows (Table 
7).  
 
TS 825 has an annual heating energy consumption limit, which is calculated from 
the rate of building’s total opaque surface area to its gross volume. The calculation 
considers steady-state conditions, and only takes into account the heat transfer 
mechanisms of conduction and convection. Building type (i.e. school, house or 
office) is not taken into account in the calculations. There are simple assumptions 
for internal heat gain rates (like occupancy, lighting, etc.), infiltration rate and 
climatic conditions. TS 825 considers only the heating season. Although the 
southern region of Turkiye has a higher number of cooling degree days than heating 
degree days, there is still no regulation for cooling. Note that lighting energy 
consumption has not been considered in any Turkish legislation yet. 
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Table 7. Four degree day regions (DDR) of Turkiye. 
 

 1.st 
DDR 

2.nd 
DDR 

3rd 
DDR 

4th 
DDR 

Heating Degree Days* 512,5 1285,3 2676,9 3857,1 

Cooling Degree Days** 643,5 186,5 170,9 115 

Acceptable U-value 
limits*** (W/m2K) 

Ext. wall 0.80  0.60  0.50  0.40  

Grd.floor 0.80  0.60  0.45  0.40  

Roof  0.50  0.40  0.30  0.25  

Window  2.80  2.60  2.60  2.40  

*Reference temperature 15ºC 
**Reference temperature 23ºC 
*** based on TS825. 

 
 
Base case 
 
The base case model studied in this work has five zones, four classrooms and a 
corridor. Of the four classrooms, two are placed at South (Figure 4). The input data 
of the model is listed in Table 8. The input values have been adapted to represent 
the acceptable values of TS 825. The U-values of the envelope components are 
listed in Table 9. The parameters considered for parametric study and their values 
are listed in the Table 10. Analysis has been done for each DDR.  
 

 
 
Figure 4. Base case model 
 
 
 
 

N 
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Table 8. Base case model input data. 
 

Zone area of each classroom 47.52 m2 

Zone area of corridor  

Ceiling height 3.4m 

Window area of each classroom 11.89 m2 

Window/wall ratio of each classroom 0.53 

Transmittance of glazing 0.76 

Metabolismic rates 5 W/m2 

Air Change Rate 1.0 ACH 

Ventilation N/A 

Design  temp. for heating 19ºC 

 
 
Table 9. The materials and their thermo physical properties used in base model. 
 

U-values of  envelope 
components 
 

Degree Day Regions 

1st DDR 
(Antalya) 

2nd DDR 
(İstanbul) 

3rd DDR 
(Ankara) 

4th DDR 
(Erzurum) 

Ext. Wall U-value 0.74 W/m2K 0.56 W/m2K 0.48 W/m2K 0.38 W/m2K 

Ground Floor U-value 0.79 W/m2K 0.59 W/m2K 0.44 W/m2K 0.39 W/m2K 

Roof U-value 0.50 W/m2K 0.39 W/m2K 0.30 W/m2K 0.25 W/m2K 

Window U-value 2.8 W/m2K 2.6 W/m2K 2.6 W/m2K 2.4 W/m2K 

 
 
The results are evaluated based on regression analysis (RA). To reveal the 
correlation between input and output variables, the slope of the regression straight 
line (if the relation is linear) is used for the data. The regression function is also used 
to determine the influence coefficient of the parametric study. If RA results are 1.00 
or very close to 1.00, it means that there is a correlation (linear or parabolic). The 
analysis has been done with the input variables listed in Table 10.  
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Table 10. The input parameters and perturbations used for sensitivity analysis. 
 

 
 
The Results of Local Sensitivity Analysis 
 
Regarding the total heating and cooling energy consumptions, RA showed that the 
U-value of external walls and windows, thermal mass, window to wall ratio, total 
transmittance of glazing, ceiling height, zone depth and air change rate are 
significantly effective in all DDR as R2 value of these parameters are 1.00 or very 
close to 1.00.  
 
For the 1st DDR, which has a high cooling degree day value, high thermal mass in 
the external wall is not that much effective on both heating and cooling. As can be 
seen from Figure 5, a specific heat capacity of thermal mass above 2500-3000J/kgK 
does not lead to a significant reduction of energy consumption. 

Input unit 
Referance 
value  

Perturbations  

Min Max Nos. 

U-value 

External 
wall 

W/m2K 
RM1: 0.74      RM2: 0.56 
RM3: 0.48      RM4: 0.38 

0.33 0.74 6 

Floor  W/m2K 
RM1: 0.79      RM2: 0.59 
RM3: 0.44      RM4: 0.39 

0.32 1.19 7 

Roof W/m2K 
RM1: 0.50      RM2: 0.39 
RM3: 0.30      RM4: 0.25 

 1.18 7 

Thermal Mass 
capacity (specific 
heat) 

External 
wall 

J/kgK 1000 500 4000 5 

Floor  J/kgK 1000 500 4000 5 

Window to wall ratio --- 0.53 0.1 0.8 6 

Optical Property of 
Transparent surface (direct 
transmittance) 

 0.76 0.15 0.76 4 

U-value of  Transparent 
surface  

W/m2K 
RM1: 2.75      RM2: 2.60 
RM3: 2.60      RM4: 2.40 

1.15 3.86 4 

Zone depth m 7.2 5 9 4 

Ceiling height  m 3.4 3.0 4.0 6 

Air change rate ACH 1.0 0.1 1.2 5 

Orientation (south facade) - 0° 0° 180° 8 
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Figure.5. The relation graph of energy consumption of heating and cooling when 
thermal mass effect of external wall increase in 1st degree day region 
(DDR) where the “dots” are the observations of the sample, “bold black 
line” is the fitted regression line, the” grey” lines are the confidence 
interval band and “dotted black lines” are the prediction interval band. 

 
 
Another parameter with ambiguous findings is the air change rate. For all DDR, 
heating energy consumption increases with a higher air change rate. On the other 
hand, the input-output relation of cooling energy consumption is parabolic and 
decreases with lower ACH values (Figure 6).  
 
For the 2nd, 3rd and 4th DDR, when air change rate exceeds 1,0~1,2 ACH, the 
relative alteration of cooling energy consumption decreases. This becomes explicit 
in the DDR which has high heating degree day value. Contrarily to the 1st DDR, the 
cooling energy consumption begins to increase after the air change rate exceeds 0,5 
ACH. As the 1st DDR has high cooling degree day values, the outside air 
temperature is higher than the inside air temperature. The air change rate from 
outside to inside increase the cooling load inside after a certain level. Consequently, 
reducing the air change rate is essential in order to decrease the cooling load for the 
1st DDR and to decrease heating load for the rest of the DDRs. 
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Figure 6. The relation graphs of energy consumption of  cooling when air change 
rate  increase in each degree day region (DDR) where the “dots” are the 
observations of the sample, “bold black line” is the fitted regression line, 
the” grey” lines are the confidence interval band and “dotted black lines” 
are the prediction interval band. 

 
 
The results of this parametric study show that: 

 External walls should be designed to have a minimum U-value for decreasing 
overall energy consumptions of all DDR. Particularly for the 1st DDR, energy savings 
of both cooling and heating could be reduced by a highly insulated wall. 

 Depending on specific building type and internal gains, optimal U-value limits for 
the ground floor should be considered during design. For the buildings with high 
cooling load, high U-value will help to decrease energy consumption for cooling. 
Acceptable highest level of floor U-value could be selected.  

 High U-value for the roof affects energy consumption positively for all DDR. High 
roof insulation measures should be taken for energy saving particularly for heating 
buildings in any DDR and for cooling in 1st and 2nd DDR. 

 The energy consumption for cooling is highly sensitive to alteration of the 
window to wall ratio. The amount of heat gain from sun is directly related to the 
sizes of the windows. Bigger window sizes may cause high cooling loads due to 
relatively low energy saving for heating. The optimization of window to wall ratio 
for all DDR is essential. 
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 U-values for glazing should be the lowest for energy saving purposes, for the 
same reasons applying to the U-value of opaque surfaces. 

 Total transmittance of glazing should be optimized for the buildings designed in 
the 1st DDR. For the other DDRs, this parameter is significantly effective on the 
energy consumption for cooling rather than heating. Total transmittance includes 
both visible and near IR parts of the solar spectrum. Decreasing the total 
transmittance value will decrease the cooling load but also affect daylighting level. 
Transmittance levels should be considered together with daylighting requirements 
and optimum values for both cooling and daylighting should be selected to design. 

 Thermal mass is helpful for decreasing energy consumption for the buildings 
designed in any of the DDRs. For high heating DDRs, it is effective on cooling 
because it is easier to store cool. Contrarily, for high cooling DDRs, it is more 
effective on heating. Besides, thermal mass capacity significantly alters 
consumption when used in floor rather than in walls. This is because of easier 
thermal coupling of floors with solar radiation transmitted from glazing than walls 
since external walls have the insulation material outside and storage only possible 
with re-radiation. 

 Designing high ceiling increases the heating energy consumption considerably for 
the buildings in 1st and 2nd DDRs and decrease energy consumption of cooling in 
4th DDR. 

 Increasing the zone depth significantly ipmacts on energy consumption. 
Depending on the degree day values of DDRs, heating-cooling energy consumption 
of each region should be optimised during design. 

 Infiltration rate should not exceed 0,5-0,7 ACH for the buildings designed in any 
DDR, despite the fact that TS825 Turkish insulation Standard considers 1,0 ACH for 
tight buildings, 2,0 ACH for the others together with natural ventilation.  
 
Based on these results, a priority list of parameters for each DDR can be 
summarised; this is presented in Figure 7 and 8. 
 

 
 
Figure 7. One at a time approach (OAT) results of heating energy consumption 
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Figure 8. One at a time approach (OAT) results of cooling energy consumption 
 
It can be seen in the figures that in general the most sensitive parameters are those 
parameters  that directly cause a response in terms of heating gains (window ratio 
and total transmittance value of glazing) and energy conservation (U-values and 
infiltration rate). It is interesting that zone height and dept, thermal mass and even 
internal gains can be listed as relatively robust parameters. 
 
Table 11.  Prior parameters of each degree day region (DDR) 
 

P
R

IO
R

IT
IE

S 

 1. DDR 2. DDR 3. DDR 4. DDR 
heating cooling heating cooling heating cooling heating cooling 

1.  glz-vt Wdw-
ratio 

ACH Wdw-
ratio 

ACH Wdw-
ratio 

ACH Wdw-
ratio 

2.  wdw-
ratio 

Floor-R Glz-vt Glz-vt Roof-R Glz-vt Roof-R Glz-vt 

3.  Floor-R Glz-vt Floor-R Floor-R Glz-vt Floor-R Glz-vt ACH 

4.  ACH Roof-R Roof-R ACH Floor-R ACH Wall-R Floor-R 

5.  Roof-R İnt-gain Wall-R Roof-R Wall-R Wall-R Floor-R Wall-R 

 
 
The Results of Global Sensitivity Analysis 
 
As listed in Table 11, the most important parameters to consider for each degree 
day region are more or less the same. Considering the long duration of the heating 
seasons (Table 3) the priority list of parameters impacting heating energy is taken as 
the base for global sensitivity analysis parameter selection. Consequently the list of 
parameters used in the global analysis is as follows: 
 
 



32 
 

 Glazing total transmittance (glz-vt). 

 Floor R value (difference in the thickness of insulation material). 

 Roof R value (difference in the thickness of insulation material). 

 Wall R value (difference in the thickness of insulation material). An exception 
is made for 1. DDR where the window/wall ratio has been considered 
instead of Wall R value. 

 Infiltration rate. 
 
The parameters and their maximum and minimum values are listed in Table 12. 
These values are similar to the perturbations to the selected parameters across 
their base case values in the previous one at a time analysis work (Harputlugil, et al, 
2007). In this work these values aimed to cause changes in the parameter that 
would be large enough to result in a numerically significant change in the simulation 
outcomes. 
 
Table 12. Maximum and minimum values of parameters that are selected for global 

SA. 

Parameters Min. Max. 

Glz-vt 0.15 0.76 

Floor-R 0.84 m2C°/W 3.12 m2C°/W 

Roof-R 0.84 m2C°/W 4.54 m2C°/W 

Wall-R 1.35 m2C°/W 3.03 m2C°/W 

ACH 0.30 ACH 1.40 ACH 

 
In order to generate a sampling matrix, Latin Hypercube Sampling (LHS) is used. LHS 
performs better than random sampling when the output is dominated by a few 
components of the input factors. The method ensures that each of these 
components is represented in a fully stratified manner, no matter which 
components might turn out to be important (SIMLAB, 2006). 
 
For the global SA the Monte Carlo Analysis (MCA) is used. The MCA is one of the 
most commonly used methods to analyze the approximate distribution of possible 
results on the basis of probabilistic inputs. (Lomas et al. 1992, Hopfe, et al. 2007). 
When a Monte Carlo study is being performed, propagation of the sample through 
the model creates a mapping from analysis inputs to analysis results of the form:  
 
[yi , xi1, xi2, ..., xin ], i = 1, ..., m , where n is the number of independent factors and 
m is the sample size. 
 
Once this mapping is generated and stored, it can be explored in many ways to 
determine the sensitivity of model predictions to individual input variables (SIMLAB, 
2006).  There are various sensitivity analysis techniques; here scatter plots and the 
Pearson Product Moment Correlation Coefficient (PEAR) as a regression analysis are 
used. 
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The generation of scatter plots is the simplest sensitivity analysis technique. This 
approach consists of generating plots of the points  
(xij , yj ) , i = 1, ..., m, for each independent variable xi. 
 
Scatter plots may sometimes reveal the relationship between model input and 
model predictions; this is often the case when only one or two inputs dominate the 
outcome of the analysis. Further, they often reveal non-linear relationships, 
thresholds and variable interactions, thereby facilitating the understanding of the 
model behaviour. They can be considered as a global measure of importance, and 
are model independent, as the plots can reveal even strongly non-linear or non-
monotonic features (SIMLAB, 2006). 
 
Figure 9 and 10 are exemplary scatter plots for degree day regions where the 
correlation between dominant parameters and heating energy consumption can be 
seen. As the amount of assessed samples is limited, each correlation between 
heating energy consumption and any of design parameter cannot be easily exposed 
by scatter plots. Nevertheless, in figure 9, the effect of total transmittance of glazing 
on heating energy consumption can easily be followed.  
 
Another simple measure of sensitivity is given by the Pearson Product Moment 
Correlation Coefficient (PEAR) which is the usual linear correlation coefficient 
computed on the  
 
xij , yi ( i = 1, ..., m) (SIMLAB, 2006). 
 
 

 
 
Figure 9. Scatter plot of total transmittance of glazing to heating energy 

consumption of 1. DDR. 
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Figure 10. Scatter plot of infiltration rate to heating energy consumption of 2. DDR.  
 
 

 

 
Figure 11. PEAR analysis results of four degree day regions (DDR). 
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The PEAR analysis results of heating energy consumption for the four different DDRs 
can be seen in figure 11. The correlation coefficient (CC) values are on the x-axis.  
Positive values of CC indicate that when parameter value increase, heating energy 
consumption increase. Contrarily negative value of CC represent that the value of 
the parameter increases while heating energy consumption decreases. The results 
of cooling energy consumption are also illustrated in Figure 11. 
 
Sensitive and Robust Parameters 
 
According to the MCA results, the thermal resistivity of the building envelope is 
highly sensitive where it comes to energy consumption. Additionally the infiltration 
rate (ACH) is another sensitive parameter which is closely related to accurate design 
and careful construction of the building envelope.  
 
The rest of the parameters scrutinised here remained as relatively robust 
parameters, with one notable exception: orientation. It is well known that the first 
rule of designing with climate is to find an optimum orientation based on solar 
charts. This is confirmed by the results, confirming that orientation always is a 
sensitive parameter.  
 
 
4. RESULTS AND DISCUSSION 
 
 
4.1. Robust outline design for schools in Turkiye 
 
The results of global SA reveal the robust parameters which must be considered 
when developing a robust design scheme. The idea behind a robust outline design is 
to fix the robust design parameters, while the sensitive ones will remain open to 
allow for tuning the design to the local context (in this case different DDRs) where 
the building is located. 
 
As the envisioned product is an outline scheme, the design should be flexible and 
easily adaptable to changing conditions. Here a classroom module is proposed 
which is a box-like system that includes all required facilities. This classroom module 
is named “Modulsco”. With 8x8 meter dimensions of all axes, Modulsco has a semi-
fixed zone dept and height, and thus it provides a 512 m3 volume. It is easy to adapt 
the module to various expectations (see figure 12).  
 
Proposing a module box may seem simplistic. However it is aimed to be simplistic 
enough to adapt easily to other aspects of design for school buildings (eg. local 
context, culture, education system, student learning strategies, etc). The box 
(Modulsco) would be a module of circulation, classrooms or WCs as seen in figure 
12. It should be emphasised that Modulsco is not suggested as a design scheme for 
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a better building. Modulsco is a concept tool to be used when developing thermally 
robust outline design schemes. 
 
Each module is a kind of Lego® piece that can be attached each other in various 
compositions to form module groups. Based on the local context, these module 
groups make a cluster of zones which can be rotated in order to fit to the best 
orientation. Then the most effective facade is installed to these clusters, taking into 
account sensitive parameters and values for each degree day region. 
 
 

         
a) Module                                           b) circulation (stairs) 

          
c) WC                                                  d) Classroom floors  
 
Figure 12. Various functions adapted to the proposed modules called Modulsco. 
 
 
4.2. Alternative Design Schemes and Design Scenarios 
 
 
In order to discuss applicability of Modulsco, a few alternative pre-design schemes 
are developed and evaluated whether it is possible to be thermally robust. In the 
literature there are several pre-design plan organisations for school buildings. 
Karabey (2004) expressed that the fertile unit of school buildings is classroom. So it 
is better to develop design process by grouping classrooms. He suggests various 
types of classroom groups which are illustrated in figure 13. 
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(1) (2) (3)  

(4)  

(5)  
 
Figure 13. The classroom groups and circulation alternatives of school schemes 

(Karabey, 2004). 
 

 (a) (b) 

(c) (d) 
 

Figure 14. Classroom groups and plan organisations by Perkins (2001). 
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Based on Perkin’s (2001) pre-design plan organisations, there are four typical 
classroom groups which are “cluster model: focus to the interior”, “cluster model: 
focus to the outdoors”, “linear model” and “hybrid linear model”. The illustrations 
of each are shown in figure 14. 
 
In this work, a typical three schemes are defined as pre-design school building plans 
(Table 13). The first scheme is “linear scheme”, the second one is “cluster scheme” 
and the third one is “hybrid-linear scheme”. Each scheme has two stories and each 
two classroom one on the top of the other forms a module (Modulsco).  
 
Table 13. Three pre-design school scheme. 
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Vertical envelope total area 816 
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Total area 736 m2 
Floor area 368 m2 
Vertical envelope total area 698 
m2 
Total envelope area 1434 m2 
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Total area 748 m2  
Floor area 374 m2 
Vertical envelope total area 880 
m2 
Total envelope area 1628 m2 
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The layers of the enclosure and their thermo physical properties are listed in Table 
14. The rest of input information about systems operation is as follows: each 
classroom has 30 students and time schedule of the occupancy is 8:00 to 16:00 in 
only weekdays. The luminance level of each classroom is defined as 500 lumen/m2. 
The control strategy of heating and cooling is based to zone set points. Heating set 
point is 18°C and cooling set point is 26°C. The system operation starts at 06:00 and 
ends at 18:00 in weekdays. All these values are assumptions and constant input 
data for each of three schemes. The parameters that have been identified before 
are the variants of the analysis.  
 

Table 14. The materials and their thermo physical properties  
 

Layers of the envelope  
(inside to outside) 

Thermal transmittance of 
the layer (λ) (W/mK) 

WALL  

Plaster 0,87 

Light weight concrete  0,24 

Heat insulation (PUR) 0,035 

Plaster 0,87 

FLOOR (Ground)  

Stone (marble) 3,5 

mortar 1,4 

Concrete floor 2,1 

Heat insulation (PUR) 0,035 

ROOF  

Plaster 0,87 

Concrete ceiling 2,1 

Heat insulation (PUR) 0,035 

WINDOW 2,4 
 

 
In order to evaluate the schemes, it is necessary to define various scenarios each of 
which considers different energy efficiency strategies. The sample list of Monte-
Carlo method and energy consumption results of the samples (Appendix B) 
considered as starting point of the scenarios. The values of the parameters are 
listed in Table 15. The characteristic of each scenario is as follows: 
 
Scenario-1: the parameter values of the minimum cooling energy consumption 
(based on degree day regions) 
 
Scenario-2: the parameter values of the minimum heating energy consumption 
(based on degree day regions) 
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Scenario-3: the parameter values of the minimum total energy consumption (based 
on degree day regions) 
 
Scenario-4: super insulated wall (window U-value is 1,22 W/m2K), design of the 
glazing for maximum solar gain possibility, peak value of air change rate 
(hypothetic) 
 
Scenario-5: minimum heat gains capacity of the envelope (window U-value is 2,80 
W/m2K), design of the glazing for maximum solar gain possibility, minimum value of 
air change rate (hypothetic) 
 
Scenario-6: a reference scenario based on the values of TS825: Standards for Heat 
Insulation in Buildings. This is the base scenario to make a comparison with the rest. 
The limited values of thermal transmittance coefficient (U-values) of the envelope 
are used as listed in the standard. The air change rate is also stated in the standards 
as 0,8 ach. The window-wall ratio is accepted as 50% and the total transmittance of 
the glazing is determined as 0,76.  
 
 

Table 15. Parameter values depending on the scenarios and degree day regions 
 

  Wall* Floor* Roof* Glz-vt win-wall 
ratio 

Air change 
rate 

1.DDR 

Scenario-1 6,42 3,15 7,30 0,25 %49 0,67 

Scenario -2 4,88 6,56 7,94 0,56 %62 0,43 

Scenario -3 3,0 4,23 13,09 0,56 %27 0,52 

Scenario -4 8,23 11,22 17,63 0,76 %92  1,80 

Scenario -5 1,61 2,83 2,90 0,76 %92 0,38 

Scenario -TS825 1,50 4,30 6,50 0,76 %50 0,80 

2.DDR 

Scenario-1 6,42 3,15 7,30 0,25 %49 0,67 

Scenario -2 4,88 6,56 7,94 0,56 %62 0,43 

Scenario -3 2,74 11,22 17,14 0,56 %18 0,60 

Scenario -4 8,23 11,22 17,63 0,76 %92  1,80 

Scenario -5 1,61 2,83 2,90 0,76 %92 0,38 

Scenario -TS825 2,50 5,00 8,00 0,76 %50 0,80 

3.DDR 

Scenario-1 6,42 3,15 7,30 0,25 %49 0,67 

Scenario -2 4,88 6,56 7,94 0,56 %62 0,43 

Scenario -3 2,74 11,22 17,14 0,56 %18 0,60 

Scenario -4 8,23 11,22 17,63 0,76 %92  1,80 

Scenario -5 1,61 2,83 2,90 0,76 %92 0,38 

Scenario -TS825 3,50 7,00 10,80 0,76 %50 0,80 

4.DDR 

Scenario-1 4,14 7,33 15,84 0,15 %26 1,03 

Scenario -2 4,88 6,56 7,94 0,56 %62 0,43 

Scenario -3 4,88 6,56 7,94 0,56 %62 0,43 

Scenario -4 8,23 11,22 17,63 0,76 %92  1,80 

Scenario -5 1,61 2,83 2,90 0,76 %92 0,38 

Scenario -TS825 5,50 8,00 13,00 0,76 %50 0,80 

* the thickness of the heat insulation (cm) 
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Results Based on Degree Day Regions 
 
1. Degree day region (Antalya): First degree day region (DDR) of Turkey has the 
maximum cooling degree days. For this reason, cooling energy consumption is the 
dominant issue for energy efficiency. The results of the analysis showed that the 
lowest total energy consumption could be achieved by scenario-1 which includes 
the parameter values of the minimum cooling energy consumption (figure 15). 
Based on this scenario, U-value of the outside walls are 0,34 W/m2K, floors are 0,86 
W/m2K and roofs are 0,42 W/m2K. The wall-window ratio is 49%. The air change 
rate of this scenario is 0,67 ach. The visual transmittance of the glazing will be 
limited and day lighting will not be sufficient enough as the total transmittance 
value of the glazing is 0,25, however an effective solar control mechanism for 
windows will help to balance total transmittance level of the glazing. 
 
Figure 16 shows the cooling energy consumptions of the schemes. It is obviously 
seen that the lowest consumption is achieved by scenario-1. If only heating energy 
consumption is considered, than the parameters value group which can be able to 
reduce energy consumption is scenario-2 (figure 17). Regarding the general trend of 
the regulations which usually consider heating energy consumption (TS 825 is the 
one), the results show that cooling energy consumption can be much more 
dominant on energy efficiency strategy. 
 
 

 
 
Figure 15. Total energy consumptions of each scheme based on scenarios. 
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Figure 16. Cooling energy consumptions of the schemes (Antalya), comparison with 

TS825 scenario. 
 
 

 
 
Figure 17. Heating energy consumptions of the schemes (Antalya), comparison with 
TS825 scenario. 
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2. Degree day region (İstanbul): Second degree day region has more heating degree 
days than 1. DDR. However the results shows that the lowest total energy 
consumption can be achieved by scenario-1 which includes the parameter values of 
the minimum cooling energy consumption (figure 18). Based on this scenario, U-
value of the outside walls are 0,34 W/m2K, floors are 0,86 W/m2K and roofs are 0,42 
W/m2K. The wall-window ratio is 49%. The air change rate of this scenario is 0,67 
ach. Same as 1.DDR, the visual transmittance of the glazing will be limited and day 
lighting will not be sufficient enough as the total transmittance value of the glazing 
is 0,25, however an effective solar control mechanism for windows will help to 
balance total transmittance level of the glazing. 
 
 

 
 
Figure 18. Total energy consumptions of each scheme based on scenarios. 
 
The cooling energy consuptions and heating energy consuptions of the schemes are 
illustrated in figure 19 and figure 20. It is also seen here that If only heating energy 
consumption is considered, than the scenario (scenario-2) will differ from the 
scenario of total energy consumption (scenario-1). 
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Figure 19. Cooling energy consumptions of the schemes (İstanbul), comparison with 

TS825 scenario. 
 
 

 
 
Figure 20. Heating energy consumptions of the schemes (İstanbul), comparison with 

TS825 scenario. 
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3. Degree day region (Ankara): Heating degree days are being dominant at third 
degree day region, so the lowest energy consumption can be achieved by scenario-3 
which includes the parameter values of the minimum total energy consumption 
(figure 21). Based on this scenario, U-value of the outside walls are 0,54 W/m2K, 
floors are 0,28 W/m2K and roofs are 0,19 W/m2K. The wall-window ratio is 18%. 
The air change rate of this scenario is 0,60 ach. The total transmittance value of the 
glazing is 0,56, which is relatively sufficient for day lighting. However this time 
window-wall ratio is limited for successfully provide daylight to the zones. It is 
obviously recognised that the prior measure for this region is to save heating gains. 
The evidence of this statement is the thermal transmittance coefficients of the 
enclosure. As heating gains are essential, in order to enlarge the size of the 
windows (or increase the percentage of the window-wall ratio) it is offered to 
decrease U-value of windows from 2,4 W/m2K which has been regarding as 
constant value of all analysis. 
 
 

 
 
Figure 21. Total energy consumptions of each scheme based on scenarios. 
 



46 
 

 
 
Figure 22. Cooling energy consumptions of the schemes (Ankara), comparison with 

TS825 scenario. 
 
 

 
 
Figure 23. Heating energy consumptions of the schemes (Ankara), comparison with 

TS825 scenario. 
 
 
4. Degree day region (Erzurum): Regarding  the highest heating degree days of 
fourth degree day region, the dominant energy consuption item is heating energy. 
The lowest energy consumption can be achieved by scenario-2 which includes the 
parameter values of the minimum heating energy consumption (figure 24). Based 
on this scenario, U-value of the outside walls are 0,40 W/m2K, floors are 0,46 
W/m2K and roofs are 0,39 W/m2K. The wall-window ratio is 62%. The air change 
rate of this scenario is 0,43 ach. The total transmittance value of the glazing is 0,56, 
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which is relatively sufficient for day lighting. Separately from 3.DDR, solar gains are 
getting more vital for decreasing heating energy consumption. Thus, relatively 
highest ratio of the window to wall stands for increasing gains and lowest air change 
rate for saving it.  
 
Besides all, it is possibly claimed that more or less the all degree day regions of 
Turkey (the coldest parts are included in 4.DDR) have cooling loads which is  
obviously high to consider. 
 

 
 
Figure 24. Total energy consumptions of each scheme based on scenarios 
 
 

 
 
Figure 25. Cooling energy consumptions of the schemes (Erzurum), comparison with 

TS825 scenario. 
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Figure 26. Heating energy consumptions of the schemes (Erzurum), comparison with 

TS825 scenario. 
 
 
Results Based on Schemes and Scenarios 
 
The main focus area of this work is the success of the parameters and their 
scenarios rather than comparing the schemes. However, the question of which 
scenario in which degree day region by which scheme is waiting for answer. Energy 
consumption results listed in table 16 shows the comparison. It should be noted 
that any of the scheme can be successful if related scenario will be applied. Hence 
the scheme-scenario binary are listed below. 
 
Linear Scheme: The lowest energy consumption can be achieved by scenario-1. This 
scenario includes the parameter values of the minimum cooling energy 
consumption. It should be emphasised that this is not only true for the hottest 
regions (1.DDR) but also 2. and 3.DDRs.  
 
Cluster Scheme: If this scheme is applied to 1. DDR or 2. DDR, it is advantageous to 
execute scenario-1. However the regions which need relatively heating energy 
savings like 3.DDR, implementing scenario-3 is better to decrease consumptions. 
Besides this scheme has the lowest heat loss surface area which is essential for the 
regions of high heating degree days. 
 
Hybrid-Linear Scheme: The results of this scheme are very close to linear scheme. 
1.DDR, 2.DDR and 3.DDR has the lowest energy consumption by scenario-1. 
Scenario-2 is better for 4.DDR. 
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Table 16. energy consuptions of each scheme based on each scenario. 

 

ENERGY CONSUMPTION (kWh/m
2
) 

LINEAR SCHEME 

Antalya İstanbul Ankara Erzurum 

SCENARIO-1 54.78274 44.2046 62.06097 100.5216 

SCENARIO -2 118.4449 74.5612 71.8754 78.37411 

SCENARIO -3 68.76385 47.48297 57.28077 78.37411 

SCENARIO -4 145.0909 91.25486 99.75222 112.9505 

SCENARIO -5 125.5213 80.91449 82.88329 92.69817 

SCENARIO -TS825 91.95618 62.18766 69.54195 82.79343 

 

CLUSTER SCHEME 

Antalya İstanbul Ankara Erzurum 

SCENARIO-1 46.28629 36.15834 50.77181 84.31817 

SCENARIO -2 100.0093 63.48974 60.06228 64.57346 

SCENARIO -3 59.11959 39.60852 45.44061 64.57346 

SCENARIO -4 119.5944 80.07386 93.32757 110.2052 

SCENARIO -5 101.5157 68.59443 73.11526 84.24481 

SCENARIO -TS825 76.16582 53.35258 61.81523 75.31061 

 

HYBRID LINEAR SCHEME 

Antalya İstanbul Ankara Erzurum 

SCENARIO-1 51.38469 38.59237 52.14003 86.62563 

SCENARIO -2 123.8705 75.94817 67.17556 70.1786 

SCENARIO -3 68.09307 42.9984 48.45825 70.1786 

SCENARIO -4 149.9343 94.12376 99.39479 111.9725 

SCENARIO -5 127.9335 82.31733 81.724 90.95088 

SCENARIO -TS825 92.58715 61.77793 67.31524 79.34513 

 
 
Consequently, all the results listed in table 16 show that; 
 
Antalya that represents 1.DDR has the lowest energy consumption by Cluster 
Scheme and Scenario-1. 
Istanbul that represents 2.DDR has the lowest energy consumption by Cluster 
Scheme and Scenario-1. 
Ankara that represents 3.DDR has the lowest energy consumption by Cluster 
Scheme and Scenario-3. 
Erzurum that represents 4.DDR has the lowest energy consumption by Cluster 
Scheme and Scenario-2. 
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TS825 scenario is a base scenario that allows comparing the results of it by the 
others. The threshold value of this scenario is important but the considered value of 
TS 825 is only heating energy consumption. Thus, only considering heating energy 
consumption would change the general perspective of the all. For instance, in 
Antalya the scenario which has minimum heat gains capacity of the envelope 
(window U-value is 2,80 W/m2K) and design of the glazing for maximum solar gain 
possibility is sufficient enough for decreasing heating energy consumption, but on 
the other hand cooling loads reaches the peak levels.  
 

 
5. CONCLUSION 
 

Recent developments in the building industry move increasingly towards making 
design performance evaluations compulsory, all the way from the beginning of the 
design process to the operation life cycle (Augenbroe and Hensen, 2004; Hopfe et. 
al., 2006). New and re-developed codes and regulations set baseline requirements 
for better buildings; however it is obvious that actually achieving “high performance 
buildings” is more than just code-compliance.  

 

This thesis has presented the development of a thermally robust design concept, 
which is aimed to be an alternative solution to bridge the gap between designers 
and building simulation experts that has become evident in the last decade. The 
designers need to be free during design while taking decisions, contrary to the 
approach of many simulation programs which require more inputs to be fixed in the 
earlier phases of design (Palme et al., 2006).  

 

A local and global sensitivity analysis of parameters was done in order to reveal 
robust and sensitive parameters. LHS (Latin Hypercube Sampling) is used for sample 
matrix and MCA (Monte Carlo Analysis) is used for the global sensitivity analysis. 
The parameters addressed in the study were limited to a set of the ones which will 
have a good prospect of importantly influencing building performance. It is noted 
that taking into account only heating and cooling energy consumption as 
performance indicators may raise a contradiction with for instance day-lighting. 
Further analysis will be done for optimization of more potentially contradictory 
indicators in future work. 

 

Overall, this work demonstrates how building simulation can contribute to the pre-
design of better (school) buildings. As such, it shows how simulation can inform a 
design process which is yet to start, thereby taking the integration of building 
design and building simulation to a next level. It should be emphasized that each 
building design has its own context and develop its own parameters based on this 
context. Therefore the parameters addressed in the study are the ones which are 
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expected to be mainly independent from the building type. This will assist the easy 
application of the proposed outline scheme to other building types.  

 

Relatively robust parameters such as zone dept and ceiling height enabled to 
develop a module concept which is called Modulsco. Various functions can be 
assigned to the proposed module and help it to respond to local expectations of the 
building envelope, allowing the module to be high performance in terms of 
maximizing heat gains and energy conservation.  

 
Existing schools in Turkiye, designed after a standardised general scheme, prove to 
be wanting in terms of energy consumption. This is not surprising, as the country 
covers a range of four distinct climate zones, making it hard to develop a one-size-
fits-all solution. Simulation results demonstrate that measures suggested by the 
government to improve the energy efficiency have limited prospects only, and are 
most effective in situations where the heating load is dominant.  
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APPENDIX-A. Four Degree Day Regions of Turkey 
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APPENDIX-B. 50 Latin Hypercube sample values            

 
Nr. 

               
Wall* 

              
Floor* 

                
Roof*   Win-vt Win-wall % 

        Air 
change rate 

1 3.78639 8.46902 3.26868 0.373299 0.305082 0.47422 

2 6.07953 8.1017 5.93623 0.589105 0.574195 0.846677 

3 4.69132 9.57686 6.71561 0.449184 0.733982 0.739865 

4 4.25611 7.76588 12.4774 0.151561 0.721301 0.634684 

5 3.80328 6.92528 9.21844 0.267608 0.929924 0.715107 

6 5.0711 4.70716 7.54667 0.404721 0.413136 1.00916 

7 5.92193 5.44497 7.6475 0.606173 0.394262 1.09103 

8 3.9444 3.77987 13.7662 0.530014 0.212057 1.11521 

9 1.91232 6.25431 12.8468 0.440519 0.590764 1.41311 

10 5.36723 10.5484 5.73165 0.862118 0.289935 1.19623 

11 6.30962 8.24432 4.36009 0.356213 0.346849 0.557401 

12 5.47224 9.0233 8.16818 0.167908 0.54137 1.13305 

13 2.11993 6.61973 12.4079 0.69 0.604312 0.548431 

14 2.82392 5.25591 14.1361 0.326301 0.437878 0.900549 

15 3.6737 3.50311 10.1234 0.486029 0.686523 1.30752 

16 5.27052 4.09711 2.9065 0.296893 0.4041 0.813842 

17 3.53373 3.35241 8.51524 0.382164 0.485347 1.61174 

18 3.15561 5.06458 4.21315 0.246752 0.418045 1.27192 

19 4.90627 3.64281 6.98619 0.428175 0.255517 0.994586 

20 3.50512 4.72825 9.47673 0.28878 0.37423 1.80815 

21 7.60409 5.33152 6.87341 0.543325 0.671935 0.985359 

22 6.42398 3.15472 7.30036 0.229752 0.49231 0.676556 

23 2.87905 5.71326 15.2499 0.214692 0.633564 0.93344 

24 3.97849 6.22277 8.71207 0.723492 0.792494 0.877857 

25 2.37901 4.32293 9.92803 0.309123 0.452298 0.731126 

26 4.73724 4.00258 8.90034 0.656957 0.323481 0.797952 

27 5.65099 9.40342 14.4202 0.886874 0.439771 0.941783 

28 1.80852 5.62105 6.4859 0.36227 0.474759 0.486871 

29 7.06396 7.60408 10.5117 0.389838 0.783974 0.896972 

30 4.88052 6.56804 7.94592 0.462242 0.626237 0.437648 

31 6.76125 4.92146 5.37585 0.60495 0.654519 0.757952 

32 8.23838 6.72468 9.6528 0.784553 0.466021 0.953586 

33 1.61634 7.19197 10.2047 0.324122 0.229013 1.06971 

34 2.746 11.2291 17.1458 0.536135 0.183578 0.606982 

35 3.29641 8.67548 5.13783 0.752666 0.335071 0.837294 

36 4.42115 6.06926 11.8234 0.259186 0.383561 1.05797 

37 3.00635 4.23549 13.0955 0.629811 0.273386 0.527092 

38 4.16789 5.11108 12.0744 0.573524 0.315021 0.580334 

39 4.52547 7.91606 4.61653 0.648551 0.196486 1.17533 

40 4.46771 5.9791 8.05872 0.705765 0.565061 1.33282 
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41 5.17355 10.3966 10.8146 0.49536 0.523763 1.50038 

42 6.05853 2.83867 11.5424 0.56504 0.560152 1.45896 

43 2.18228 6.45923 6.20898 0.41364 0.530412 1.26273 

44 2.56705 7.51101 9.01367 0.519731 0.237349 0.696782 

45 2.46114 4.52907 5.07622 0.470309 0.136329 1.2326 

46 3.40581 5.83161 10.9723 0.500659 0.360634 0.654412 

47 5.77693 9.00122 11.2007 0.340909 0.505479 0.789421 

48 4.14869 7.33482 15.8454 0.181025 0.266042 1.03784 

49 7.24575 6.95044 3.85535 0.418544 0.166059 0.413568 

50 3.17478 7.07019 17.6357 0.208229 0.886294 0.384608 

 
* Thickness of heat insulation (cm) 
 


