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Abstract 
 

The question of climate changes and rational energy consumption is becoming more and 

more important. It is evident that average temperature of the planet Earth is rapidly 

increasing over the last decades which causes numerous negative consequences. In order 

to reduce the energy consumption and fight the climate changes, building energy sector 

plays one of the most important roles. According to many scientific studies, 40% of the 

total energy consumed in the European Union is devoted for different applications 

within the buildings. Therefore, the energy efficiency of buildings tends to be one of the 

crucial elements in order to overcome these problems. When dealing with energy 

efficiency in buildings, the focus is still on the retrofitting and modernization. In 

addition, the approach which is showing a great potential is application of advanced 

control strategies in the building automation systems. In order to define the optimal 

control strategy for a certain building, the first step is to identify a model which 

appropriately represents this phenomenon. In the framework of building modeling for 

the control purposes, gray-box models are quite frequently used. In this work, the grey-

box building modeling will be presented and validity of the identified model will be 

shown. Usually, this kind of modeling requires a set of measured experimental data for 

the model to be tuned. Since the building of consideration in this work is imaginary 

research model, collection of this data is not feasible. In order to overcome this obstacle, 

white-box simulation data will be used instead. Accordingly, in the first part of this work 

the focus is on white-box simulation performed by the two different software – IES-VE 

and ISO-52016 Excel tool. Subsequently, this data is used for gray-box modeling and 

building parameters identification. Generally, the process of parameters identification 

could be enormously time demanding and for this reason it was carried out by using the 

genetic algorithm. Considering the model validation, it was possible to obtain a good 

matching between the outputs of the white-box and gray-box simulation software on the 

monthly basis. When analyzing the monthly energy demand, relative error achieved for 

the heating curves is 13.47%, while for cooling curves it equals to 3.65%. On the other 

hand, when analyzing the hourly energy demand of the typical days, the calculated error 

in case of heating is 58.92% while in case of cooling it is equal to 28.90%.Therefore, 

matching between the hourly curves could be possibly improved and will be discussed in 

detail. 
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1 Introduction 
 

1.1 ENERGY EFFICIENCY – THE TOOL AGAINST CLIMATE CHANGES 

 

The atmosphere of Earth is considered to be one of the most complex, inanimate 

physical systems there are in the universe due to it being the result of the interaction 

among all essential forces, animate beings, and humankind. The atmosphere, the airy 

part of the Earth humans live on, is what they are most sensitive to. For instance, a man 

could live without food for a couple of dozens of days and around a dozen without water 

but could survive without oxygen for several minutes only. That is why the atmosphere 

has always been on one's mind, both consciously and subconsciously, thanks to two of 

its parameters – weather and climate. Weather is said to be the current state of 

atmospheric processes on some location, whereas climate is defined as a composite of 

generally prevailing weather conditions in one particular place. 

 

The climate-changing process is continuous and it depends on two main groups of 

factors: cosmological one, which includes the Sun and phenomena in the space, and 

geological one, including orography, plants, animals and humans. Humankind could also 

be considered as an individual factor that has been affecting the climate ever since the 

beginning of human existence and especially since the industrial era. 

 

Scientific researches have proven that the climate used to be significantly both warmer 

and colder during the history than it is today. For instance, several glacial periods as well 

as interglacials, that even lasted for thousands of years, have been noted in the last 

millennium.  However, the climate has varied between cold and warm extremes during 

each of these periods. Each civilization of the greatest importance was created in this 

warm, latest geological period, given the fact that the warm climate was the reason why 

our society has developed with all of its flaws and virtues. Very few momentous 

technological and civilizational creations were made during the Ice Age, primarily due to 

the poor climate conditions. On the other hand, the warm climate is proven to be the 

"modus vivendi" for humankind. 

 

The nineteen-eighties were when the temperature significantly began to increase, which 

further brought about first discussions on the matter of the global ice melt. What caused 

the temperature increase, also known as global warming, was the growing concentration 

of certain gases in the atmosphere. Colloquially it is called greenhouse effect and it is 

depicted in the Figure 1. In fact, it appeared as a direct consequence of combustion of 

the fossil fuels and other harmful human activities. Carbon dioxide is marked as the most 

affecting of all gases. It is more than clear that humankind caused the process of global 

warming that cannot be stopped, but at the same time, humans, as the only rational 

species on our planet, have to be in charge of controlling global warming and preventing 

it from violating the current geostrategic locations in the world, as well as keeping the 

planet we live on as clean and as beautiful as possible. The only way of achieving such 

success is to pay close attention to the way we use and save energy. 
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Figure 1: The greenhouse effect 

 

The issue of sustainable development has been the subject of greatest importance at all 

worldwide gatherings regarding ecology, economics, and energetics for years now. This 

major problem is closely related to the lack of energy supply sources on one, and 

environmental pollution and global climate changes on the other hand. Both these issues 

are caused by excessive and unreasonable energy consumption. 

 

More prudent usage of energy first started being considered in 1973, when the oil crisis 

broke out. That was when the governments of many countries introduced new, severe 

laws that would reduce energy consumption and regulations on thermal protection of 

buildings. However, as soon as the price of energy sources stabilized on the market, the 

interest people took in the energy efficiency of buildings significantly decreased, but not 

for too long. Many pieces of research regarding the effect that energy consumption has 

on climate change proved that energy efficiency should still have been a contemporary 

issue at that time. That only proves that energetics has always been one of the most 

influential branches when it comes to all environmental issues. Therefore, the sooner we 

find more pure, renewable sources of energy, the better. That is why, the European 

Union introduced the "20-20-20 concept" that will have reduced carbon emission by 

20%, energy consumption by 20%, as well as increased renewable energy usage by 20% 

by the year 2020. 

 

In order to reduce energy consumption, many countries have introduced different kinds 

of fees, most of them being regarding the payment of CO2 emission tax. The most 

developed world countries have already started doing their best to consume energy as 

efficiently as possible, which also includes offering financial help to underdeveloped 

countries and advancing their energy consumption manners. Consequently, pollution 

awareness is being raised and the negative effects on our environment are being 

decreased. 
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Production, distribution and consumption of energy have an enormous impact on the 

sociological and economical progress of each country. The shape that our planet is in 

more than clearly shows that the hitherto unwary energy consumption must not be 

continued in the future. Luckily, renewable energy sources will most definitely persist to 

bloom as the conventional sources of energy are being spent to the extent that they will 

become unaffordable in the following several decades. Hence why creating thorough 

plans on the matter of energy consumption and enhancement of energy efficiency 

became a top priority in one country's system. 

 

Energy efficiency is an expression that includes efficient utilization of energy in the 

sectors of industry, transport, agriculture and building. However, it is of cardinal 

importance to draw a line between energy efficiency and energy saving. By no means 

are these two terms the same because energy saving indicates certain relinquishing, 

whereas efficient usage never disrupts nor reduces the usual conditions of living and 

working. 

 

Furthermore, the improvement in the field of efficient energy usage does not only 

include the appliance of technical solutions. All of the technology and its equipment has 

to be used by people who are educated and versed to work with the machinery, 

otherwise the technological devices will not be as productive and beneficial as they were 

originally planned to be. Therefore, energy efficiency is primarily one's conscience and 

will to approach the matter of the energy differently, and only secondary it is an issue 

that requires complex technical solutions. Thus, even giving users a piece of advice or a 

simple recommendation on how to ameliorate energy efficiency could be beneficial. 

Measures like that are nonchargable, yet they could achieve considerable energy savings. 

Only when the awareness of efficient energy utilization is raised among the technology 

consumers, should the purchasers be introduced to the new, more advanced 

measurements for cutting down the energy consumption that will eventually improve 

both energy and economical efficiency.  
 

1.2 IMPORATINCE OF ENERGY EFFICIENCY AND BUILDING ENERGY 

MODELING 

 

According to the several different authors, buildings are the main individual energy 

consumers whose energy consumption tends to grow along with the growth of the 

population. Around 40% of the total energy in the European Union is spent on building 

sector, then industry follows with 31% percent and finally, transportation takes third 

place with the consumption of 28%. 

 

Energy consumption of a building significantly depends on the building itself and its 

thermal properties, wall materials, type of windows and airtightness of all openings in 

the building facade. In addition to the thermal usage, a great amount of electrical energy 

is utilized for different lighting purposes. In both cases, the usage relies upon the size 

and geometry of a building, but primarily upon the characteristics of the transparent 

facade elements. In cases where buildings are not isolated properly or do not possess 
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appropriate heating systems, the energy will be wasted and emitted through poorly 

constructed walls, rooftops and windows during the wintertime. Moreover, buildings are 

also predominant pollutants of the environment since the increasing number of buildings 

results in an increase in energy consumption and CO2 emission. 

 

The improvement of energy efficiency in buildings presents a significant need for a more 

reliable energy supply, mindful usage of the resources and comfort of citizens. These 

measures do not only apply to the building shell, but also installations of heating, 

cooling and lighting systems. Considering the fact that there are many residential 

buildings in the EU countries, it is more than clear that such projects have great potential 

to be executed. Unfortunately, around 75% of the buildings still have very low energy 

efficiency, whereas only 0.4 to 1.2 percent of the already existing buildings in the EU 

are being renovated. 

 

So, the final goal of energy efficiency is to introduce mechanisms that would 

permanently reduce energy consumption in upcoming buildings and properly reconstruct 

those that already exist. Ideal solutions for that could be an altered way of designing and 

control, as well as inventing brand-new materials that would be used. 

 

Furthermore, as stated in [4], when dealing with energy efficiency in buildings, the main 

research areas are retrofitting and modernization. On the top of these, a promising 

approach is the application of advanced control strategies in the building automation 

systems. The potentiality of this approach is shown, for example in (Liao Z., 2004): the 

only improvement of a boiler control can lead to an energy saving up to 20%. 

 

Despite the research efforts in improving advanced control technics, the most widely 

used approach for temperature control in buildings, is the use of a single heating-curve, 

which is tuned based on the climatic zone and few building characteristics, and a 

feedback temperature control. In some cases, in addition to the heating-curve, the 

heating, ventilation and air conditioning system (HVAC) is locally controlled with rule-

based controllers which use an “if-than-else” strategy to maintain the desired ambient 

condition in each room. With this control configuration, what is immediately evident is 

the lack of an optimized strategy for the entire building control. Advanced control 

technics can overcome this problem. The main research directions in the above 

mentioned field are [4]:  

 Learning based approaches like neural networks, genetic algorithms, fuzzy 

techniques, etc.  

 Model predictive control (MPC) 

 

However, in order to define the optimal control strategy, the first step is to identify a 

model which appropriately represents this phenomenon. Hence why various ways and 

approaches that are applied for building energy modeling are presented in the following 

chapter. 
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2 Modeling approaches 
 

2.1 INTRODUCTION 

 

During the last decade, a plenty of scientific work in the field of building energy systems 

modeling has been done and could be found in the literature. Question of energy consumption 

reduce in residential buildings represents technological, environmental and socio-economical 

preoccupation which justifies advanced scientific research. 

 
Accordingly, it is very important to analyze the available modeling approaches in order to 

ensure higher efficiency of buildings’ systems, due to the fact that the main residential loads 

are space and water heating together with the air conditioning. It is confirmed that the 

majority of the energy in every household is devoted for these three usages. Therefore, a 

variety of energy and thermal modeling approaches have been created in order to quantify the 

energy spent for these three main residential loads. 

 

When dealing with mathematical models, according to [3] two general groups can be 

identified: 

 Forward models 

 Inverse models 

 

Models from the first class – forward models – are based only on the physical knowledge of 

the system of consideration. Forward modeling is primarily used for design purposes because 

observation of the existing system is not needed in order to create a model. For example, 

when modeling the building energy systems, the design of a HVAC (Heating, Ventilation and 

Air Conditioning) system is performed to take into account physical characteristics of the 

components involved and the desirable behavior of the whole system. 

 

On the other hand, the inverse modeling approach is generally used to perform the 

monitoring and application of on-line control strategies because inverse models require data 

to be calibrated, so it needs a physical knowledge of a real system. These are used as the 

inverse models for describing thermal behavior and evaluating the energy consumption of 

buildings, rather than for design purposes. 

 

It is worth noting that both forward and inverse approaches result in a set of equations with 

parameters, but they differ in the way the values of these parameters are defined. 

For example, suppose that the value of the thermal resistance or specific heat of the wall has 

to be set. Following the forward modeling framework, this value is defined directly by the 

knowledge of the material the wall is made of. Conversely, in inverse modeling, the same 

parameter is set to its values without wall material information, just by using data collected 

during experimental process on the thermo-physical properties of the wall. Therefore, it is 

evident that inverse approach is especially attractive if one has a limited knowledge of the 

system and a great amount of available data. [3] 

 

According to another classification, the modeling approaches are divided into following three 

categories: 

 White-box modeling 

 Black-box modeling 

 Gray-box modeling 
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The approaches differ in the amount of physical relationships that are included in the models, 

with the white-box and black-box considering to be utterly physics-based and data-driven. 

Later in this chapter, it will be shown that white-box modeling is essentially direct approach, 

while black-box modeling is inverse. Ultimately, the gray-box modeling presents a mixture of 

both. This third category is a hybrid modeling method, which combines both physical and 

statistical modeling techniques. 

 

As it had already been mentioned before, the white-box models are quite dominant in the 

design stage, but all three approaches are often used in different building operation 

applications. For instance, imagine that it is questioned which model should be opted for in 

an energy consumption prediction framework. According to the rule of thumb, if there is 

enough knowledge on the matter of building and it can properly describe the set of heat 

transmission, heat storage and heat flux, as well as the corresponding parameters that have 

physical significance, then these can be described by fundamental physical principles. In this 

case, the answer to the question regarding model structure is the “white-box” models, which 

will be the most fitting for all the phenomena and predictable heat consumption. Broadly 

speaking, the white-box models should be able to be constructed from the basic information 

without needing any previous observation. However, in cases when residential building is too 

complex to be described by physical fundamental principles, but can nevertheless be 

observed or measured, then the “black-box” models would be the most desirable ones. The 

main characteristic that this model is known for is an input-output behavior without any 

detailed information about the structure. Finally, in case that the set of phenomena of 

residential building can simultaneously be directly observed and carries physical meaning, 

the “grey-box” should be applied to predict the heat consumption, as well as estimate the 

demands of thermal-energy. [17] 

 

In the following sections, each approach to the modeling will be described and analyzed in 

more details. 

 

2.2 WHITE-BOX MODELING 

 

In the case of a model, which is defined with the parameters with real physical significance, 

we speak of a white-box modeling approach. Just like the last section states, this sort of 

modeling requires a significant amount of building data, such as building geometry, 

construction elementary materials and their thermo-physical properties. 

 

When it comes to white-box modeling, nearly no approximations are made by using any bulk 

parameters, hence why the model contains as many details as the simulation model can 

provide. Actually, the robustness and complexity of white-box modeling primarily depends 

on precision level which is chosen for the phenomena associated with the building system 

that is to be modeled. Well known examples for that would be some typical building 

simulation programs (such as IES-VE [24], Energy Plus [25], etc.), along with simplified 

lumped capacity models, usually represented by RC network analogies. [16] 
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Basic working principles of the white-box models are generally defined by the equations 

shown in the Table 1. According to the type of equation used, one of the following 

classifications is possible: 

 Static and dynamic models 

 Linear and nonlinear models 

 Differentiable, continuous and non-continuous models 

 

In static models, the output of system does not depend on the time, whereas in dynamic 

models, the output time can vary due to the dynamic heat balance time evolution. These 

dynamic white-box models are usually shown thanks to differential equations. However, their 

mathematical representation is also dependent on the relation which is between the 

parameters. These relations can be ordinary, partial, linear and non-linear differential 

equation. [17]  

 

In the Table 1, the most commonly used equations together with the corresponding examples 

are summarized: 

 

 

Table 1: White-box models classification 

 

With this being the final point of this section, focus should be shifted from the general 

representation of the white-box modeling to the specific problem of this thesis work. In this 

work, white-box modeling will be performed with the aid of the IES-VE (Integrated 

Environmental Solutions Virtual Environment) software using available data of the 

completely defined family house. Afterwards, thermal loads analysis and the most important 

results will be presented in the Chapter 5. 
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2.2.1 Building energy simulation software 

 

Nowadays, energy simulation software are becoming more and more significant for reducing 

the amount of energy used in buildings and its related cost. Approximately 30% of the energy 

consumption in buildings is devoted for increasing of thermal comfort and for different 

lighting purposes. Building energy simulation software found their application in several 

fields: 

 Thermal loads calculation 

 Energy consumption analysis 

 Sizing of the HVAC systems 

 Calculation of the cost of energy consumed by the system 

 

Features of the three most commonly used software – IES-VE, Energy Plus and TRNSYS – 

will be presented in the following sections. 

 

IES-VE 

 

The first software to be discussed is IES-VE, acronym which stands for Integrated 

Environmental Solutions Virtual Environment. This simulation software provides a plenty of 

variables which could be possibly examined. Tools intended for energy analysis enable 

calculation of the energy usage, heating and cooling thermal loads, carbon emissions etc. 

Lighting functions include daylight assessment, incident solar radiation analysis and impact 

evaluation of the local shadings. Typically, simulation process is performed on a model 

representing the real building geometry. Additionally, IES-VE allows interaction with other 

energy simulation and architectural software. 

 

IES-VE incorporates several different tools, where the most important ones are the following: 

Model IT, Sun Cast, Apache, ApacheHVAC, MacroFlo, VistaPro, LightPro and 

RadianceIES. The first one, Model IT, is intended for modeling of the building which will be 

examined – its complete geometry together with thermo-physical properties. Also, it is 

possible to import a floor plans or entire models from some of the other architectural software 

such as AutoCad, Revit od SketchUp. Then, the Sun Cast tool allows calculating the amount 

of incoming solar radiation on each surface. Apache is the tool used for dynamic energy 

simulation of heat transfer processes occurring in the building of consideration. It can be 

linked with Sun Cast to quantify the effect of different shadings or with MacroFlo to make an 

analysis of natural ventilation. Afterwards, ApacheHVAC is a tool which could be used for 

design and analysis of the HVAC system, while LightPro and RadianceIES are intended for 

the lighting systems. Lastly, the tool called VistaPro is used for the results extraction and 

analysis. 

 

Energy plus 

 

As stated in [26], Energy Plus is one of the most known energy simulation software tools. Its 

development began in 1996, sponsored by the Department of Energy (DOE) from United 

States of America (USA). Initially, the U.S. government was developing two different 

software tools, BLAST and DOE-2, which were abandoned after many discussions and 

represented a first step and the working basis of the Energy Plus. The Energy Plus has the 

features and capabilities of BLAST and DOE-2, however is an entirely new software tool that 

combines the heat balance of BLAST with a generic HVAC system. The Energy Plus aims to 

develop and organize software tools in modules that can easily work together or separately.  



Chapter 2 

 

15 

 

It is important to outline that in Energy Plus does not exist a visual interface that allow users 

to see and concept the building. In this case third-party software tools, i.e., Design Builder 

need to be used. Energy Plus is a thermal simulation software tool that allows the analysis of 

energy throughout the building and the thermal load and it is used by engineers, architects 

and researchers to model the energy use and water use in buildings. The software tool 

simulates models for heating, cooling, lighting, ventilation, other flows of energy and water 

use. The simulation of a building is divided into two stages: 

• Construction of the building 

• Introduction of data, such as environmental aspects, effects of shading, cooling system, 

internal gains, etc. 

 

Sub-hourly time step calculation and dynamic effects of energy balance calculations present 

the essential advantage of Energy Plus over the DOE-2.  On the other hand, it usually causes 

slower processing and simulation compared with other software based on DOE-2. 

 

TRNSYS 

 

According to [26], TRNSYS is a transient system simulation software tool with a modular 

structure that has been specially designed to develop complex systems related to energy, 

outlining the problem in a number of smaller components. The components may range from 

simple heat pump to a multi-zone of a building complex. The components are configured 

through the graphical user interface known as TRNSYS Simulation Studio. In the simulation 

software tool energy TRNSYS the construction of the building can be achieved by the 

introduction of data on dedicated visual interface, known for TRNBuild. The software tool 

sets the time intervals which may vary from 15 minutes to an hour, but may be able to 

perform simulations in the time interval of 0.1 seconds. The library software tool in addition 

to a multi zone, allows the use of many commonly used components, including: solar panels, 

photovoltaic systems, HVAC systems, cogeneration systems, hydrogen, among others. It also 

allows the creation of routines to manipulate weather data and other data by changing the 

simulation results. The modular nature of this software tool facilitates the addition of 

mathematical models to the software tool. The components can be shared among multiple 

users without having to recompile the software tool due to the use of DLL technology. In 

addition, this energy simulation software tool allows the user to incorporate other 

components developed in software tools such as MatLab or Excel. Moreover, the software 

tool includes the possibility of adding HTML views through a software tool called TRNSED, 

which enable non-users to view and do parametric studies of TRNSYS files, in a simplified 

representation of a web page. 

 

2.3 BLACK-BOX MODELING 

 

The most general definition of the black-box models defines them as statistical, empirical 

models which have no parameters that are physically significant. Being a contrary to the 

white-box modeling, this modeling approach is commonly used when having limited 

information regarding the system of interest. In fact, this model is used when the response of 

a system is not divided into its underlying mechanisms and is solely represented by an 

empirical description or set of transfer parameters that do not give away any details regarding 

the internal physics. [29] 

 

Accordingly, the structure of the building system phenomena is not reflected by the internal 

structure of the corresponding black-box model. So, in this modeling approach the main 
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focus is on finding suitable relationships between input and output variables, independently 

of the building system of consideration. Thus, internal working of the system is not described 

and the model merely solves a numerical problem without referring to any underlying 

physics. This usually results in the set of empirical correlations with parameters, which relate 

to the inputs and outputs of the model. 

 

In order to obtain these correlations, mathematical function which represents the thermal 

behavior of a building has to be defined. Doing that requires measured input and output data 

that are used to identify the model parameters. Mathematical correlations which describe the 

thermal performance of the system are defined and based on above-mentioned measured data, 

and once they are fixed, model will be fed with the new input data, so that it could obtain the 

corresponding output data. 

 

Many examples of the application of black-box modeling in the building energy sector could 

be found in literature. Therefore, to clarify the working principle and essential idea of this 

modeling approach a simple example of the black-box model is provided by the Equation 1 

[3]: 

𝑇 = 𝑇𝑎𝑚𝑏 +
𝑃

2 ∙ 𝐴0.8
 

Equation 1 presents a steady-state temperature of a resistor integrated in the electrical circuit. 

In this equation Tamb is ambient temperature, P is the electrical power applied and A is the 

area of the resistor. This black-box model consists of three inputs (ambient temperature, 

electrical power and resistor area) and one output (resistor temperature). Further analysis of 

the model based on Equation 1 shows that it is characterized by following properties: 

 

 The model formulated in this way provides only steady state information  

 The main drawback of black-box modeling is clearly shown here since the model 

does not have much physical meaning. Values 0.5 and 0.8 in Equation 1 are 

determined through the set of experimental measurements and are not connected to 

the underlying physics.  

 Also, it is clear that the model is not flexible. If something changes, like type of the 

resistor or if some other electrical component is placed nearby, the Equation 1 does 

not hold valid any more. New set of measurements should be done and completely 

new equation is required. 

 

Different authors propose different classifications of the black-box models. With respect to 

the model internal structure black-box models can be divided into linear and nonlinear, static 

and dynamic models, just as the white-box models. The structure of the model is dependent 

on the relationships between the input and output data. It’s these relationships that decide 

what black-box methods will be available to be used for so called parameter identification 

(calibration). In the Table 2 an overview of the various approaches is given [17]:  

 



Chapter 2 

 

17 

 

 

Table 2: Black-box models classification 

 

One of the advantages of this type of modeling is that the parameters are mainly adjusted 

automatically. This automatic adjustment of black-box parameters presents the greatest gain 

in comparison to white-box models. On the other hand, the main drawback is their implicit 

relationship with fundamental principles and physical laws. Indeed, lack of almost any form 

of physical meaning makes it difficult to find a relation between the actual device being 

modeled and corresponding black-box model. As shown in the example of electrical resistor, 

a remarkable disadvantage of this method is its lack of flexibility. If something physically is 

only slightly different the whole model has to be changed and defied again, which means a 

lot of work to do in order to determine new relationships, coefficients and bulk parameters. 

 

In order to overcome these disadvantages, the third modeling approach was created, so called 

gray-box modeling, which will be described in the next section. 
 

2.4 GRAY-BOX MODELING 

 

In energy modeling of building systems, it is reasonable to combine the relative strengths of 

white-box modeling coming from physical interpretation with the black-box strengths based 

on the statistical analysis to obtain a hybrid model. As a result, the new modeling approach 

appears so called gray-box modeling. In that sense, the standard grey-box methodology is 

based on both model properties that meet the physical fundamental principles and appropriate 

statistical methods. Also, grey-box models can be developed for the individual components or 

for a larger complex system. 
 

Accordingly, grey-box methodology consists of partial a-priori knowledge of the system and 

empirical knowledge gained from the data. The first type of knowledge is especially used for 

defining the structure of the building model, whereas the second one mainly tunes 

parameters. This kind of tuning via data usage is called parameter identification and it will be 

discussed more in detail in the Chapter 7. 
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To make it clear, this approach does not provide information on the structure of diverse 

parameters from the white or black models. Instead, we just know that there is a combination 

of both methods without knowing which one is more dominant in the mixture of white-box 

and black-box approaches. Depending on the problem, this combination is automatically 

done and the choice of basic functions (e.g. linear, harmonic or polynomial) is adapted to the 

specific problem and simulation requirements. 
 

Gray-box building model structure consists of a set of differential equations with some 

parameters and which can be represented with a simple electric equivalent, through an RC 

network using analogy between the electric and thermal properties. This method is explained 

into details (Parnis G.A., 2010) and its essence is the use of electrical components, thus it 

could represent thermal phenomena and quantities. [3] 
 

As a part of the gray-box modeling process, building monitoring is required in a sense of 

measuring relevant parameters such as room temperature, incoming solar radiation etc. 

Afterwards, the data sets obtained from the measurements are used to develop, validate and 

calibrate the corresponding gray-box model. However, it happens quite frequently that 

experimental data are not obtainable for different reasons – accessibility of required 

equipment, availability of a case study etc. Additionally, in reality, this data of a 

representative building or dwelling is usually unavailable, so numerous model developers 

emphasize this as a great issue in calibrating and validating their models that use this kind of 

data. To overcome this obstacle, the data obtained by simulation software and tools (such as 

IES-VE[24], TRNSYS[32], Energy Plus[25] etc.) are quite frequently used instead of the 

measured experimental ones. This approach will be followed and presented in the Chapter 7, 

using data selected from the white-box simulation in the IES-VE software. 
 

Also, it is worth noting what are the main advantages and drawbacks of grey-box modeling 

comparing it to the white-box methodology. The greatest benefits of the gray-box approach 

are that it requires a lower level of data whose uncertainties are also better controlled. On the 

other hand, the main drawback when comparing to white-box models is its lower flexibility 

for implementation of changes which might be required – for example building features, 

building HVAC systems or anything else. [13] 
 

Grey-box modeling confirmed to be a very useful methodology for the problems in many 

different sectors and they are functionally applicable in the following cases. Firstly, in 

absence of detailed information on the matter of building thermal mass and other energy 

related phenomena (e.g walls or floor thermo-physical properties). These information greatly 

influence the building thermal dynamics and related heat flow processes. Secondly, when 

there is uncertainty of the end usage and actual occupants behavior. Lastly, when the capacity 

of the means of calculation and experimental building is limited. For all before-mentioned 

cases, grey-box modeling can increase the optimality of the energy management of other 

loads, such as HVAC and water heating. In fact, this kind of modeling can smooth the load 

factor during peak hours, improve reliability and efficiency in power networks and cut on any 

operational costs. 

 

Another practical application of the grey-box modeling approach is quantifying the real effect 

of a specific energy saving measure in a specific building. On the one hand, it owns the perks 

of the white-box modeling simulations because it is possible to make a comparison of two 

different scenarios, before and after renovation works, under the same operating conditions. 

On the other hand, it is necessary to carry out a building monitoring in order to define the 



Chapter 2 

 

19 

 

grey-box model, and thus, possible faults in the building envelope or energy systems will be 

implicitly taken into account. Otherwise, they would stay unnoticed when a typical 

aforementioned simulation software are used. 
 

In this work, gray-box building model based on the RC thermal networks implemented in the 

Excel will be used. The obtained results will be shown in detail in the Chapter 7, with the aim 

of proving the model validity when applied for two different purposes. 
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3 Location and climate data analysis 
 

3.1 INFLUENCE OF CLIMATIC FACTORS ON THE BUILDING ENERGY 

REQUIREMENTS 

 

Before starting an energy analysis of a building, it is important to understand the outside 

weather conditions of the reference location because they will significantly influence thermal 

loads calculation and other relevant simulation results. 
 

In the literature, several classifications of the different climate types can be found. The most 

commonly used one is defined by Russian scientist Wladimir Koppen, shown in the Figure 2. 

According to this classification, there are five main categories: 

 Tropical 

 Dry 

 Temperate 

 Continental 

 Polar 

 

 

Figure 2: Climate types 

 

Had we compared instances of buildings located in tropical and continental climate regions, 

totally different reasoning and design approaches would have been applied. In the case of 

tropical climate, due to very high temperature that is present outside, the main focus would be 

on cooling needs, while space heating is almost negligible. On the contrary, weather 

conditions in continental regions dictate that the attention must be paid to heating energy 

needs and appropriate design to reduce thermal energy losses during the winter. 
 

Accordingly, the geographical position and climate of the reference location will be presented 

in the following sections of the Chapter 3. In this work, as a reference location, the city of 

Milan is chosen, which is the capital of the Lombardy region located in northern Italy. 
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3.2 GEOGRAPHICAL CHARACTERISTICS OF ITALY AND THE CITY OF 

MILAN 

 

Italy is a country that is located in Southern Europe. Being in the Apennine Peninsula 

provides it with a geographical location that is very desirable world-wide. Besides being 

spread all the way to the heart of the Mediterranean Basin, it also lays between 37 and 47 

degrees of northern latitude, and 7 and 19 degrees of eastern longitude. The shores of the 

Ligurian, Tyrrhenian, Adriatic and Ionian seas surround its territory, whereas its largest 

island Sicily is right in the Mediterranean Sea. Italy shares its overland borders with France, 

Switzerland, Austria and Slovenia. 
 

The object that will be analyzed in this thesis is located in Milan, the capital city of the 

Lombardy region. Geographical coordinates of the city of Milan are 45° 27' N and 9° 11' E. 

Its position on the map of Europe is shown in the Figure 3. 
 

 

Figure 3: Geographic location of the city of Milan 

 

3.3 CLIMATE IN ITALY AND CITY OF MILAN 

 

Having analyzed the climate features of this area, it was more than noticeable that Italy has a 

rather pleasant climate during the year thanks to the influences from the seaside and the 

presence of the Alps, which shield Italy from the cold northern winds. However, the weather 

significantly depends on whether one is closer to the sea or to the mountains. The climate in 

Italy wavers from cold continental in higher areas of the Alps and the Apennines, to the 

subtropical one down the west coast of the peninsula and the Ligurian Sea. That is why big 

differences in temperature can be measured between the Southern Italy and the Northern one 

during the winter — Milan could be covered in snow and with only -2°C and simultaneously, 

it could be 8 degrees of Celsius in Rome, and even 20°C in Palermo. The average yearly air 

temperature in Italy is 15,2°C. Heaviest downfalls are registered in autumn and winter, when 

winds from the West have a great impact on the Italian weather and make its average amount 

of downfalls be 804 mm per a year. 

 

In the contrary to the subtropical and Mediterranean clime, which is the feature of the 

Southern Italy and the Gulf of Genoa, the clime in the Lombardy is continental. In the 

northern part of the country, between the Alps and the Tuscan-Emilian Apennines, the clime 

is rather extreme, with very harsh winters and very hot but moist summers. The temperature 

can even reach -15 degrees of Celsius in wintertime due to the Apennines that do not let the 

summer breeze in. 
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In the most northern lands of the country, the temperature can even decrease below the 0 

degrees in the winter and increase over the 30 degrees of Celsius in the summer. This is 

something that Italy has in common with Alpine climate which is present in Switzerland and 

Austria, albeit Italy tends to be more rainy and undoubtedly has warmer weather during both 

summer and wintertime. 

 

 

Figure 4: Climate types in Italy 

 

According to Koppen classification, Milan is characterized by humid subtropical climate (Cfa 

in the Figure 4), but also showing some characteristics of continental climate. Usually, 

winters are moderately cold with very regular appearance of fog and snow, while summers 

are extremely warm and humid. 

 

Focusing now to the framework of white-box simulation in IES-VE software, different 

sources of weather data are available for the city of Milan collected by different weather 

stations. Climatic parameters needed for the simulation will be taken from the weather file 

called MilanIWEC, and the most relevant ones are presented in the following sections. 

 

3.4 EXTERNAL DRY-BULB TEMPERATURE ANALYSIS 

 

The first climatic parameter to be analyzed is external dry bulb temperature. The average 

monthly values are obtained from the hourly temperature distribution. In the diagram from 

below, external temperature variation profile is presented for the whole year: 
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Figure 5: Average monthly values of the outside temperature 

From the Figure 5, it is apparent that external temperature is varying in the interval between 

0.3°C and 23.1°C achieved in January and July, respectively. The average monthly 

temperature during the summer is 21.5°C, while it is 1.5°C in the winter, with a yearly 

fluctuation of 20°C. 

 

Next graph (Figure 6) presents hourly temperature variation during the year, together with 

heating and cooling set point temperatures. 

 

 

Figure 6: Hourly variation of the outside temperature 

 

Judging by the look of this diagram, it is obvious that the coldest three months are December, 

January and February, while the hottest three are June, July and August. Adding into 

consideration heating and cooling set points, the conclusion is that the extreme values of 

sensible thermal loads are expected during these six months. Extreme values of the heating 

thermal loads are expected from December until the end of March. On the other hand, 

cooling thermal loads will reach their extreme values in the period between June and August. 

Maximum temperature in the year can even reach the values above 35°C, which are typical 

for the months of July and August. Wintertime is moderately cold with the minimal 

temperature around -10°C. 



Chapter 3 

 

24 

 

 

3.5 EXTERNAL ABSOLUTE AND RELATIVE HUMIDITY ANALYSIS 

 

By analyzing absolute and relative humidity of the city of Milan, one can state that Milan is 

quite humid place during the whole year. In addition to high temperatures, high humidity 

during the summer makes this period even more uncomfortable for people since breathing 

and latent heat exchange are aggravated. In the wintertime, higher humidity is often causing 

fog and frost formation. Absolute humidity variation over the year is shown in the Figure 7. 

 

 

Figure 7: Average monthly values of the outside absolute humidity 

Considering the absolute humidity variation over the year, it is notable that the maximum 

value of 0.012 kg/kg is reached in June, while the minimum value of 0.003 kg/kg is achieved 

in February. Furthermore, in the graph from the Figure 8, the average monthly values of 

relative humidity are shown. 

 

 

Figure 8: Average monthly values of the outside relative humidity 

 

Looking at the chart from the Figure 8, one can conclude that the average monthly absolute 

humidity is ranging from 0,003 kg/kg in February to 0,120 kg/kg in June. On the other hand, 
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the extreme values of the relative humidity are achieved in February – 64.4% and October – 

89.8%. 
 

3.6 INCIDENT SOLAR RADIATION ANALYSIS 

 

The last relevant environmental factor to be considered is incident solar radiation. It plays a 

big part in understanding the role of the Sun in building energy simulation, in which solar 

gains will have quite significant impact, as it will later be shown in the following chapters. 

The graph below (Figure 9) presents distribution of global horizontal radiation along a 

reference year, divided into two contributions: direct and diffuse radiation. 

 

 

Figure 9: Average monthly values of the direct and diffuse solar radiation 

 

Having the geographic position of Milan in mind, it was expected that the incoming solar 

radiation will reach a peak value during the summer months, while the opposite holds truth 

for the winter months. It is in the interval between 29.52 kWh/m2 for December and 202.03 

kWh/m2 for July. The greatest contribution of direct component is 129.09 kWh/m2 achieved 

in July, while for diffuse component it is 87.05 kWh/m2 in Jun. 
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4 Object of analysis – Standard Family House SFH100 
 

4.1 GENERAL DESCRIPTION 

 

The previously described white-box and grey-box modeling will be performed on one of the 

three buildings defined in [1]. It is a Standard Family House SFH100 representing a 

hypothetical non-renovated existing building. So, it does not exist in reality, but serves to be a 

standard model used for research purposes. 

 

As depicted in the Figure 10, SFH100 has a simple geometry which is detailly presented in 

the Section 4.2. The house consists of four vertical walls and a roof made of two separated 

tilted surfaces, shown in the architectural 3D model in the Figure 10. According to [1] 

“internal walls and floors are depicted for the sake of completeness and play no active role in 

the simulation”. What is important regarding the internal partitions is their storage capacity, 

not their spatial arrangement. Also, the case study [1] states that internal capacities caused by 

such building structures can be simplified in the white-box simulation as one large inner wall 

of 200m2. 

 

 

Figure 10: West and south facade 

 

The last point to be explained is the division of this house into thermal zones. Following the 

reference case study, the whole object is separated into attic space, which is unconditioned 

zone, and the rest of the house, which will be simulated as one common thermal zone. 

 

4.2 BUILDING GEOMETRY 

 

In this section, all internal and external measures of the building are presented in the Figure 

11, Figure 12, Table 3 and Table 4. 
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Figure 11: Vertical building intersection from the west side 

 

 

Figure 12: Vertical intersection from the south side 
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Table 3: External building measures 

 

 

Table 4: Internal building measures 

 

In addition to the data presented above, it worth noting that the total net floor area of the 

house equals 140m2, while inner air volume is 403m3. As it was already said before, thermal 

mass of the building and its internal capacity is taken into account by inner walls, having a 

total area of 200m2. 

 

4.3 BUILDING ENVELOPE AND THERMO-PHYSICAL PROREPTIES 

 

Thermal performance of building mainly depends on the structure and thermo-physical 

properties of their elements. In the case of SFH100, building elements can be divided in the 

following six groups: ground floor, external walls, internal floor/ceiling, internal walls, roof 

and windows. As stated in [1], thermal transmittance (U-value) calculation is performed 

according to EN ISO 6946:2007 using fixed values for internal and external convective heat 

transfer coefficients – αi= 7.69W/m2K and αe= 25W/m2K, respectively. 

 

4.3.1 Ground floor construction 

 

Ground floor is composed of five layers, whose characteristics are listed in the Table 5 from 

inside to outside: 

 

 

Table 5: Thermo-physical properties of the ground floor 
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Figure 13: Ground floor construction 

 

In the Figure 13, vertical intersection of the floor is given, showing all the architectural 

materials used. As it is depicted, there is a plaster floor under the thin layer of wood, followed 

by a sound insulation material – mineral fiber slab in this case. Going downwards, there is a 

concrete slab placed on the extruded polystyrene (XPS), which is used as a thermal insulation 

material. 

 

4.3.2 External walls construction 

 

In the family house SFH100, external walls are made of four different materials shown in the 

Table 6 from inside to outside: 

 

 

Table 6: Thermo-physical properties of external walls 
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Figure 14: External walls construction 

 

As it can be seen from the external wall construction depicted in the Figure 14, they are made 

of a brick covered with expanded polystyrene (EPS), used as a thermal insulation material. 

Additionally, plaster is placed as exterior and interior finishing material. 

 

4.3.3 Internal floor/ceiling construction 

 

Construction of the internal floor/ceiling which separates ground floor from the 

unconditioned attic space is given in the Table 7: 

 

 

Table 7: Thermo-physical properties of internal floor/ceiling 

 

 

Figure 15: Internal floor/ceiling construction 
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As presented in the Figure 15, internal floor is made of concrete on top of which mineral fiber 

slab is placed, guaranteeing appropriate acoustic insulation. Additionally, there are two more 

layers above – plaster and wooden floor. 

 

4.3.4 Internal walls construction 

 

As shown in the Figure 16, internal walls configuration is very simple. They are made of 

200mm thick clinker structure, whose thermo-physical properties are listed in the Table 8: 

 

 

Table 8: Thermo-physical properties of internal walls 

 

 

Figure 16: Internal walls construction 

 

4.3.5 Roof construction 

 

The last opaque building element of interest is roof construction. It is presented in the Table 9 

showing layers position as in the foregoing sections – from the inside to the outside: 

 

 

Table 9: Thermo-physical properties of the roof 
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Figure 17: Roof construction 

 

In the Figure 17, intersection of the roof construction is provided. Roof of the house is made 

of a gypsum board covered with a panel consisting of two plywood slabs with a rockwool 

placed inside, securing that the roof construction will be thermally insulated. 

 

4.3.6 Windows construction 

 

In order to completely characterize the building envelope, window construction along with 

their arrangement is presented in the Table 10, Figure 18, and Table 11: 

 

 

Table 10: Thermo-physical properties of the windows 

 

 

Figure 18: Window construction 
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Table 11: Windows arrangement 

 

Each window is made of two 4mm glasses separated by 16mm gap filled with the air. Around 

the glass, there is a wooden frame which occupies fifteen percent of the overall window area 

of 1m2. Considering their arrangement on the house walls, four windows are placed on the 

eastern and western facade, three windows on the northern side, while twelve of them face 

the south. 

 

4.4 THERMAL LOADS IN THE FAMILY HOUSE SFH100 

 

Considering the family house SFH100, different thermal loads should be examined. They can 

be classified in the following way: 

 

1. External thermal loads 

     - Transmission gains or losses 

     - Ventilation (infiltration) gains or losses 

2. Internal thermal loads 

    - Thermal gains caused by the presence of people 

    - Thermal gains due to heat released by electric equipment 

 

Following the sequence from this classification, thermal loads of the SFH100 are presented in 

the upcoming sections. 

 

4.4.1 External thermal loads 

 

Transmission gains and losses 

 

Transmission thermal load is caused by the temperature difference between the internal room 

temperature and the external ambient temperature. External temperature depends on the 

outside climatic conditions, while internal room temperature is the parameter of interest 

which has to be maintained in a specific range – between the set point and set-back point. Set 

point is a desired internal temperature and the HVAC system will automatically be turned off 

when the temperature is reached. On the other hand, the set-back point is the unwanted 

boundary temperature in a room, which is the signal for HVAC system to be turned on again. 

Different set and set back points are defined for the summer and winter period – 26(28)°C in 

the summer while 20(18)°C during the winter. Accordingly, in the space with a properly 

sized HVAC equipment, the real internal temperature will always be between these two 

boundary values. For the Standard Family House SFH100, it is depicted in the Figure 19: 
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Figure 19: Indoor air temperature with heating/cooling set points 

 

This temperature profile, obtained with the aid of IES-VE software, confirms that internal air 

temperature is in a desired range. However, this picture is provided here to just fulfill the 

explanation and understanding of the transmission thermal loads, but their numerical values 

and further analysis are presented in the Chapter 5. 

 

Ventilation (infiltration) gains and losses 

 

Indoor space occupied by people has to be ventilated, meaning that the contaminated air 

inside a room has to be replaced by the outside fresh air. There are two possible solutions – 

natural and mechanical ventilation. In the case of natural ventilation, air is exchanged through 

the door, windows and other openings, while fans and air ducts are used for the mechanical 

ventilation. Accordingly, the ventilation thermal load will arise due to the difference in 

temperature and relative humidity between the outside and inside air. In the case of the family 

house SFH100, mechanical ventilation systems are not adopted, so only a natural ventilation 

(infiltration) is present. Infiltration rate of the fresh air is constant all the time and equal to 0.4 

h-1. 
 

4.4.2 Internal thermal loads 

 

Thermal gains caused by the presence of people 

 

The total amount of heat released by each inhabitant is divided into 3 main contributions: 

convective contribution (20W), radiative contribution (40W) and latent contribution (40W), 

giving 100W in total. Since the number of people present in the house varies during the day, 

the following daily occupation profile should be considered: 
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Figure 20: Daily occupation profile 

 

As shown in the Figure 20, the number of residents can vary from zero to four. Four 

inhabitants are present in the period between 22:00 and 06:00, when it is assumed that people 

are sleeping. During the rest of the day, number of people varies on an hourly basis, having a 

peak between 12:00 and 13:00 because of the lunch break. 

 

Thermal gains due to heat released by electric equipment 

 

Many electrical appliances are present in each family house, such as different room lights, 

electrical heaters in the kitchen, computers and other. While operating, these electrical 

devices release certain amount of heat into their environment. The heat released by them is 

not constant during the day, so the electrical gains profile for the SFH100 is presented in the 

Figure 21 and Table 12: 

 

 

 

 

 

 

 

 

 
Figure 21: Electrical gains profile 

 

Table 12: Electrical gains profile 
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5 Building energy simulation using white-box approach 
 

5.1 GENERAL OVERVIEW 

 

Having complete building geometry and thermo-physical properties, dynamic energy 

simulation of the reference family house is performed by using two different software. 
 

The first one, IES-VE (Integrated Environmental Solutions Virtual Environment) is one of 

the most sophisticated BEM (Building Energy Modeling) software currently offered on the 

market. Without any limitation in the modeling of complex building geometry, dynamic 

impact of all relevant factors can be studied in detail. It is broadly used not only by engineers, 

but also by architects, energy consultants and researchers. 
 

The second software used is made by EBP center (Energy Performance of Buildings center) 

in the form of Excel spreadsheets [23]. It is a simplified white-box modeling software which 

comes as a supplementary part of the ISO-52016 standard, where all the calculation 

procedures are described. Since it is relatively new tool and still in a process of development, 

there are certain limitations in comparison to the IES-VE which will be discussed later. 
 

In the following sections of this chapter, specific energy needs and building energy balances 

are presented and analyzed in detail. 
 

5.2 SPECIFIC ENERGY REQUIREMENTS 

 

Considering the reference building SFH100, the energy needs are calculated both for heating 

and cooling season. It is assumed that the heating season starts in October and ends in Match 

for the city of Milan, while the cooling season lasts from April until the end of September.  

 

Moreover, it is important to emphasize that all the results in the Chapter 5 will be presented 

as a specific energy requirements, meaning that these are energy needs expressed per meter 

square of the floor surface. 

 

5.2.1 Thermal loads calculated in IES-VE 

 
Thermal loads calculation in the IES-VE software is performed according to the heat balance 

method defined by the ASHRAE (American Society of Heating Refrigerating and Air-

Conditioning Engineers). Summing all the contributions explained in the Section 4.4, the 

following results are obtained. 

 

Monthly distribution of the heating thermal loads for the SFH100 (in the form of specific 

energy requirements) is presented in the Figure 23: 
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Figure 22: Monthly heating loads calculated in IES-VE 

 

Considering the external temperature variation profile (Section 3.4), reasonable peak values 

of the specific energy needed for heating are shown in the two coldest months – December 

and January. In January, it is equal to 26.57 kWh/m2, while it is 23.91 kWh/m2 for the month 

of December. During the year, heating thermal loads show decrease, caused by the outside 

temperature rise. The last significant values are obtained in April and October, 6.69 kWh/m2 

and 5.31 kWh/m2 respectively. The total heating energy to be supplied during the whole year 

equals 15441.62 kWh. 

 

Now, to shift the focus from heating to cooling needs, it is worth mentioning that cooling 

thermal loads are divided in two contributions – sensible and latent. Sensible thermal load is 

present due to the temperature difference between the inner space and outside environment. 

On the other hand, latent thermal load is a consequence of the difference in outside and 

indoor humidity. Their distribution during the period of a year is depicted below, in the 

Figure 24: 
 

 

Figure 23: Monthly cooling loads calculated in IES-VE 
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The highest value of sensible cooling load corresponds to the month with the highest external 

temperature, which is July in this case. That only further confirms the consistency of the 

obtained results. In July, sensible cooling thermal load is equal to 4.52 kWh/m2. 
 

Considering the latent cooling loads, its maximum value is achieved in Jun, which is the 

month characterized by the highest absolute and relative humidity during the cooling season. 

In Jun, numerical value of the latent cooling load equals to 0.84 kWh/m2. 

 

Summing up both sensible and latent energy needs for all the months, the total yearly amount 

of energy needed for cooling is obtained and its value is 1799.14kWh. 

 

Lastly, the three daily profiles are provided in the Figure 25, Figure 26 and Figure 27. The 

first one is profile obtained for the 7th of December, which is taken as a representative day of 

the heating season. Then, 15th of March represents a mid-season, while 27th of June 

represents a cooling season. 

 

 

Figure 24: Daily profile 7th of December 

 

 

Figure 25: Daily profile 15th of March 
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Figure 26: Daily profile 27th of June 

 

From the daily profiles presented above, it is notable that indoor air temperature is kept 

strictly between the set and set-back points, during the whole year. During the winter, indoor 

temperature is never reaching a values out of the range of 18⁰C-20⁰C, while in the summer it 

is always between 26⁰C and 28⁰C. In IES-VE it is achieved by the ideal HVAC systems 

using the ideal control logic. 

 

5.2.2 Thermal loads calculated using ISO-52016 spreadsheets 

 

The same analysis is performed using ISO-52016 Excel spreadsheets, giving acceptably 

different results compared to the IES-VE software, as expected. The reason why is because 

thermal loads calculation is performed according to different procedure, defined in the ISO-

52016 standard, and several additional limitations. The most important ones are limited 

orientation of the object and limited tilt of the sun-exposed surfaces. Due to these lacks, the 

reference building SFH100 will be modeled as a rectangular prism, having equivalent internal 

air volume of 403m3. Accordingly, it will modestly influence the simulation process and 

should be kept in mind when analyzing the results. Furthermore, occupation profile can not 

be precisely defined as in IES-VE, where number of people can be varied from 0 to 4. Here, 

all occupants are either present or not, so the occupation profile was adjusted with respect to 

the one presented in [1]. 
 

According to this simulation software, calculated values of the heating thermal loads turn out 

to be the following: 
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Figure 27: Monthly heating loads calculated in ISO-52016 Excel tool 

 

Chart from Figure 28 has the same trend like the one obtained with the IES-VE, but this one 

is based on the slightly different numerical values. Here, the maximum monthly value of the 

heating thermal loads is 18.66 kWh/m2, achieved in January. 

 

Total annual energy needed for space heating is equal to 11343.18 kWh. 

 

Following the form of the presentation of the results from the previous Section, monthly 

cooling loads are presented in the same manner – divided into sensible and latent 

contribution: 
 

 

Figure 28: Monthly cooling loads calculated in ISO-52016 Excel tool 

 

Considering the Figure 29, maximum value of the cooling load is achieved in August and it is 

equal to 5.95 kWh/m2. Annual energy required for cooling is 3115.84 kWh. The last point to 

be mentioned is that daily profiles will not be analyzed in this section because hourly outputs 

are not available in the ISO-52016 Excel tool. 
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5.2.3 Comparison of the thermal loads 

 

In this section, thermal loads calculated by IES-VE and ISO-52016 Excel tool are compared. 

Firstly, in the Figure 30 and Table 14, comparison of the heating thermal loads is provided: 

 

 

Figure 29: Heating thermal loads comparison 

 

 

Table 14: Heating thermal loads comparison 

 

Then, in the Figure 31 and Table 14, comparison of the cooling thermal loads is presented: 

 

IESVE ISO-52016 Absolute difference Relative difference

[kWh/m
2
] [kWh/m

2
] [kWh/m

2
] [%]

Jan 26.57 18.66 7.91 29.77

Feb 20.16 14.49 5.67 28.10

Mar 12.22 10.09 2.13 17.44

Apr 6.69 6.21 0.48 7.19

May 0.00 0.00 0.00 0.00

Jun 0.00 0.00 0.00 0.00

Jul 0.00 0.00 0.00 0.00

Aug 0.00 0.00 0.00 0.00

Sep 0.00 0.00 0.00 0.00

Oct 5.31 5.94 0.63 11.85

Nov 15.43 9.68 5.75 37.25

Dec 23.91 15.94 7.97 33.33

avg - - 2.54 13.74
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Figure 30: Cooling thermal loads comparison 

 

 

Table 13: Cooling thermal loads comparison 

 

Comparing the outputs of the two software, better matching between them and lower 

difference is shown in calculation of the heating loads (Table 13 and Table 14). For the 

heating demand, the average difference is 13.74%, while for the cooling demand it is 67.35%. 

The difference of 13.74% is acceptable, while 67.35% seems like a higher value than 

expected. Actually, such a high value is obtained because the comparison is made using IES-

VE results as a reference (in order to stay consistent with the rest of the results presented in 

this chapter). So, the IES-VE absolute numbers are lower and consequently will give the 

higher relative difference. That is why, in the Table 14, the last column is added. It shows 

that 39.96% difference is obtained if comparison is made with respect to the numbers 

obtained in ISO-52016. This value of 39.96% can be taken as acceptable. However, these 

differences are present because of the different calculation procedure and limitations of the 

ISO-52016 Excel spreadsheets which are already explained. 

 

 

 

IESVE ISO-52016 Absolute difference Relative difference compared Relative difference comapred

[kWh/m
2
] [kWh/m

2
] [kWh/m

2
] to IESVE results [%] to ISO-52016 [%]

Jan 0.00 0.00 0.00 0.00 0.00

Feb 0.00 0.00 0.00 0.00 0.00

Mar 0.00 0.00 0.00 0.00 0.00

Apr 0.00 0.16 0.16 100.00 100.00

May 0.44 1.64 1.19 267.74 72.81

Jun 1.87 4.41 2.54 136.23 57.67

Jul 5.27 5.98 0.71 13.54 11.92

Aug 3.64 6.97 3.32 91.27 47.72

Sep 1.20 2.91 1.71 142.78 58.81

Oct 0.42 0.18 0.24 56.63 130.59

Nov 0.00 0.00 0.00 0.00 0.00

Dec 0.00 0.00 0.00 0.00 0.00

avg - - 0.82 67.35 39.96



Chapter 5 

 

43 

 

5.3 BUILDING ENERGY BALANCE 

 

Building energy balance summarizes all the incoming and outgoing energy flows of the 

object of consideration. Generally, every building can be considered as a closed 

thermodynamic system. Therefore, according to the First Principle of Thermodynamics, the 

sum of all energy inflows must be equal to the sum of all energy outflows. Typical building 

energy inflows are outflows are depicted in the Figure 32: 

 

 

Figure 31: Typical building energy flows 

 

In this work, energy balance will be made separately for the sensible and latent energy flows. 

Analyzing the energy balance of SFH100 is useful for understanding what are the major 

thermal losses during the winter and thermal gains during the summer. Also, in follwing 

sections, numerical values will be presented specific to the floor area, in [kWh/m2]. 

 

5.3.1 Building energy balances obtained in IES-VE  

 

Sensible energy balance 

 

In this section, sensible building energy balance obtained with the IES-VE software is 

presented. It is composed of seven energy flows and the graphical representation is given in 

the Figure 33: 
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Figure 32: Sensible energy balance obtained in IES-VE 

 

Table 14: Sensible energy balance obtained in IES-VE 

 

During the winter months, the greatest thermal loss is present due to thermal transmission, 

whose monthly value is gradually decreasing as the outside temperature is getting higher. In 

the Table 15, it is shown that its extreme value of -25.03kWh/m2 is achieved in January. 

Also, relatively low, but not negligible infiltration thermal loss is present, having the similar 

decreasing trend. These losses will be mainly compensated by the selected heating system, 

while internal and solar gains have the moderate impact. 

 

Shifting the attention to the cooling season, it is notable that thermal gains are essentially 

caused by the solar irradiation with the modest impact of internal heat sources – electrical 

equipment and people. In order to obtain desired thermal comfort in the space, these thermal 

gains are balanced either by the adopted cooling system or by transmission and infiltration 

energy outflows. 

 

Now, lets take a closer look at January as a representative month of the heating season. 

Having analyzed January, the obtained values are presented in Figure 34: 

 

Qequipment [kWh/m2] Qpeople [kWh/m2] Qinfiltration [kWh/m2] Qtransmission [kWh/m2] Qsolar [kWh/m2] Qheating [kWh/m2] Qcooling [kWh/m2]

jan 1.17 0.48 -5.31 -25.03 2.13 26.57 0.00

feb 1.06 0.43 -4.13 -19.97 2.45 20.16 0.00

mar 1.17 0.48 -3.24 -14.40 3.77 12.22 0.00

apr 1.13 0.46 -2.16 -10.23 4.11 6.69 0.00

may 1.17 0.48 -1.22 -5.10 4.68 0.00 0.00

jun 1.13 0.46 -1.95 -3.29 4.68 0.00 -1.03

jul 1.17 0.48 -0.85 -1.06 4.78 0.00 -4.52

aug 1.17 0.48 -0.96 -2.44 4.68 0.00 -2.92

sep 1.13 0.46 -1.80 -3.55 4.28 0.00 -0.52

oct 1.17 0.48 -2.44 -7.65 3.14 5.31 0.00

nov 1.13 0.46 -3.60 -15.58 2.16 15.43 0.00

dec 1.17 0.48 -4.73 -22.69 1.86 23.91 0.00
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Figure 33: Sensible energy balance for January obtained in IES-VE 

 

Further analysis, including the numerical values, is provided the month of July, in the Figure 

35: 

 

 

Figure 34: Sensible energy balance for July obtained in IES-VE 

 

Latent energy balance 

 

As shown in the Figure 36, latent building energy balance obtained with the IES-VE software 

is composed out of four main components: latent heat released by the occupants, infiltration 

latent load, and energy needed for the humidification or dehumidification. 
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Figure 35: Latent energy balance obtained in IES-VE 

 

Table 15: Latent energy balance obtained in IES-VE 

In the family house SFH100, almost constant and always positive latent load is caused by the 

presence of people while latent infiltration energy flow is taking both positive and negative 

values, according to the outside climatic conditions (absolute and relative humidity). If 

decided to control relative humidity in the space, this load should be balanced by the HVAC 

system. As presented in the Table 16, specific energy needed for humidification or 

dehumidification is in the order of magnitude of 1 kWh/m2. 

 

5.3.2 Building energy balances obtained in ISO-52016 Excel tool 

 

Sensible energy balance 

 

Using different software, the same concept as in the Section 5.3.1 is applied on the reference 

house SFH100 and the results are presented in the Figure 37 and Table 17: 

 

Qpeople [kWh/m2] Qinfiltration [kWh/m2] Qhumidification [kWh/m2] Qdehumidification [kWh/m2]

jan 0.319 -1.116 0.797 0.000

feb 0.288 -1.104 0.816 0.000

mar 0.319 -0.691 0.372 0.000

apr 0.309 -0.309 0.000 0.000

may 0.319 0.126 0.000 -0.445

jun 0.309 0.531 0.000 -0.840

jul 0.319 0.433 0.000 -0.752

aug 0.319 0.401 0.000 -0.720

sep 0.309 0.372 0.000 -0.681

oct 0.319 0.106 0.000 -0.425

nov 0.309 -0.514 0.205 0.000

dec 0.319 -1.063 0.744 0.000



Chapter 5 

 

47 

 

 

Figure 36: Sensible energy balance obtained in ISO-52016 Excel tool 

 

Table 16: Sensible energy balance obtained in ISO-52016 Excel tool 

 

In order to have a better look, the following graphs and tables are provided for the same 

reference months – January and July. 

 

Table 17 contains the numerical values, while the corresponding chart for January is given in 

the Figure 38: 

 

Figure 37: Sensible energy balance for January obtained in ISO-52016 Excel tool 

Qinternal (equip+people) [kWh/m2] Qinfiltration [kWh/m2] Qtransmission [kWh/m2] Qsolar [kWh/m2] Qheating [kWh/m2] Qcooling [kWh/m2]

jan 0.94 -3.18 -20.20 3.78 18.66 0.00

feb 0.81 -2.61 -16.71 4.02 14.49 0.00

mar 0.79 -2.03 -13.43 4.57 10.09 0.00

apr 0.59 -1.62 -11.20 6.03 6.21 0.00

may 0.86 -0.70 -5.13 6.40 0.00 -1.43

jun 0.83 -0.60 -4.73 8.55 0.00 -4.05

jul 0.86 -0.35 -3.32 8.35 0.00 -5.53

aug 0.86 -0.46 -3.84 9.90 0.00 -6.46

sep 0.83 -0.74 -5.30 7.79 0.00 -2.58

oct 0.59 -1.62 -11.04 6.12 5.94 0.00

nov 0.72 -2.14 -13.83 5.56 9.68 0.00

dec 0.89 -2.88 -18.39 4.44 15.94 0.00
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Figure 39 provides a more detailed analysis of the sensible energy balance for the month of 

July: 

 

 

Figure 38: Sensible energy balance for July obtained in ISO-52016 Excel tool 

Latent energy balance 

 

Graph from the Figure 40 along with the Table 18 present the latent energy balance, made 

with the aid of ISO-52016 Excel spreadsheets, using the same logic as in the Section 5.3.1: 

 

 

Figure 39: Latent energy balance obtained in ISO-52016 Excel tool 
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Table 17: Latent energy balance obtained in ISO-52016 Excel tool 

 

5.3.3 Comparison of the energy balances 

 

In this Section, the energy balances obtained using IES-VE and ISO-52016 Excel tool will be 

compared and the main differences will be presented. 

 

Sensible energy balance comparison 

 

In order to make an appropriate comparison, once again the sensible building energy balances 

will be shown in the Figure 41 and Figure 42: 

 

 

Figure 40: Sensible energy balance IES-VE 

 

Qlatent (people+infiltration) [kWh/m
2
] Qhumidification [kWh/m

2
] Qdehumidification [kWh/m

2
]

jan -0.25 0.25 0.00

feb -0.19 0.19 0.00

mar -0.13 0.13 0.00

apr 0.16 0.00 -0.16

may 0.21 0.00 -0.21

jun 0.36 0.00 -0.36

jul 0.45 0.00 -0.45

aug 0.51 0.00 -0.51

sep 0.33 0.00 -0.33

oct 0.18 0.00 -0.18

nov -0.13 0.13 0.00

dec -0.21 0.21 0.00
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Figure 41: Sensible energy balance ISO 52016 Excel tool 

 

Comparing the numerical values of ISO-52016 with the IES-VE outputs, it is to conclude that 

all components have the same trends, with the difference in the absolute values (which are 

expected and already explained). To avoid confusion in comparison of the two diagrams, it is 

important to mention that sensible thermal loads from people and electric equipment 

calculated in IES-VE are merged in one sensible load by the ISO-52016 software.  

 

Furthermore, the relative differences between the two calculation software are provided in the 

Table 19 and Figure 43. The highest difference of 82.44% shown by the solar radiation 

component was expected, because of the limited orientation and tilt of the sun exposed 

surfaces in ISO-52016 Excel tool. On the other hand, the smallest difference of 13.74% is 

shown for the heating component. The last one to be mentioned is 77.78% difference present 

for the cooling component which is slightly higher, but can be taken as acceptable. 

 

 
Table 18: Relative differences 

 

 

Figure 42: Relative differences 

 

Qinternal (equip+people) Qinfiltration Qtransmission Qsolar Qheating Qcooling

50.69 44.51 40.79 82.44 13.74 77.78



Chapter 5 

 

51 

 

Latent energy balance comparison 

 

Latent energy balances can be compared considering the Figure 44 and Figure 45: 

 

 

Figure 43: Latent energy balance IES-VE 

 

 

Figure 44: Latent energy balance ISO-52016 

 

While comparing the components included in energy balance in the Figure 44 with the 

corresponding ones from the Figure 45, one difference can be spotted. In the Figure 45, 

overall latent load is calculated, summing up the contributions of people and infiltration, 

which are separated in the IES-VE software outputs. In addition, Figure 46 along with the 

Table 20 summarize the relative differences between the components of the latent energy 

balance. Difference of 58.82% present for the internal gains component, which equals to 0.5 

kWh/m2 in absolute terms, is acceptable because of the explained limitations of the ISO-

52016 Excel tool. It is followed by 32.27% shown for the dehumidification component and 

26.55% shown for the humidification component. 
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Table 19: Relative differences 

 

 
Figure 45: Relative differences 

 

 

Qinternal (equip+people) [%] Qhumidification [%] Qdehumidification [%]

58.82 26.55 32.27
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6 Optimization and Genetic Algorithm 
 

6.1 OPTIMIZATION 

 

The tendency to deliver the most by giving the least has always been present in every kind of 

industry, as well as in the processes involved. In other words, the need for these processes to 

be optimized arose and different methods started being investigated. 
 

Optimization is a scientific field which deals with determining the best solution possible of a 

specific, mathematically defined problem. Finding the best solution may lead to significant 

material and energy savings, financial gains, highest efficiency or greatest reliability and 

safety of the process. In general, the goal of optimization is to minimize the negative effects 

(costs, time, effort etc.) and maximize the positive effects (profit, efficiency, savings etc.). 
  
From the business perspective, there is always a desire to achieve a maximum profit with as 

low investments as possible. Appropriate practical examples would be maximizing the 

efficiency or longevity of the industrial equipment with minimum initial investment and 

operational cost. Other example could be the agriculture, where the goal is to achieve a 

maximum number of crop yields with the least possible amount of investment on fertilizers. 

Many other examples of this scenario are present in everyday life as well. 
 

The first step in the process of optimization is defining an appropriate model. Typically, 

optimization problems include three major elements. Hence why creating a model is a 

process of identifying and expressing the three fundamental mathematical elements: objective 

function, optimization variables and constraints of the problem. 
 

The objective function is a quantitative measure of performance of a system that we want to 

minimize or maximize. Objective function has to be defined by establishing clear relations 

between the variables and other parameters. This process is called objective function 

formulation. For example, common engineering problems involve minimization of overall 

weight of a component, minimization of overall manufacturing cost or maximization of total 

life of a certain product etc. In these examples, component weight, manufacturing cost and 

product life present the objective functions. 
 

The next important element of each optimization process is the optimization variable. 

Optimization variables are the quantities whose values are varied during optimization 

process, in order to obtain the optimal solution. Other parameters that are not as important 

may remain fixed or vary in relation with the optimization variables. For instance, to 

minimize a weight of certain component, engineers can chose different material density, 

component size etc. 
 

The last significant element to be defined is the constraint. As suggested by the name, 

constraints present restrictions on the values that the optimization variables can take. They 

define the allowable range of the optimization variables and other parameters that are 

included. The constraints are usually present as a result of satisfying a certain physical 

phenomenon or some resource limitation. In example of component weight minimization, the 

constraint is that material density that can not take negative values or that has a maximal 

allowable length of the component. 
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Therefore, from the mathematical point of view, the goal of an optimization problem can be 

defined as follows. Find the combination of parameters (optimization variables) that optimize 

a given quantity, possibly subject to some restrictions on the allowed parameter ranges. The 

quantity to be optimized is termed the objective function. The parameters that may be 

changed in the quest for the optimum are called optimization variables. The restrictions on 

allowed parameter values are known as constraints. 

 

Generally, every optimization problem can be presented as a sequence of the following steps: 

 

· Selection of optimization variables 

· Definition of constraints 

· Formulation of objective function 

· Selection of optimization algorithm according to the problem 

· Solving the problem to obtain the optimal solution 

 

 

Figure 46: Structure of optimization problems 

 

One new term appears in the Figure 47 – optimization algorithm. An optimization algorithm 

is a procedure which is executed iteratively until optimum or satisfactory solution is obtained. 

The procedure consists of changing the optimization variables, obtaining feasible solutions 

and comparing them until stopping criteria is satisfied. Nowadays, optimization is a part of 

computer-aided activities and numerous algorithms of different complexity could be run 

automatically. Many different classifications of the optimization algorithms could be found in 

literature, but the focus of this thesis work is on heuristic group of algorithms. Heuristic 

methods are based on the concepts found in the nature and algorithm chosen for this specific 

problem is called Genetic Algorithm.  
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6.2 GENETIC ALGORITHM 

 

Genetic algorithm is heuristic optimization method which solves different kind of problems 

by using the analogy with evolutionary process occurring in the nature. This technique was 

proposed in 70´s by American scientist John Henry Holland in his book “Adaptation in 

natural and artificial systems”. The algorithm presented there is so called simple genetic 

algorithm. 

 

Namely, genetic algorithm generates solutions to optimization problems using mechanism 

inspired by natural processes like inheritance, mutation, selection, and crossover. [22] As 

such, this technique represents an intelligent exploitation of a random search within a defined 

search space, with the aim of finding the optimal solution. Genetic algorithms have been 

widely studied, experimented and applied in many fields in engineering world. They are 

frequently used for finding the solutions to optimization and search problems, such as the one 

which will be presented in the Chapter 7. 
 

Each genetic algorithm operates on a population of individuals, which are represented by 

their artificial chromosomes. Therefore, each chromosome corresponds to the one possible 

solution of a given problem and has its fitness value – a number which is a measure of the 

quality of a that particular solution. Chromosomes are made of genes and could be thought of 

a strings presented in binary alphabet (in most of the cases). 

  

The first step of genetic algorithm is initialization. During initialization phase an initial 

population is generated, usually by random selection of feasible solutions from a predefined 

domain. Having a randomly generated population of chromosomes, genetic algorithm starts 

with the next step – fitness-based selection and implementation of genetic operators. During 

the selection process, most of the low-fitness individuals will be excluded while the others 

will continue with crossover and mutation. In that phase, genetic material of two parents is 

used to produce one or two child chromosomes. Once this step is completed, the produced 

chromosomes will form a next generation. As this set of operations is iterated (selection, 

crossover and mutation), a sequence of successive generations will appear and the average 

fitness of the chromosomes will increase until certain stopping criteria is achieved. In this 

way, the genetic algorithm tends to find the best solution of the problem of consideration. 
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Figure 47: Structure of genetic algorithms 

 

General working principle of genetic algorithm is shown in the Figure 48, while each of the 

main steps will be explained in the following sections. 

 

6.2.1 Initialization 

 

In order to find an optimal solution using genetic algorithm, the first step is so called 

initialization phase. In this phase, certain number of possible solutions are randomly created 

to form an initial population. Size of initial population depends on the nature of the problem 

to be solved. In most of the cases, it varies from several hundreds up to several thousands of 

possible solutions. 

 

Usually, initial population is generated randomly with the aim of covering the entire search 

space and making diversified sample of possible solutions. However, some specific problems 

may arise in engineering practice for which the solutions can be “seeded” in the intervals 

where optimal solution is likely to be found. Also, it is possible to add some previously 

obtained solution in the initial population by using other optimization method. 
 

6.2.2 Selection 

 

After the initial population is generated, a certain proportion of it should be selected to breed 

a new generation. The main point of selection process is to preserve a desirable 

characteristics of higher-fitness individuals and pass them to the next generations. In that 

way, valuable genetic material is kept and passed to the subsequent generations, while the 

unwanted genes are becoming extinct. 

 

A genetic algorithm uses fitness value as a measure of the quality of solutions represented by 

the chromosomes in the artificial population. Therefore, during the selection process, 
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chromosomes are selected on the basis of their fitness. Consequently, chromosomes with 

higher fitness will have a greater probability of being selected than once with a lower fitness. 

Accordingly, the genetic algorithm is creating a selective pressure towards more fit solutions. 

Additionally, selection process usually has replacement included within it, meaning that the 

fittest solutions could be chosen more than once or even recombined among themselves. 

 

Normally, genetic algorithms use one of the two most popular selection methods – roulette 

wheel selection or tournament selection. 

 

Roulette wheel parent selection 

 

In the simple genetic algorithm, selection operator creates a new generation which has the 

same number of individuals like the generation that undergoes the selection. The important 

rule of this process is that selection probability is proportional to the fitness value of a 

particular chromosome. Usually, roulette wheel is used to illustrate this method and that is 

why it is called roulette wheel selection. 

 

 

Figure 48: Example of the roulette wheel selection 

 

Table 20: Example of the roulette wheel selection 

 

From the Figure 49 and Table 21, it can be seen that each individual from the considered 

generation is depicted on a roulette wheel. As explained before, this is fitness-based selection, 

so fitness value should be calculated for each individual and then represented on the wheel in 

terms of percentages. Consequently, the greater areas on the wheel will correspond to the 

chromosomes characterized by higher fitness level. Once roulette wheel is made, it will select 

Chromosome Fitness value Share [%]

1 6.82 31

2 1.11 5

3 8.48 38

4 2.57 12

5 3.08 14

Total 22.05 100
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one chromosome each time it is spun, until a wanted number of individuals in the new 

generation is reached. 

 

However, there is also one disadvantage of this selection method. Certain experiments have 

shown that even 50% of that new generation could be duplicates, which significantly slows 

down the whole algorithm. Hypothetically, it could also happen that, before passing to 

crossover and mutation, there is only one type of chromosome present in the whole 

generation, because that one was the fittest one with the greatest share on roulette wheel. 

 

Tournament selection 

 

Due to its simplicity, the tournament selection is one of the most popular selection methods. 

The selection process is performed by making a tournaments between the individuals 

represented with their chromosomes. Number of tournaments is equal to the wanted number 

of the individuals in the next generation. The main parameter to be defined is the size of each 

tournament, which is essentially the number of the individuals involved. Firstly, individuals 

are chosen randomly from the population with the uniform probability. Afterwards, their 

fitness is compared and the best one is permitted to proceed with in the next phase – 

crossover and mutation. Tournament selection process is depicted in the Figure 50. 

 

 

Figure 49: Tournament selection 

 

6.2.3 Crossover 

 

After selection is finished, the next step to be performed is crossover. Crossover is one of the 

main genetic operators used by genetic algorithm in order to create new individuals, which 

are actually new solutions of the optimization problem. Essentially, crossover presents the 

exchange of genetic material between the two parents chromosomes using the analogy with 

the same process found in the nature. After the crossover, one or two new chromosomes are 

created – so called child chromosomes. Important feature of this genetic operator is that 

children will inherit the characteristics of their parents. Accordingly, if parents are 

characterized by high fitness values, their children will be equally good or even better than 
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parents generation. There are two basic variations of the crossover operator: one-point and 

multi-point crossover. 

 

One-point crossover 

 

One-point crossover is the simplest form of this genetic operator. A crossover point is chosen 

with uniform probability from the interval [0, N-1], where N presents the number of genes in 

a parent chromosomes. Child chromosomes are then created from the genes of the first 

parent, positioned before the crossover point, and genes of the second parent, placed after the 

crossover point. In that way, two child chromosomes are obtained and the whole process is 

illustrated in the Figure 51: 

 

 

Figure 50: One-point crossover 

 

Multi-point crossover 

 

A more complex, but nevertheless very effective crossover technique, is multi-point 

crossover. As suggested by its name, more than one crossover point will be chosen in this 

approach. The reason is that performance of genetic algorithm could be greatly improved in 

the cases when most significant genes in the chromosomes are not positioned next to each 

other. When using a multi-point crossover, the better recombination of genetic material is 

achieved. 

 

The most commonly used form of this genetic operator is uniform crossover. In that case, 

there is an equal probability for all the genes to take part in the child chromosome. On the 

other hand, if a certain gen shows a highly beneficial impact, it is possible to increase its 

probability of being selected. 

 

With the aim of better understanding the whole mechanism, the crossover is illustrated in the 

Figure 52. 
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Figure 51: Multi-point crossover 

 

After crossover is completed, the resultant chromosome will be passed to the next stage – 

mutation. 

 

6.2.4 Mutation 

 

According to a few different authors, mutation is the most important operator of the genetic 

algorithm. The reason is that the mutation can change the value of a randomly chosen gen, 

which was not the case with crossover, since it only recombines a parents chromosomes. So, 

including mutation in the genetic algorithm causes different benefits. 

 

Firstly, mutation allows recovering of the useful genetic material lost in the process of 

selection and crossover. Secondly, this operator prevents all solutions from falling in the 

vicinity of the local optimum. Actually, if the whole population is placed around the local 

optimum, the only way out would be mutation, since it can generate different and fitter 

solution. Consequently, next generation would easily be shifted towards that previously 

mentioned better solution. Lastly, the situation may arise when all the individuals from a 

certain generation have the same gen at the same position. This could enormously slow the 

convergence process down and, again, the only solution would be a mutation of that gen. 

 

 

Figure 52: Mutation 

 

In the Figure 53, example of a simple genetic algorithm which uses binary alphabet is 

illustrated. This genetic operator is considering each gen separately and each bit is allowed to 

be changed from 0 to 1 (and vice versa) with low probability pm. The number of genes to be 

changed is not fixed a priori and depends on the mutation probability pm. For instance, in a 

certain chromosome which has lch number of genes the total number of genes to be changed 

can be calculated as lch  pm. 
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6.2.4 Stopping criteria 

 

The last step of genetic algorithm is stopping criteria. After the initial population is generated, 

iterative processes of selection, crossover and mutation are performed until stopping criteria 

is satisfied. Stopping criteria can be defined in many different ways. For example, it could be 

a fixed number of created generations, predefined fitness value, moment when all the 

solutions from a certain generation completely satisfy a set of constraints etc. 
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7 Grey-box modeling and parameters identification 
 

7.1 GENERAL DESCRIPTION 

 

In this chapter, grey-box modeling approach will be applied to the family house SFH100 and 

certain building parameters will be identified. As explained in the Chapter 2, this kind of 

modeling usually requires combining partial a priori knowledge of the object of consideration 

with empirically obtained data. [3] However, in the lack of empirical data, the data obtained 

from some of the BEM software could be used instead. Since the SFH100 is an imaginary 

model created for research purposes (not a real, existing building), measurements and 

collection of the empirical data is not feasible. Accordingly, the data needed for the 

parameters identification process in this work are obtained from the white-box simulation in 

IES-VE software presented in the Chapter 5. 

 

Grey-box modeling software used for this purpose, in the form of Excel sheets, was 

developed and provided by the mentors of this thesis work (it is not a commercial software). 

It is based on the thermal-electrical analogy, so the building of consideration is modeled as a 

corresponding RC network. According to this model, three main factors are affecting the 

thermal comfort in a building – infiltration, internal loads and solar gains. Moreover, external 

surfaces are composed of 10 discretized electrical nodes, while internal surfaces are made of 

5 nodes. Additionally, the model integrates a heating system that provides heat through 

radiators, while cooling system is made of one split unit. Both radiators and split unit are 

controlled by two-positions thermostat. Before starting with identification of a building 

parameters, several inputs are required by the software: heated area of the building, floor 

height, number of the air exchanges per hour, specific internal load, initial temperature, 

window to wall area ratio, fluid properties and characteristics of the HVAC system. 

 

Then, parameters identification process is performed separately, three times. In the first case, 

reference curve will be monthly heating curve obtained as an output of the IES-VE 

simulation and the corresponding results will be presented in the Section 7.3. Afterwards, the 

same procedure is performed using monthly cooling curve as a reference and the results are 

shown in the Section 7.4. Lastly, the final parameters will be identified when simultaneously 

taking both heating and cooling curves into account. These results are presented in the 

Section 7.5. 

 

In each of the three before-mentioned cases, the following calculation procedure is applied. 

There will be five parameters to be varied: 

 Thermal transmittance of the windows – U_win_max [W/m2K] 

 Thermal transmittance of external walls – U_ext_core [W/m2K] 

 Thermal transmittance of internal walls – U_int_core [W/m2K] 

 Surface specific thermal capacity of external walls – C_external [J/m2K] 

 Surface specific thermal capacity of internal walls – C_internal [J/m2K] 

 

The optimization constraints are minimal and maximal values that these variables can take 

and they are set according to the construction materials used for SFH 100. Starting point for 

each of the five variables is roughly the value given in the reference case study [1], which are 

the values used in the white-box modeling. Then, the following steps are applied in each of 

the three separated cases. Firstly, a couple of iterations are obtained manually – without aid 

of any optimization software. To do it manually, impact of each of the five variables must be 
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understood and that is why sensitivity analysis is performed in the Section 7.2. Subsequently, 

genetic algorithm is used for fine tuning and obtaining the final parameters. As already 

explained, genetic algorithm iteratively performs a sequence of the steps shown in the Figure 

48 (Chapter 6). In order to do it automatically, a simple optimization software is made in 

Visual Basic. The main reason for choosing this programming language is its compatibility 

with the grey-box modeling software, which is in the form of Excel spreadsheets. 

 

Accordingly, in this particular problem, five variables are considered as five genes forming 

one chromosome. As explained in the Chapter 6, each chromosome is actually representing 

one possible solution of the problem. Genetic algorithm will iteratively create better and 

better solutions and once the stopping criteria is satisfied (which is not the same in all the 

cases), the final parameters will be obtained. 

 

7.2 SENSITIVITY ANALYSIS 

 

Sensitivity analysis is a method used for understanding how changes of a certain input will 

affect the output of the model of consideration. Therefore, this analysis is useful for the 

interpretation of the model response to change in input variables and clarifying the 

underlying phenomena. 

 

For the purpose of this work, individual impact of five optimization variables (U_win_max, 

U_ext_core, U_int_core, C_external, C_internal) will be studied. The sensitivity analysis is 

performed considering heating and cooling energy requirements separately. 

 

7.2.1 Sensitivity analysis of the heating demand 

 

In order to clarify the impact on the monthly heating curve, five before-mentioned parameters 

are varied in the following ranges: 

 

 U_win_max – [0.5 ÷ 5] 

 U_ext_core – [0.1 ÷ 1] 

 U_int_core – [0.1 ÷ 10] 

 C_external – [100000 ÷ 1000000] 

 C_internal – [10000 ÷ 500000] 

 

Their influence on the monthly heating curve is depicted in the following charts and tables. 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 7 

 

64 

 

Thermal transmittance of the windows – U_win_max 

 

 

Figure 53: U_win_max variation 

 

 

 

Table 21: U_win_max variation 

 

Thermal transmittance of external walls – U_ext_core 

 

 

Figure 54:U_ext_core variation 

 

 

 

Table 22: U_ext_core variation 

 

Thermal transmittance of internal walls – U_int_core 

 

 

Figure 55:U_int_core variation 

 

 

 

Table 23: U_int_core variation 
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Surface specific thermal capacity of external walls – C_external 

 

 

Figure 56: C_external variation 

 

 

 

Table 24: C_external variation 

 

Surface specific thermal capacity of internal walls – C_internal 

 

 

Figure 57: C_internal variation 

 

 

 

Table 25: C_internal variation 

 

Sensitivity analysis of heating demand indicates that the two most influential parameters are 

thermal transmittance of windows (U_win_max) and thermal transmittance of external walls 

(U_ext_core). As expected, increase of thermal transmittance cause the increase of thermal 

energy needed for heating and the heating curve shifts upwards. Then, it is shown that 

thermal transmittance of internal walls (U_int_core) has almost no influence on the heating 

curve. Lastly, thermal capacities of external and internal walls (C_external and C_internal) 

have a modest influence which is varying from month to month. Accordingly, these two 

variables could be used for fine tuning, if energy consumption of some particular month is 

not matching well. 

 

7.2.2 Sensitivity analysis of the cooling demand 

 

Here, sensitivity analysis is made with the aim of understanding how certain parameters 

influence the monthly cooling curve. Parameters are varied in the same ranges as in the 

previous section and the results are presented in the following graphs and tables. 
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Thermal transmittance of the windows – U_win_max 

 

 

Figure 58: U_win_max variation 

 

 

 

Table 26: U_win_max variation 

 

Thermal transmittance of external walls – U_ext_core 

 

 

Figure 59: U_ext_core variation 

 

 

 

Table 27: U_ext_core variation 

 

Thermal transmittance of internal walls – U_int_core 

 

 

Figure 60: U_int_core variation 

 

 

 

Table 28: U_int_core variation 
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Surface specific thermal capacity of external walls – C_external 

 

 

Figure 61: C_external variation 

 

 

 

 

Table 29: C_external variation 

 

Surface specific thermal capacity of internal walls – C_internal 

 

 

Figure 62: C_internal variation 

 

 

 

 

Table 30: C_internal variation 

 

Sensitivity analysis of cooling demand shows that four parameters have a significant 

influence (U_win_max, U_ext_core, C_external and C_internal), while thermal transmittance 

of internal walls (U_int_core) is the least influential. It is notable that increasing the thermal 

transmittances of windows and external walls (U_win_max and U_ext_core) will cause a 

decrease in energy needed for cooling. The reason is that higher thermal transmittance of the 

building envelope means better insulation, so the lower amount of heat will be able to get 

inside a building. Furthermore, increase of the building thermal capacity (C_external and 

C_internal) consequently gives a lower amount of energy needed for cooling as shown in the 

Figure 62 and Figure 63. 
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7.3 PARAMETER IDENTIFICATION ACCORDING TO THE HEATING DEMAND 

 

Following the procedure described in the Section 7.1, the first case to be presented is 

parameter tuning solely according to the monthly heating curve. In this case, root mean 

square error (RMSE) is taken as the measure of the quality of each particular solution. At the 

beginning of the process, it was not possible to define the exact stopping criteria of the 

genetic algorithm in terms of RMSE. So, the stopping criteria was obtained by guess and 

check method. When using the building parameters defined at the reference case study [1], 

the RMSE was equal to 2069 kWh. Accordingly, the first guess was to find a solution with 

RMSE lower than 1000 kWh. Then, the lower and lower stopping criteria was established 

until the value of 269 kWh was reached. So, the final stopping criteria was 269kWh, which is 

an excellent value compared to the overall heating energy consumption of 15441.62 kWh. In 

relative terms, it equals to 1.74% and the obtained parameters are summarized in the Table 

32: 

 

 

Table 31: Parameters identified according to the heating demand 

 

To prove the validity of the presented parameters, reference and calculated monthly heating 

curves are depicted in the Figure 64:  

 

 

Figure 63: Monthly heating curves 

 

U_win_max U_ext_core U_int_core C_external C_internal

1.38 0.12 1.76 280000 18000
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Table 32: Heating demand comparison 

 

Reference monthly heating curve is obtained as the output of the IES-VE software 

simulation, while the calculated one is obtained from the grey-box modeling software. In the 

Table 33, it is shown that the average relative difference is 13.47%, which can be considered 

as a satisfying value. The greatest relative difference in the monthly energy needs appear in 

April and October, 67.48% and 43.97%, with acceptable values of 631.32 kWh and 327.12 

kWh in absolute terms. 

 

Lastly, corresponding hourly heating demand curves are presented in the Figure 65. In 

addition, the two typical days are depicted in order to present one day of the mid-season 

(Figure 66) and one day of the heating season (Figure 67). 

 

 

Figure 64: Hourly heating curves 

 

Considering the hourly energy curves shown in the Figure 65 one can conclude that they are 

not matching accurately. It is shown specially during the coldest months, where calculated 

curve is always varying between 0 and a maximal value, while the reference curve is not 

Qh_ref [kWh] Qh_calc [kWh] Absolute difference [kWh] Relative difference [%]

jan 3720.00 3672.00 48.00 1.29

feb 2822.40 2984.62 162.22 5.75

mar 1711.20 1433.20 278.00 16.25

apr 936.00 304.38 631.62 67.48

may 0.00 0.00 0.00 0.00

jun 0.00 0.00 0.00 0.00

jul 0.00 0.00 0.00 0.00

aug 0.00 0.00 0.00 0.00

sept 0.00 0.00 0.00 0.00

oct 744.00 416.88 327.12 43.97

nov 2160.00 2503.68 343.68 15.91

dec 3348.00 3717.26 369.26 11.03

avg - - 179.99 13.47
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falling below the value of 1÷2 kWh. The reason of this deviation is actually twofold. At the 

first place, it is caused by different control logic implemented in the two software. IES-VE 

uses so called ideal control, while gray-box modeling software uses two thermostats control. 

Secondly, IES-VE uses ideal systems (whose energy losses are equal to zero) on the contrary 

to the grey-box modeling software. Accordingly, with IES-VE it is possible to fit the demand 

ideally while the grey-box model is showing more realistic behavior. 

 

It becomes more obvious if looking at the daily profiles provided in the Figure 66 and Figure 

67, where daily consumption is depicted along with the internal temperature. 

 

 

Figure 65: Daily profile 12th of December 

 

 

Figure 66: Daily profile 13th of March 

 

Considering the model validation on the hourly time scale, in the Figure 66 and Figure 67 it is 

shown that indoor air temperatures are matching good, but not perfectly. The average relative 

difference of 3.99% is shown for the 12th of December, while the maximum one is 9.44%. 

Indoor temperature profile of the 13th of March shows that the average relative difference is 
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4.18%, while the maximum one equals to 9.5%. Considering the hourly energy demand, the 

average relative difference for 12th of December is 58.92%, while the maximum one is equal 

to 158.85% at 2:30. Energy demand outputs obtained for the 13th of March show the average 

relative difference of 88.1%, with the maximum value of 265% at 18:30. Lastly, it is 

important to note that comparing is done with respect to the reference values, which are lower 

in absolute terms and consequently give the higher relative errors.  

 

7.4 PARAMETER IDENTIFICATION ACCORDING TO THE COOLING DEMAND 

 

In this section, parameter identification is based only on the cooling curve and the 

corresponding outputs will be presented. Once again, the root mean square error (RMSE) is 

taken as the quality indicator. Here, the final stopping criteria for genetic algorithm was that 

the RMSE should be lower than 13 kWh. Since the total cooling energy consumption equals 

to 1258kWh, the obtained RMSE presents 1.03% compared to it. In the Table 36, building 

parameters identified according to the cooling demand are shown: 
 

 

Table 33: Parameters identified according to the cooling demand 

 

Figure 68 shows what the reference and calculated cooling demand curves look like, when 

the above-mentioned set of parameters is applied: 
 

 

Figure 67: Monthly cooling curves 

 

U_win_max U_ext_core U_int_core C_external C_internal

3.2 0.76 1.76 50000 24000
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Table 34: Cooling demand comparison 

 

So, the two monthly curves are matching well, with the average relative difference of 3.65%. 

From the Table 37, one can note that the largest monthly relative difference of 20.48% is 

present in September. On the other hand, the smallest relative difference among the months in 

the cooling season is achieved in July. Its numerical value equals to 4.75%, which is excellent 

matching between the reference and calculated cooling curves in this month. 

 

Furthermore, the hourly energy demand curves are depicted in the Figure 69. Also here, the 

conclusion is that hourly curves are not matching perfectly because of the same reason 

already explained in the section 7.3 – different control logic and different kind of HVAC 

systems. 
 

 

Figure 68: Hourly cooling curves 

 

Hourly analysis of the typical day in the summer is provided in the Figure 70. 

 

Qc_ref Qc_calc Absolute difference [kWh] Relative difference [%]

jan 0 0 0.00 0.00

feb 0 0 0.00 0.00

mar 0 0 0.00 0.00

apr 0 0 0.00 0.00

may 0 0 0.00 0.00

jun 144 162 18.26 12.68

jul 632 602 30.06 4.75

aug 409 433 23.95 5.85

sept 73 58 14.91 20.48

oct 0 0 0.00 0.00

nov 0 0 0.00 0.00

dec 0 0 0.00 0.00

avg - - 7.27 3.65
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Figure 69: Daily profile 23rd of July 

 

Considering the data of the typical day on the hourly basis, in the Figure 70 it is shown that 

indoor air temperatures are matching with average difference of 3.69%, while the maximal 

equals to 5.88%. Then, referring to the hourly energy demand, the average relative difference 

is 28.90%, while its maximal value of 188.88% is obtained at 18:30. 

 

7.5 FINAL PARAMETER IDENTIFICATION 

 

The last set of parameters to be calculated is the one when heating and cooling energy 

demands are considered concurrently. This case is actually a combination of the previous two 

ones. Therefore, the final parameters will be found in the range defined by analyzing heating 

and cooling separately which is presented in the Table 39: 

 

 

Table 35: Boundary values 

 

In comparison to the previous two cases, the difference is in the choice of the quality 

indicator. Here, using a root mean square error (RMSE) would lead to the same parameters 

obtained in the case when heating was analyzed separately. The reason is that heating curve is 

more dominant, meaning that the absolute values in [kWh] are higher each month. 

Additionally, heating energy needs are present 7 months in a year while cooling energy needs 

only 4. Accordingly, instead of RMSE, the average relative difference is taken and minimized 

to 59.32%, once again using the guess and check methodology. Also, one of the conclusions 

of the sensitivity analysis was that C_external and C_internal have a modest influence on the 

heating curve, while they significantly influence the cooling curve. Therefore, it is decided to 

keep the same values of C_external and C_internal as the ones obtained in the section 7.4, 

where only a cooling curve was considered. At the end, the final parameters obtained for the 

family house SFH100 are shown in the Table 40: 

 

U_win_max U_ext_core U_int_core C_external C_internal

min 1.38 0.12 1.76 50000 18000

max 3.2 0.76 1.76 280000 24000
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Table 36: Final parameters 

 

When applied, this set of parameters gives the following trends of the monthly heating and 

cooling curves, shown in the Figure 71. Additionally, the numerical values are provided in 

the Table 41. 

 

 

Figure 70: Heating and cooling monthly curves 

 

 

Table 37: Heating and cooling demand comparison 

 

The graph with hourly curves including both heating and cooling demand is presented in the 

Figure 72. Furthermore, energy needs during the three typical days are depicted in the Figure 

73, Figure 74 and Figure 75. The 18th of December is a representative of the heating season, 

23rd of March presents a mid-season while 24th of July presents a cooling season. 

 

U_win_max U_ext_core U_int_core C_external C_internal

2.3 0.31 1.76 50000 24000

Qh_ref Qh_calc Absolute difference Relative difference Qc_ref Qc_calc Absolute difference Relative difference

[kWh] [kWh] [kWh] [%] [kWh] [kWh] [kWh] [%]

jan 3720.00 5772.64 2052.64 55.18 0.00 0.00 0.00 0.00

feb 2822.40 5245.47 2423.07 85.85 0.00 0.00 0.00 0.00

mar 1711.20 3646.38 1935.18 113.09 0.00 0.00 0.00 0.00

apr 936.00 1959.99 1023.99 109.40 0.00 0.00 0.00 0.00

may 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

jun 0.00 0.00 0.00 0.00 144.00 582.11 438.11 304.25

jul 0.00 0.00 0.00 0.00 632.40 1286.01 653.61 103.35

aug 0.00 0.00 0.00 0.00 409.20 897.25 488.05 119.27

sept 0.00 0.00 0.00 0.00 72.80 208.98 136.18 187.06

oct 744.00 1926.90 1182.90 158.99 0.00 0.00 0.00 0.00

nov 2160.00 4691.29 2531.29 117.19 0.00 0.00 0.00 0.00

dec 3348.00 5694.79 2346.79 70.10 0.00 0.00 0.00 0.00

avg - - 1124.66 59.15 - - 143.00 59.49
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Figure 71: Heating and cooling hourly curves 

 

Also here, one can note that the hourly curves are not matching well because of the different 

control logic and different kind of systems used in IES-VE and grey-box Excel tool. 

 

 

Figure 72: Daily profile 18th of December 
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Figure 73: Daily profile 19th of March 

 

Figure 74: Daily profile 24th of July 

 

Considering the typical days, here the relative differences are higher compared to the cases 

where heating and cooling were analyzed separately. The reason is that these parameters are 

found in the ranges defined between the two previous cases, like a compromise solution 

which will moderately worsen both heating and cooling curves. In terms of indoor air 

temperature, the average relative differences of 13.12%, 3.56%, 3.02% are shown for 18th of 

December, 19th of March and 24th of July, respectively. Then, the maximal relative 

differences are 20.01% (18th of December), 11.43% (19th of March) and 6.58% (24th of July). 

Lastly, the average relative differences of the hourly energy consumption are 66.07%(18th of 

December), 86.03%(19th of March), 32.03%(24th of July), while the maximal differences are 

211.30%(18th December), 148.21%(19th of March), 174.35%(24th of July). 

 

The last results to be discussed are numerical values of the identified parameters. In the Table 

45, values from the reference case study and ones obtained from the grey-box modeling 

software are shown together. Their comparison, with the calculated relative difference, is 

presented on the graph in the Figure 76. 
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Table 38: Parameters comparison 

 

 

Figure 75: Relative differences 

 

In order to avoid confusion, it is important to emphasize that due to the settings of the grey-

box modeling software, two parameters related to internal walls (U_int_core and C_internal) 

take different values compared to the Section 7.5. The reason is that software operates with 

one half of the actual value of C_internal and doubled value of the U_int_core. Consequently, 

the actual values are presented and compared in the above shown Table 45 and Figure 76. 

The greatest difference of 85.71% is calculated for the C_external, while the lowest one of 

0% for the least influential parameter U_int_core. 

 

 

U_win_max U_ext_core U_int_core C_external C_internal

[W/m2K] [W/m2K] [W/m
2
K]  [J/m

2
K]  [J/m

2
K]

Case study parameters 3 0.54 0.88 350000 120000

Identified parameters 2.3 0.31 0.88 50000 48000
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8 Conclusion 
 

In this thesis work, the increasingly attractive grey-box modeling approach was presented. As 

mentioned before, more and more effort is made nowadays, all in order to fight the climate 

changes and achieve the highest possible energy efficiency in buildings. Grey-box building 

modeling tends to be particularly interesting approach that can be applied in different fields, 

depending on the type of problem. 

 

To be applied, this methodology requires either set of the measured empirical data or data 

obtained from some of the BEM software. In this work, the second procedure was followed 

because the object of analysis is imaginary research model defined in [1], not some real 

existing building. Making a real measurements was not feasible, so the IES-VE software 

outputs were used as a reference data for a parameter identification process. If one wanted to 

do it manually, a lot of time would be required to solve just one practical problem. In order to 

prevent this, automatization of the process was achieved by using the genetic algorithm. 

 

The starting point of the parameter identification process was the set of the building 

parameters defined in the reference case study [1]. After the parameters identification was 

carried out, the greatest difference of 85.71% was shown for the thermal capacity of external 

walls (C_external). On the other hand, the lowest difference of 0% is calculated for the 

thermal transmittance of internal walls (U_int_core). Then, validity of the identified model 

should be evaluated according to the context and purpose where the model is intended to be 

used. If the model is made to represent a thermal behavior of the building on the monthly 

basis (which is less demanding task), then this model would be very satisfying. When 

analyzing the monthly heating energy demand average error of 13.47% is achieved, while in 

case of cooling demand its value is 3.65%. On the other hand, if the model is intended to be 

used for control purposes, then the building thermal behavior should be well represented on 

the hourly basis (which is more demanding task). Considering a typical day of the heating 

season, it was shown that the average relative difference in hourly energy demand is equal to 

58.92%. Also, for the typical day of the cooling season, it was demonstrated that the average 

relative difference in hourly energy demand equals to 28.90%. Therefore, there is a space for 

improvement in matching between the hourly curves, so the future effort could be done in 

order to fill this gap and make it perfect. 

 

At last, my final conclusion is that gray-box building modeling is enormously useful 

methodology which I hope will be further developed and become widely spread in the 

upcoming years. 
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