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Abstract 
 
European Union (EU) has agreed a forward-looking political agenda to achieve 

its core energy objectives of sustainability, competitiveness and security of supply, 
by reducing greenhouse gas emissions through an increase of the share of renewable 
in the energy consumption and by improving energy efficiency. The main issues of 
renewable energy sources large scale use are related to the sizing of the systems, the 
choice among a large variety of alternatives face to a certain number of criteria, and 
finally the control of these sources. In the near future, more and more the RES will 
cohabit with fossil energy source systems and research has to be pointed towards 
solutions that are energy efficiently, economical viable and environmental friendly. In 
this thesis, the research work is focus on finding and proposing solutions that could 
be the answers for the first two main issues presented previous, especially on the 
second issue which is the choice of systems face to several criteria.  

 
The high number of alternatives and potential solutions when dealing with 

multi-source systems require a decision support method to be implemented. Informa-
tion data on the economic variables, energy performance and impact on the envi-
ronment of the systems are presently data which analysis and quantification is diffi-
cult. To deal with this high level of complexity and uncertainty an evaluation ap-
proach is needed.  

 
The research work of this thesis and the main objective is concerned with the 

means to make informed decisions in renewable energy strategies. To arrive to this 
objective, secondary goals were born during this process that can be resembled to a 
linked chain (from building energy demands to RES modeling and finally arriving to 
the last part which is the multi-criteria methodology). 

 
The first part treats the issues related to the heating, domestic hot water and 

electricity energy demand assessment, from the estimation to the impact factors. At 
this level it is described a new methodology developed to estimate the heating de-

 vii

 



 
 

mand of residential buildings in temperate climate by using polynomial regression 
models obtained from a database of values from dynamic simulations.  The proposed 
prediction models show promising features to be easy and efficient prediction tools 
for comparing heating demand of residential buildings. The energy models obtained 
on this study could be used by architects and engineers during the early design stage 
of their project, instead of using more complicated and time consuming simulation 
software, with the aim to arrive to energy efficiency and economic viable solutions.  

 
The second part examines the modeling techniques to obtain the renewable 

energy supply profiles which are further used in the multi-criteria decision analysis. 
Furthermore, in this part are also studied the economical aspects of the fos-
sil/renewable energy systems and their ecological benefits compared to an electric 
energy as reference case. Detailed data on the modeling process, costs and environ-
mental parameters of different energy systems are described at this stage. 

 
In the third part, a multi-criteria decision support methodology concept is de-

scribed (ELECTRE III) and then applied for an example. The decision support algo-
rithm has its bases on the developed models and realizes the outranking of the possi-
ble. It is shown that multi-criteria analysis can provide a technical-scientific decision 
making support that is capable to justify the clearly rank of the alternatives in the 
renewable energy sector. 

 
Finally, the theories, algorithms and models that have described in the thesis 

have been encapsulated in the development of a decision support-tool specifically 
aimed to aid strategic decisions regarding renewable technology integration and mak-
ing quick parametric studies on the building energy consumptions. In the last part of 
the thesis a complete analysis of a study case (Mozart dwelling) is realized with ap-
plication of the proposed methodologies. 

 
 
Key-words: building energy demands, estimation models, renewable energy, 

multi-criteria analysis, decision support-tool 
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Résumé 
 

L’Union européenne (UE) a établi la prospective politique pour atteindre ses 
objectifs énergétiques fondamentaux pour le développent durable, la compétitivité et 
la sécurité énergétique, en réduisant les émissions de gaz à effet de serre par le biais 
d'une augmentation de la part des énergies renouvelables dans la consommation 
d'énergie et par l'amélioration de l'efficacité énergétique. Les principales questions 
sur l'utilisation à grande échelle des EnR sont liées au dimensionnement des systè-
mes, le choix parmi une grande variété de solutions vis-à-vis de plusieurs critères, et 
enfin le contrôle de ces sources. Dans un proche avenir, de plus en plus les EnR vont 
cohabiter avec les sources d'énergie fossiles et la recherche doit être orientée vers des 
solutions qui sont efficaces du point de vue énergétique, économiquement viable et 
respectueuses de l'environnement.  

 
Dans cette thèse, les travaux de recherche établissent une démarche en vue de 

proposer des solutions qui pourraient être les réponses aux deux premières probléma-
tiques que sont le dimensionnement mais surtout la seconde, qui est le choix des 
systèmes énergétiques les mieux adaptés par rapport a un nombre donné de critères. 
La multiplicité d'alternatives et de solutions possibles exige la mise en œuvre d’une 
méthode d'aide à la décision. Les informations sur les variables économiques, la per-
formance énergétique et l'impact sur l'environnement des systèmes sont actuellement 
des données dont l’analyse et la quantification pose des difficultés.  Pour faire face à 
ce haut niveau de complexité et d'incertitude une approche évaluative est nécessaire. 
Pour les travaux de recherche de cette thèse, le principal objectif est de donner les 
moyens de prendre des décisions éclairées dans les stratégies relatives aux énergies 
renouvelables. Pour parvenir à cet objectif, des étapes intermédiaires sont dévelop-
pées dans le processus  que l’on peut apparenter  à un enchaînement de différentes 
tâches nécessaires (de l’estimation des besoins énergétiques jusqu’à la modélisation 
des systèmes et enfin l’analyse multicritères).  

 ix

 



 
 

La première partie de la thèse traite des questions liées à l’estimation des be-
soins pour le chauffage, l’eau chaude sanitaire et l’énergie électrique, ainsi que sur 
l’estimation des facteurs d'influence. Cette estimation a été abordée par le dévelop-
pement de modèles polynomiaux de régression permettant de prédire la demande 
mensuelle de chauffage pour les bâtiments du secteur résidentiel situés dans des cli-
mats tempérés. L’utilisation de tels modèles se veut plus accessible et facile à utiliser 
par les architectes ou les ingénieurs. Des équations simples pour prédire les consom-
mations deviennent dans ce cas les seuls outils nécessaires dans la première étape de 
conception, ce qui permet d’aider à trouver rapidement des solutions énergétiques 
efficaces et financièrement rentables. Ces modèles rendent également possible une 
étude paramétrique très rapide afin d'optimiser le bâtiment et ses consommations 
par rapport aux critères environnementaux ou économiques. 

 
La deuxième partie de la thèse examine les techniques de modélisation des 

systèmes afin d'obtenir les profils de l'approvisionnement en énergie renouvelable : 
ces quantités d’énergie de l’offre sont nécessaires dans d'analyse décisionnelle. De 
plus, dans cette partie sont également étudiés les aspects économiques des systèmes à 
énergie fossile/renouvelable et leurs avantages environnementaux par rapport à une 
énergie électrique considérée comme cas de référence. Des données détaillées sur le 
processus de modélisation, les coûts et les paramètres environnementaux de diffé-
rents systèmes d'énergie sont décrits à ce stade. 

 
Dans la troisième partie, une méthode d'aide à la décision multicritères 

(ELECTRE III) est décrite, puis appliquée à un exemple. La technique consiste à  
utiliser les règles obtenues à partir des modèles précédents et à réaliser un classement 
de solutions possibles envisagées. L'analyse multicritères fournit ainsi une technique 
intéressante d’aide dans le processus de décision et est capable de justifier les choix 
et de  surclasser les alternatives dans le secteur des énergies renouvelables. 

 
Enfin, les théories, les algorithmes et les modèles qui ont été décrits dans ce 

travail ont été intégrées dans un outil d'aide à la décision que nous avons développé 
visant spécifiquement l'intégration des technologies à énergie renouvelable par une 
analyse multicritères et de faire rapidement des études paramétriques sur les 
consommations d'énergie des bâtiments. Dans la dernière partie de la thèse une ana-
lyse complète d'une étude de cas (maison Mozart) est réalisée avec la mise en appli-
cation des méthodes proposées. 

 
Mots-clés: besoins énergétiques, modèles de régression, systèmes à énergie  

renouvelable, analyse multicritères, outil d'aide à la décision 
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ηinv  inverter efficiency (-) 
ηo optical efficiency (-) 
ηr  PV module efficiency (-) 
θa ambient temperature (oC) 
θc  collector temperature (oC) 
θhor   angle of incidence (o) 
θtil  angle of incidence on a tilted surface (o) 
λi  thermal conductivity(W/mK) 
λc  power conditioning losses (%) 
λp  PV-array losses (%) 
ρk  material density of layer k (kg/m3) 
ψk  heat transmission coefficient of the thermal bridge k (W/K) 
χj   heat transmission coefficient of the 3D thermal bridge (W/K) 
ρ  ground albedo (-) 
τ  building time constant (hours) 
ωss  sunset hour angle (oC) 
ωsr sunrise hour angle (oC) 
Φ  solar radiation utilizability (-) 
 
Superscript 
 

NOCT  Nominal Operating Cell Temperature (oC) 
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Chapter 1 

Introduction 
 

1.1 Energy and economic context  
 
Nowadays, our society must deal with two main issues for this century: the 

progressive exhaustion of fossil fuels (carbon, oil, gas and coal), which provides cur-
rently more than 80% of the primary energies marketed in the world and the climate 
change. Greenhouse gas emissions are considered to be the main reason of the cli-
matic warming for the last fifty years and a progressive concern about this matter 
has been observed.  

In a report realized by the ,,European Commission for Energy,, the major is-
sues of EU citizens is the energy security which was  translated by „shortages of 
fossil fuel supplies compared to increasing world demand„, „high fossil fuel prices„, 
„supplier or transit countries using their positions to exert political pressure„, „in-
adequate energy efficiency measures in Europe„ or „impact of EU climate strategy„ 
[1]. Energy is essential for socio-economic progress both in developing and industrial-
ized countries and the demand for energy will increase with the global population, 
currently growing at a rate of 250,000 people per day [2]. In the year 2001, the use of 
fossil fuels released about 23.7 Gigatonnes of carbon dioxide (CO2) into the atmos-
phere with a continuous increase compared to previous periods [3].  

The increase of atmospheric CO2 has been found to be interrelated with 
changes in sea level, ice extinction and precipitations. These changes have begun to 
affect the physical and biological systems and are anticipated to have negative im-
pacts both in social and economic situations. Despite these undesired effects, global 
energy consumption continued to increase due to rapid population growth and in-
creased global industrialization. 

For this reason, an increased understanding of the environmental effects of 
burning fossil fuels has led to rigorous international agreements, policies and legisla-
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tions concerning the control of the harmful emissions related to their use [4]. The 
industrialized states signed the Kyoto protocol in 1997, which is an agreement to 
reduce the greenhouse gas (GHG) emissions by 2008-2012. The objective is a reduc-
tion from 25% to 40% of the emissions compared to the level of 1990 from here 2020. 
The quantified emission limitation or reduction commitments (percentage of base 
year or period) for some of the states that have signed the Kyoto protocol [5] are as 
follows: Australia, France, Germany, Spain, Austria and Romania (-8%), Japan and 
Canada (-6%), United States of America (-7%), Russia (+0%), Iceland (+10%), 
Norway (+1%). None of the developing countries, including those with large and 
growing emissions such as India and China, are for now required to limit their emis-
sions. The Kyoto Protocol will be successful, if a constant development of design 
innovation is launched to obtain a sustainable global energy system for the 21st cen-
tury [6]. 

In order to stabilize CO2 concentrations in the atmosphere several strategies 
have been proposed. Increasing the efficiency of energy use, and increased reliance on 
renewable energy sources or sustainable design are among these strategies. Sustain-
able design can be described as that which enhances ecological, social and economic 
well being, both now and in the future [7]. The global requirement for sustainable 
energy provision will become gradually more important over the next fifty years as 
the environmental effects of fossil fuel use turn out to be very pessimistic. Following 
the Kyoto protocol objectives and strategies, the European Union considered neces-
sary to proceed to a share of this objective between the state members of the Union. 
With the perspective 2008-2012, France is one of the EU countries that should stabi-
lize its GHG on their level of 1990. Moreover, France has an ambitious objective to 
reduce by 4 the GHG by 2050 [8]. Figure 1.1 resumes a statistic study realized by 
the General Direction of Energy (GDE) [9] in France on the final energy consump-
tion and its distribution by sectors. 
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Figure 1.1 a) Final energy consumption 1 for different sectors during the last years in 

Mtpe2 b) Distribution of energy for different economy sectors in Mtpe 
 

Based on the report of the GDE [9] the principal determinants and feature 
characteristic of the energy profile of France in 2007 can be resumed as follows: an 
economic growth which resists, an oil price which grew throughout the year, renew-
able energy systems in full rise with 4.2% (18 Mtpe), nuclear plants which produced 
a little less than usually (-2.3%), an overall stable consumption of energy and thus 
an energy efficiency in net progress and a CO2 emission which stagnated. From an 

                                            
1 Final energy consumption: total intake of primary energy decreased by the consumption of the 

“branch energy” (internal power plants, refineries, consumption and losses). 
2 Mtpe – mega tones of primary energy 
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economic point of view, after a backward flow at the end of the year 2006, the inter-
national prizes of oil did not cease going up throughout the year, until passing very 
close to 100 $/lb at the end of the year. World economy suffered in 2008 a financial 
crisis with high negative effects on all countries and the oil price reached a price of 
more than 140 $/lb. These lately results make us more conscience to the real prob-
lems of the future years. In this period of crisis, we need more than ever to stop the 
growth of energy consumption and to find real solutions in order to reduce the 
greenhouse emission gases and to stabilize the climate change. 

 
 

1.2 Building energy consumption overview 
 

The buildings sector – i.e. residential and commercial buildings - is the largest 
user of energy and CO2 emitter in the EU and is the major energy consumer of the 
EU's total final energy consumption and CO2 emissions. Buildings account for 40–
45% of energy consumption in Europe and China (and about 30–40% world-
wide)[10]. Most of this energy is for the supplying the energy for lighting, heating, 
cooling, and ventilation. Increased awareness of the environmental impact of CO2 
and NOx emissions triggered a renewed attention in environmentally friendly cooling 
and heating innovative technologies [11].  

Buildings are important consumers of energy and thus important contributors 
to the emission of GHC into the atmosphere. The development and integration of 
appropriate renewable energy technologies in buildings has an important role to 
play. However, issues of cost, investment and ownership along with technical risk 
provide disincentives to the uptake of embedded energy technologies. Governments 
have adopted a number of approaches to encourage these new and often expensive 
technologies, including energy price subsidies, capital grants and supply side obliga-
tions [10]. Other way of reducing building energy consumption is to correctly design 
the buildings, which will be more economical in their use of energy and energy effi-
ciently.  

In most of the cases in the early stages of a project, parametric studies have to 
be realized to find an optimum solution among a large diversity. Using passive 
measures on solar heat gain or natural ventilation can considerably reduce primary 
energy consumption. If the correct building design can contribute to energy reduc-
tion, still the best measures to reduce the energy consumption are the renewable 
energy sources (RES). Promoting innovative renewable sources and highlighting the 
RES market will contribute to perpetuation of the environment by reducing produc-
tion of emissions at local and global levels. These measures have a benefic impact by 
replacing conventional fuels with green energies that produce no air pollution or 
greenhouse gases. 

A number of energy saving measures can be applied to building in order to re-
duce the energy consumption and to be environmentally friendly: 

• good thermal insulation of the building 
• better use of day-lighting 
• natural/hybrid ventilation 
• passive solar heating  
• passive cooling 
• use of renewable energies (wind energy use, solar heating, solar elec-

tricity, use of geothermal energy or biomass) 
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1.3 Development of renewable energy systems 
 
European Union (EU) has agreed a forward-looking political agenda to achieve 

its core energy objectives of sustainability, competitiveness and security of supply, 
by reducing greenhouse gas emissions by 20%, by increasing the share of renewable 
in the energy consumption to 20% and improving energy efficiency, all of it by 2020 
[12]. The EU’s agenda for the year 2020 has set out the essential first steps in the 
transition to a high-efficiency, low-carbon energy systems. Energy efficiency and RES 
provide the most promising means of substantial reductions in greenhouse gas emis-
sions. The performances of RES systems have made significant advances in recent 
years, regardless the fact of competing in an environment where traditional fossil-fuel 
technologies were privileged. RES systems are characterized by a diversity of sources 
that can have found themselves in a wide range of supplied power from small local 
system to large scale. The RES can be easily adapted and linked with conventional 
modern energy technologies to ensure security of supply at all times and at any loca-
tion. A massive use of RES will not be a sustainable solution except it is comple-
mented with a valid evolution of the economic development pattern and through 
European directives. Moreover, it will be highly influenced by the fiscal measures like 
carbon tax and financial aids. The challenge of sustainability with regard to energy 
is shaped and the requirement for green sources has been established, but still a 
number of barriers need to be overcome before the contribution of RES becomes 
significant. The main issues are related to the modeling (sizing) of the systems, their 
choice among a large variety of alternatives face to several criteria and finally the 
control of these sources. In a management process of RES with classic fossil sources a 
number of processes that should be considered by the decision makers, such as en-
ergy production, conversion and transmission. Furthermore, RES are subjected to 
uncertainties of economic and environmental implications. Therefore, effective plan-
ning for RES management systems under multiple uncertainties and dynamic com-
plexities is desired. 

 
1.4 Multi-source energy installations 

 
In the near future, more and more the renewable energy sources will cohabit 

with fossil energy source systems and research has to be pointed towards solutions 
that are energy efficiently, economical viable and environmental friendly. The goal of 
a multi-source system is to decrease at maximum the primary energy consumption 
by generating the needed demand by renewable sources like solar, wind or wood 
energy. The use of several sources on the same construction site will be applied for 
new but also for buildings which are on the way to be renovated. The benefits of 
such use is that the constructions can be closer to zero energy buildings or even posi-
tive energy buildings since only by means of a multi-energy system we can arrive to 
such ambitious purpose. The RES will produce locally the energy needed for the 
building and the extra energy which is not necessary will be sent to the overall ur-
ban energy infrastructure (i.e. the case of photovoltaic power energy or wind en-
ergy). An example of multi-source system is between a solar thermal system used to 
produce domestic hot water, a photovoltaic system to generate electricity and a gas 
boiler heating system for the heating energy demand. Other examples can imply a 
wood boiler for the heating or an electric energy heating system. Table 1.1 illustrates 
a number of pairs between different systems that produce energy from renewable 
and fossil sources. 
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Table 1.1 Example of multi-source systems where different renewable and fossil source 
cohabit together 

Multi-source systems-alternatives A1 A2 A3 A4

Solar thermal energy system 1 1 1 1 
Solar photovoltaic system 1 1 1 1 
Wood boiler heating system  1 0 0 0 
Gas boiler heating system 0 1 0 0 
Geothermal heat pump system 0 0 1 0 
Electric heating system 0 0 0 1 

 
In this context of multi-energy systems an important but in the same time dif-

ficult task would be to identify the alternative (multi-source system configuration) 
that minimize the energy consumption and the investment payback time. For most 
of the owners the economical viability along with the operation costs of the multi-
source system to amortize the investment is a main factor that will induce a change 
in the decision process. It is clear that among a large number of solutions an opti-
mum must be selected without neglecting the decision maker judgments on the 
weight of the criteria. The presented table can be extended to other alternatives 
where we can have different solar thermal systems (i.e. collector surfaces, manufac-
turer, thermal characteristics, costs, etc.) and so the number of solutions is increased 
rapidly and a correct comparison becomes a challenging or even impossible assign-
ment without the use of a multi-criteria decision-support approach method. 

 
1.5 Multi-criteria decision aid 

 
The high number of alternatives and potential solutions when dealing with 

multi-source systems require a decision support method to be implemented. Informa-
tion data on the economic variables, energy performance and impact on the envi-
ronment of the systems is presently affected by vagueness. To deal with this high 
level of complexity and uncertainty an evaluation support approach is needed. The 
cost-benefit analysis or financial indicators are not capable to deal with all the com-
ponents engaged in a suitable energy development. Multi-criteria decision aid meth-
ods provides an approach that is able to handle a large amount of variables and 
alternatives assessed in various ways and consequently offer valuable assistance to 
the decision maker in mapping out the problem. When trying to decide on a multi-
source system, the decision support method is an effective resource and can guide the 
decision makers towards solutions that accomplish defined assessment criteria. The 
decision makers need correct guidelines so that they may judge the solutions and 
select their choice towards the most appropriate alternative. The multi-criteria deci-
sion aid (MCDA) do not replace the decision makers, but rather support them in all 
the stages of the decision making process by providing useful data information to 
achieve decisions that are clear. A typical MCDA problem consists of a given deci-
sion matrix, with n number of alternatives and j number of criteria (i.e payback 
time). Additionally, a set of weighting factors pj are introduced to represent the rela-
tive significance of criteria in a particular application.  

Moreover, different thresholds may be required to represent the preference, in-
difference or veto of the criterion. The final goal of MCDA is to classify and/or rank 
the alternatives. One of the most complex MCDA is the ELECTRE III approach; 
the method is based on a well developed multi-criteria analysis model, which takes 
into account the uncertainty and fuzziness, which are usually intrinsic in data ob-
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tained by predictions and evaluations. The points in favor of a decision making mod-
el built on a multi-criteria algorithm are summarized below [13]: 

• it can handle the large amounts of, often conflicting, information data, 
relations and objectives that are generally encountered when facing a 
specific decision problem. 

• it does not unveil the solution to the decision maker as a revealed 
truth, instead it sustains the entire decision making process providing 
the means to deal with the information to handle. 

• the approach is based on systematic observation and on the verifica-
tion of factors influencing the decision, thus it is not a ‘‘black box’’ 
type of decision model but a transparent tool. 

• it provides the instruments to construct the problems clearly in order 
to make them more understandable. 

• it enables the decision making process to be monitored and checked as 
it evolves. 

The use of multi-criteria decision has become lately of high interest for various 
researchers: Cavallaro [13] used it to assess concentrated solar thermal technologies; 
Papadopoulos et al. [14] applied the multi-criteria analysis method Electre III for the 
optimization of decentralized energy systems.  

The thesis sets out the application of the ELECTRE III multi-criteria method 
to make a preliminary assessment of fossil/renewable technologies. It will also be 
shown that multi-criteria analysis can provide a technical-scientific decision making 
support that is capable to justify the clearly rank of the alternatives in the renewable 
energy sector. Based on the advantages of such method, it seems a good way to 
adapt it and apply it to respond to our objectives. 

 
1.6 Research objectives and outline of the thesis 

 
The main research objective of this thesis is related to the multi-criteria deci-

sion support of multi-source systems that can be found on the same construction 
site.  The work presented in this thesis is concerned with providing the means to 
make informed decisions in renewable energy strategies. To arrive to this main aim, 
secondary goals were developed during this process. First, a complete methodology 
was set-up with the aim of estimating the heating energy demand of residential 
houses. This energy evaluation methodology was the first step to arrive to a multi-
criteria support algorithm for RES systems. Sizing the renewable/fossil energy tech-
nologies required the knowledge or approximation of the building energy demands 
(electric, domestic hot water, heating). Actually the main integration problems of 
renewable energies are: 

• Sizing the systems 
• Decision on the optimal solution based on several criteria (economic, 

environmental) 
• Command and control of these systems 

In this research work we will try to find and propose solutions that could be 
the answers for the first two main issues presented previously. Given that there are 
many configurations and connections between the systems, the study of the optimi-
zation between the energy demand and supply is an important but difficult assign-
ment. Moreover when having so many possible alternatives, each of them with char-
acteristic parameters, we found ourselves with a problem of high level of complexity, 
from where the difficulty to process all these information. Knowing these constraints 
it was mandatory to use a multi-criteria decision analysis method to better under-
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stand the problem and to finally give the optimal solution. In our case we used the 
ELECTRE III method which is classified as an "outranking method" of decision 
making. The purpose of the research was to determine a methodology and analysis 
technique that is required to support renewable energy deployment decisions. Fur-
thermore, it will be proposed in this research work a simple and accurate way to 
evaluate the energy demand of buildings. The objective of the thesis is implementing 
a process of analysis and selection of multi-energy systems being able to take into 
account the economical aspects of the renewable/fossil energy systems, their envi-
ronmental benefits compared to a reference energy, the weights and thresholds of the 
criteria. Preliminarily, a certain number of issues are treated, like estimating the 
building energy demands, modeling and sizing the energy systems and finally imple-
menting a complex multi-criteria decision methodology. These stages were required 
to exploit the algorithm of the decision making, so a consistent work was done re-
garding the characterization of the building energy demands, system design and 
costs evaluations. 

The theories, algorithms and models that have described in the thesis have 
been encapsulated in the development of a decision support-tool specifically aimed to 
aid strategic decisions regarding renewable technology integration and making quick 
parametric studies on the building energy consumptions. 

In the first introductive chapter the energy context and actual issues are pre-
sented along with the principal aims of the thesis which are summarized and dis-
cussed in a few words. 

Chapter 2 treats the issues related to the heating, domestic hot water and 
electric energy demand assessment, from the estimation to the factors of influence. 
This chapter reviews a complete methodology developed to estimate the heating 
demand of residential buildings. The proposed prediction models show promising 
features to be easy and efficient forecast tools for comparing heating demand of resi-
dential buildings. The energy models obtained on this study could be used by archi-
tects and engineers during the early design stage of their projects, instead of using 
more complicated and time consuming simulation software. This chapter also exam-
ines the energy demands for electrical and domestic hot water. 

Chapter 3 examines the modeling techniques to obtain the renewable energy 
supply profiles to further be used in the multi-criteria decision analysis. The model-
ing approaches are based on known and efficient models from the literature. Fur-
thermore, in this chapter are also studied the economical side of the fossil/renewable 
energy systems and their ecological benefits compared to an electric energy as refer-
ence case.  Detailed data on the sizing process, costs and environmental parameters 
of different energy systems are announced in this Chapter 3. 

In Chapter 4, the multi-criteria decision support methodology concept is de-
scribed and then applied to a number of scenario cases. The criteria and the parame-
ter of preference, indifference, veto and weighting are presented in this chapter. An 
outranking example is put in place with the aim to illustrate the algorithm and the 
objectives. The problem of the analysis of multi-energy systems as stated in the in-
troductive chapter is analyzed and responses are obtained in this chapter. 

Chapter 5 presents a support-tool development, which encompasses the theo-
ries of previous chapters, from the mathematical models to the multi-criteria decision 
algorithm. This chapter describes the program with its architecture and explains the 
objectives behind the interface. The software-engineering principles are described 
briefly in the chapter, along with the structural approach and informatic platform. 

Chapter 6 examines the application of the modeling and algorithm procedures 
with a study case that is analyzed in detail. Furthermore, this application is a way 
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to demonstrate the applicability and functionality of the support tool developed. The 
application is carried out for different case scenarios and various changes in the pa-
rameters.  Finally, Chapter 6 is followed with a review of the work carried out and 
highlights the main issues covered. Future research work and recommendations fol-
low the main conclusions of the thesis. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Chapter 2 

Building energy demands 
 

2.1 Introduction 
 
In France, the building industry contributes to 25% of greenhouse emission 

gases and 43% of total energy consumption, making it the biggest consumer of en-
ergy across all of the economy sectors [15].  In France, the energy spent to heat the 
occupied spaces in the residential sector represents more than 40% from the total 
energy demand that includes electricity, hot-water and air-conditioning and in other 
countries with a colder climate like Canada this value goes up to 63% [16].  

In this area, a major energy reduction can be achieved if a building is correctly 
designed by engineers and architects. In particular, the use of renewable energy is 
seen as the solution of the future. The forecast of the energy savings would be a good 
indicator for the choice between different multi-energy solutions according to the 
building characteristics and the local climate. But this savings are difficult to esti-
mate given that the energy recovery becomes more complex and that the efficiency 
of the systems is directly influenced by the heating demand.  Furthermore, estimat-
ing building energy demand is a big challenge knowing that it’s almost impossible to 
model a true level of occupancy, lighting, and equipment loadings.  The way in 
which a building and its services operates in practice is extremely complex and mod-
elling it to obtain an accurate estimation of the energy consumption is very difficult. 
So, we need precise and easy to use support tools. 

Different simplified methods were developed to evaluate the heating demand, 
like the degree-day method [17] but they are not so accurate and in most of the cases 
they are over evaluating the energy demand without taking into consideration im-
portant aspects like the true thermal inertia. The degree-day method is a traditional 
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Ventilation 

method that has been in use for decades, in both the academic and industrial worlds. 
The concept primarily builds on the temperature difference between a base indoor 
temperature and the outdoor temperature, multiplied by the duration of the tem-
perature difference. This method has its limitations on the solar gains or internal 
gains impact on the energy demand.  

Actually, the most reliable solutions are the simulation energy tools to esti-
mate the impact of design alternatives and better understand the design problems 
with the respect to energy performance. Simulation tools like Simbad [18], Energy+ 
[19] or Trnsys 16 [20] are a good way to simulate and to analyze the building and 
the systems but this software tools demand however a considerable amount of de-
tailed input data and time from even an experienced user or in some cases powerful 
informatics equipments. Before or during a project design, multiple solutions should 
be proposed and studied but the lack of time and the complex data inputs stop this 
process of optimization and analysis.  

To find a compromise between simple and complex methods of evaluating the 
heating demand is to use energy prediction models that can approximate with accu-
racy the results from the model to the data obtained from simulations or experimen-
tal campaigns. This main research target of this chapter concerns the development of 
energy forecast models to evaluate the monthly/annual heating demand for single-
family houses in mild climates, with the aim to be used by architects or design engi-
neers as support tools in the very first stage of their projects in finding efficiently 
energetic solutions. The monthly period has been chosen to make possible the link 
with the various renewable energy technologies that required the knowledge of such 
monthly consumptions in the sizing process. The complete methodology that was set 
up at this level allowed the assessment of energy demand even for more complex 
cases where the building is adjacent to non-heated spaces like garages, roof attics or 
basements, like it will be shown on a study case in Chapter 6 of this thesis.   

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Heating/Domestic hot water 

Conduction
Convection

Natural ventilation
Infiltration/exfiltration

Solar radiation

Occupancy

Energy waste

Lighting 

Energy consumption 

Envelope load 

Thermal  
Air quality
Illumination

Internal load

Outdoor conditions 

Energy resources 

Energy requirement 

Figure 2.1 Energy flow and design concept process for buildings 
 
The energy prediction models that were obtained in this thesis research work 

simplify the parametrical studies and replace in the initial phase the numerical simu-
lation tools in order to optimise the building energy consumption versus environ-
mental or financial criteria.  The developed methodology has its base structure on 
the energy flow and concept presented in Figure 2.1. Finding the energy consump-
tion was a primordial step before sizing different fossil or renewable energy systems 
in the decisional process. This study was focused on the heating and domestic hot 
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water energy consumption but also on the electrical energy demand of residential 
houses. The simulation results used for the database and the statistical analysis of 
the models are described in this chapter. Model validation is possibly the most im-
portant step when trying to find a model, especially when dealing with multiple pa-
rameters so an extended sensitivity analysis was carried out. In this chapter it is also 
pointed out the impact of internal heat gains on the heating demand and their re-
covery factor during the winter season.Development of regression models to forecast 
the heating demand of dwellings 

 
2.2.1 Literature review 

 
Different prediction models have been proposed by various researchers during 

the last years, including Fourier series models [21], regression models [22]-[26] and 
neural network (NN) models [27]-[34].  Ruano et al. [35] used NN technique to pre-
dict building’s temperature based on the environmental data. Building energy con-
sumption was forecast in tropical regions by Dong et al. [36] using a new NN algo-
rithm and based on the data collected from four commercial buildings in Singapore. 
Yang et al. [37] proposed and tested two adaptive artificial NN to predict building 
energy consumption. The main benefits of artificial NN are that they are capable of 
adapting themselves to unexpected pattern changes in the incoming data.  

When dealing with a certain pattern it is possible to use multiple regression 
analysis to obtain accurate models but is required a database to estimate the model 
parameters and the appropriateness of the statistical methods [38] used to develop 
the equation. Datta et al. [39] compared NN techniques to linear regression tech-
niques and demonstrated that a simple linear regression model performs very poorly 
compared to a simple neural net. It was found that nonlinear models are substan-
tially more accurate than linear models and a significant reduction of sum squared 
error is possible [40].  

Chela.F [41] developed in his thesis polynomial models that were based on 
numerical simulations with the aim to predict the energy demand and summer 
thermal comfort for commercial/office buildings. It was shown that the methodology 
results give satisfying agreements with the numerical simulation results. Based on 
the literature review it can be observed that there is a high interest on this subject 
with major potential and substantial advantages for the research and industrial sec-
tor. Our research work can be considered as a continuation of the previous re-
searches work by focusing our attention on the residential sector and better taken 
into account the climate or the building morphology. 

 
 

2.2.2 Models inputs/outputs identification 
 
The major challenge of the study was to identify the models input parameters 

in order to describe as best as possible the building energy flow. Figure 2.2 illustrates 
the most relevant design parameters that could lead to a significant change in the 
heating energy demand. Based on this diagram the aim was to found a number of 
parameters that could be used as inputs for the prediction models. The principle of a 
,,black-box,, was used on this part where the inputs and outputs where first identi-
fied and then the process continued with the research of the ,,black-box,, structure 
model. 
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Climate data 

Building geometry 

Building th. insulation 

Glazing area/distribution 

Building thermal inertia 

Heating set-point temp. 

Building heating demand

Building internal gains 

Building ventilation system

Figure 2.2 Diagram of the design parameters that have an important impact on the heating 
demand 

 
A ,,black-box,, model of a system is one whose internal structure is unknown 

and when the inputs/outputs are known and therefore is a question of “curve-fitting” 
by finding the most appropriate function (see Figure 2.3). Accurate knowledge of the 
consequence of parameters and the relationship between them is essential for optimal 
and feasible finding of the researched function. After an extended research on the 
possible variables it was found that the necessary inputs for the models should be: 

 

• Building shape factor also called characteristic building length (defines 
the building morphology and at this level the heat loss surfaces and 
the building volume are introduced) 

• Building time constant (defines the thermal inertia of the building) 
• Climate coefficient or the difference between the indoor set point 

temperature and the sol-air temperature Tsol-air (defines the climate 
data by taking into account the global horizontal radiation and the 
outdoor  air temperature) 

• Window to floor occupied area ratio (defines the glazing area of the 
building) 

• Building envelope heat loss coefficient (defines the building construc-
tion design parameters and their thermal proprieties) 

 
 
 
 
 
 
 

Figure 2.3 Example of a black-box model 
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As concerns the outputs of the prediction models we have considered the 

monthly/annual heating demand for the winter season (October to April) due to the 
transmission and ventilation heat losses of the building. The models have been ob-
tained for different glazing distribution on the facades, due to the influence of build-
ing orientation on the consumption and as for the air renewal change this was as-
sumed to be equal to 0.7 air changes per hour, value which is based on the applied 
regulations for the residential houses in France. As for the internal heat gains, these 
were studied separately and regression models to estimate the impact of internal 
loads were obtained later on. 
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2.2.1 Building morphology 
 
Building morphology is an important factor that could influence an in-

crease/decrease of energy required to heat or cool the occupied space. The shape of a 
building has also an important impact on the construction costs but most important 
on the energy consumption and implicitly on the costs [42]. Depecker et al. [43] have 
investigated the relation between the form of the building and its energy consump-
tion.  In their study they wanted to provide the conceivers ,,a priori” information, 
easy to use at the beginning of the project. For that, they analyzed 14 buildings 
which were created from the same basic cell.  

Ourghi et al. [44] have developed a simplified analysis method to predict the 
impact of morphology for an office building on its annual cooling demand. This me-
thod was based on detailed simulation investigations using several scenarios of build-
ing geometry, glazing type, window area and climate. A direct correlation has been 
established between relative compactness and total building energy use as well as the 
cooling energy requirement. They also found that in addition to the relative com-
pactness, the glazing has an impact on the building total energy use. A similar study 
but with an extended database and special building shapes (i.e. H-shape) was con-
ducted by AlAnzi A. [45]  for office buildings in Kuwait. The simplified method that 
they obtained is suitable for architects during preliminary design phase to assess the 
impact of shape on the energy efficiency of office buildings. Optimizing the shape 
and the functional structure of energy-saving buildings has been the research work of 
Jedrzejuk and Marks [46]-[47].  The aim of their papers was to present rational me-
thods of multi-criteria optimization of the shape as well as optimization of heat 
sources taking into account the energy criteria. 

 Considering the above literature review we found a good solution to define 
the building geometry and implicitly the heat loss surfaces by using the building 
shape factor (Sf) (also called building characteristic length) which is defined as the 
ratio between the heated volume of the building (Vb) and the sum of all heat loss 
surfaces that are in contact with the exterior, ground or adjacent non-heated spaces 
(ΣSi) (see Eq. (2.1)).The greater the heat loss surface area the more the heat losses 
through it, so small ratios imply high energy demands, where the need to find an 
optimum knowing that the cube is the most compact orthogonal form.  

A building is more compact as the building shape factor takes higher values 
and it’s deficient in form when it has lower values. Another indicator of the form is 
the building relative compactness (Rc). The Rc of a shape is derived in that its vol-
ume to surface ratio is compared to that of the most compact shape with the same 
volume [48]. Eq. (2.2) shows the way to calculate the Rc for orthogonal polyhedron 
shapes, where the cube is used as the reference shape. Rc is purely shape-dependent, 
in contrast to conventional indicators such as the shape factor also referred in some 
paper work as the building characteristic length and which depend on the shape's 
size (see Eq. (2.1)).  
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Werner et al. [48] found that the association between the values of such indi-
cators and simulated heating loads of buildings with various shapes, orientation, 
glazing percentage and glazing distribution was found to be significant. Accordingly, 
the use of such indicators in energy standards (for heating load prediction and eval-
uation purposes) may be justified. Their study extended for several shapes where the 
glazing area and orientation was modified (see Figure 2.4). 

 

 
Figure 2.4 Different building shapes with the corresponding RC and shape factor [48] 

 
When developing the forecast models the building shape factor was used as 

input for our models, being a justified way to represent the building (ex-
ternal ur lume  mentioned in Chapter 1 the models were 
created to evaluate the heating energy demand for single family residential sector 

s from 0.7m to 1.25m. In our case, several build-
ing morphologies have been analyzed; Table 2.1 illustrates the heat loss areas and 
the bu

geometry 
s faces and heated vo ). As

where, in general, the Sf takes value

ilding shape factors that were simulated and later used in the regression anal-
ysis as inputs.  

 
    Table 2.1 Heat loss surfaces and Sf of the analyzed buildings 

Building B1 B2 B3 B4 B5 B6

External walls area (m2) 272 420 507 612 705 816

Volume (m3) 200 350 500 650 800 997

Shape factor (m3/m2) 0.73 0.83 0.98 1.06 1.13 1.22

                                                

2.2.2 Building time constant 
 
Incorporating thermal inertia when making the design of a building it is a de-

licate issue, designers being obliged in most of cases to use dynamic simulations to 
better see the impact of inertia on the building energy consumption. Thermal mass 
can give a positive contribution to the indoor environment and to the energy per-
formance of buildings, both summer and winter. In the summer time, excessive heat 
is absorbed and can reduce the need for cooling during the day-time. In the winter 
time, energy from the sun and internal heat gains can be absorbed in the thermal 
mass of the construction during the day, and gradually released to the indoor air at 
night, thus completely or partially reduce the need for heating [49]. Ya Feng [50] 
concluded in his work that the most important quantitative parameters for designing 
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energy-efficient exterior walls and roofs are heat transfer coefficients and index of 
thermal inertia. The benefits of a high building thermal mass are not only related to 
energy reduction but also with the indoor thermal comfort of inhabitants. In differ-
ent calculation methods the thermal inertia of a building is classified by categories 
(i.e. light building) [51] but this kind of comparison between different classes is not 
accurate and can create uncertainty. 

(W/K), which includes the 
transmission heat loss coefficient of the building envelope and the ventilation heat 
loss coefficient [52]-[53]. The first step to calculate the building time constant is to 
determine the energy stored in the walls. In Eq.(2.3) the Rt is considered to be the 
total thermal resistance of the wall (m2K/W) with ,,n,, layers of ei thickness (m) and 
thermal conductivity λi (W/mK). 

To express the thermal inertia of the building, the building time constant was 
considered as the second input for the models. The time constant of a building, τ, is 
defined as the ratio of the heat surface energy accumulation of the building Eb (J/K) 
and the total heat loss coefficient of the building Qb 

λ∑
n

i
t

i=1e i

e1 1
R = + +

h h  i (2.3)

where 1/he and 1/hi are the external/internal superficial thermal resistances 
(m2K/W). The coefficient of heat transmission Uwall (W/m2K) of the wall is calcu-
lated as the inverse of the thermal resistance Rt. The layers are numbered from the 
external to the internal face of the wall (see Figure 2.5). 

 

 
 
 

 
 
 
 

Figure 2.5 Wall thermal structure and temperature distribution along the  
external/internal face 
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The stored energy for the entire wall per surface unit can be written as: 

∑
n

wall
(wall) k

k=1

E = E
 (2.7) 

The building energy stored Eb can be translated as: 

where ,,m,, is the number of the energy storage elements of the building (i.e. floor, 
walls, internal walls), S  the corresponding surface (m2), V  the air volume (m3

the co

(2.10) 
fraction of solar 

a ds to sudden changes [55]. Higher 
time constants can be reached either by 

r. 

thway to an 
efficient and less consuming energy buildin  New and old buildings have atte

lope including thermal bridges. 
The heat losses through building elements se

ρ⋅ ⋅ ⋅∑
m

b i i a a a
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E = (E S )+ c V
(2.8)  

) with i a

rresponding density ρ  and thermal capacity c . The total heat loss coefficient 
of the building is a sum of the energy loss by the external building elements and the 
air change rate: 

m

a a

ρ⋅ + ⋅ ⋅∑b i i a a a
i=1

Q = (U S ) c Q  (2.9) 

where the Ui are the coefficients of heat transmission and Qa the fresh air flow 
through the room (m3/s). Based on the Eq. (2.8) and (2.9) we can calculate the 
building time constant (τ) as: 

/b bEτ = bQ
 

The higher the time constant of the building is, the larger 
gains c n be used in winter and slower it respon

increasing the thermal mass of the volume 
or by decreasing the heat losses of the analyzed building.  

Noren et al. [56] simulated with three different simulation programs the ther-
mal inertia of a reference building. Their results showed that a reduction of 16–18% 
of the energy heating demand could be obtained when using heavyweight inertia (τ = 
325h) compared to a lightweight one (τ = 31h), both being equipped with large win-
dows. Another conclusion from their research was that the effect of inertia is rather 
small for different materials in conventional building constructions that have a large 
quantity of insulation with a thin interior surface laye

 
2.2.3 Building envelope average U-value 

 
The building envelope insulation is a critical component of any facility because 

it plays a main function in the energy consumption and the regulation of the indoor 
environment. The building’s roof, windows, walls and floors control the flow of en-
ergy between the indoor and the outdoor of the building. The envelope insulation is 
as much as important as the form of the building itself, and it is the pa

g. mpted 
to reduce their energy requirements by improving the air tightness of the envelope 
and increasing the thickness of insulation [57].  

The French Standard 2005 [51] describes the Ubui  coefficient as the building av-
erage coefficient of heat losses through building enve

parating the heated volume to the ex-
ternal conditions, ground or unheated spaces of the facility are considered i
coefficient. The French thermal directive is based on the European Norms and Di-
rectives and it is used as a result of international agreements, including Rio in 1992 

n this 
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and Kyoto in 1997 which France has signed to reduce the emissions of greenhouse 
gases. The Ubui is calculated using Eq.(2.11) and is expressed in W/m2K. 

/ ∑bui tU = H S  
i (2.11)

urface of walls separating the heated volume from 
outdoor, ground on unheated spaces (m2) and Ht is the transmission heat loss coeffi-
cient (W/K) and it is calculated based on Eq.(2.12)

where ΣSi is the total internal s

. 

t d s uH =H +H +H  (2.12)
where Hd is the transmission heat loss coefficient of the elements in contact with the 
outdoor conditions (see Eq.(2.13)), for the Hs the walls are in contact with the 
ground or the basement (see Eq.(2.14)) and  for Hu they are in contact with non-
heated spaces (see Eq.(2.18)).  

 
Figure 2.6 Transmission heat loss coefficients throw the walls limiting the  

heated volume (modified figure from [51]) 
 

The Hd is defined by Eq.(2.13):  

jS ψ λ∑ ∑ ∑d i i k ki k j
H = U + l +

 (2.13)

where Si is the internal surface of wall i (m2), Ui is the heat transmission coefficient 
of the wall i (W/m2K), lk is the linear of thermal bridge k (m), ψk is the heat trans-
mission coefficient of the thermal brid nd χj is the heat transmission 
coeffic

ge k (W/mK) a
ient of the three-dimensional thermal bridge (W/K). The transmission heat 

loss coefficient throw ground or non-heated basement is written as: 

S S∑ ∑s i ei j ej ji j
H = U + U b

 (2.14)

where Si is the wall internal surface in contact with the ground, Sj is the wall inter-
nal surface in contact with a non-heated basement, Uei,Uej are the corresponding 
,,equivalent,, heat loss coefficients (W/m2K) and bj is the temperature reduction 
coefficient (-). The b coefficient is calculated based on the heat loss coefficient of the 
non-heated space to exterior Due (W/K) and the heat loss coefficient of the heated 
volume to the non-heated space Diu (W/K) (see Eq.(2.15)).  

ue

ue iuD +D  

D
b= (2.15)
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Due and Diu take into account transmission and air change heat losses and are 
calculated based on Eq.(2.16). Hue and Hiu can be formulated like in Eq. (2.13) and 
Eq.(2.14). 

 ,ue ue V ueD H D= +  and iu iu V,iuD = H + D    (2.16) 

      ⋅V,ue ueD = 0.34 Q  and ⋅V,iu iuD = 0.34 Q    (2.17) 

where Que,Qiu are the air flow of the non-heated space from exterior, respectively the 
air flow of the heated volume from the non-heated space (m3/h). Based on previous 
equations, Hu can be obtained: 

∑u iu ll
H = H b   (2.18) 

Ubui. is the third input of the energy prediction models and three levels of 
building thermal insulation were studied during the simulations from 0.28 W/m2K 
(high level of insulation) to 1.35 W/m2K (low level of insulation). A good advantage 
of the overall envelope approach is that it offers greater design flexibility and allows 
the designer to make trade-offs between many of the building envelope components. 
For ex

2.2.4 Building glazing area 
 

fr) 
which can ed ge floor area to the total glaz-
ing area. This parameter tant for hitects due to  on the natu-
ral lighting of the house and its potential on reducing the heating demand in mid-
season especia ersson [59] show at by using y-efficient windows it 
would be even better than having a highly
because the w  can  and use the solar energy to heat the indoor space 
during periods n the shining e outdoor erature is lower than 
the indoor temperature. The most appropriate size of a window for energy smart 
design

 Wfr represented 8% of the overall 
budget for the two-story base house, and 15% of the budget for a 30% window-to-
floor area ratio  ratios reduce 
the first costs and as concerns the energy costs 
doubling the window area from 10% to 20%. 

The French directives propose a 16.5% refer-
ence but this value could go up to 22%, highe alues easin e risks of over-
heating during the summer period, or increasing the heating demand during the 
winter season

 

 

 

ample, if a designer finds it difficult to insulate the walls to a level adequate 
for meeting the wall component U-factor requirement, then the insulation level in a 
roof or the performance of windows could be increased to offset the under-insulated 
wall. 

 

Another input of the regression models is the window to floor area ratio (W
 be translat by a percenta

is impor
 of the occupied 
 arc  its influence

lly. P  et al. ed th energ
 insulated wall without windows. This is 

indow  collect
 whe  sun is and th temp

 depends on building orientation and the amount of thermal mass in the inter-
nal building materials. A window-to-floor area ratio of 15% to 18% is recommended 
for conventional construction and will balance the energy, first cost, and indoor envi-
ronmental quality. Table 2.2 resumes a simulation study on a US, Minnesota resi-
dential house where the Wfr has taken values between 10% and 30%. The hypotheses 
on this study were that double low-E argon glazings were used and they were equal-
ly distributed on all the building facades. A 15%

. From a purely economic viewpoint, lower window area
these suffered an increase of 9% if 

of window/floor area ratio as a 
r v incr g th

.  
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Table 2.2 Window to floor area ratio comparison for a Minnesota, US house [60] 
Alternatives Whole house Cost/sf-habitable Energy cost/sf-

cost ($) ($) habitable ($) 
10% 141.39 4.62 1.05 

15% 145.38 6.93 1.09 

20% 149.36 9.24 1.14 

30% 157.33 13.87 1.24 

 
Houses implementing passive solar strategies using thermal mass and south 

orientation must be evaluated on an individual basis and may require a different 
overall window-to-floor area ratio to achieve maximum benefit. This parameter is 
the fourth input of the energy models. For the simulation study three cases of Wfr 
were analyzed: 12%, 16% and 22%. As conce
have been developed for 4 orientation distributions where the glazing surface is dis-
persed on the building façades like in Table 2.3.  

 

rns the glazing distribution, the models 

Table 2.3 Building glazing distribution - analyzed scenarios 

Distribution (%) South North East West 

Case 1* (RT2000) 25 25 25 25 

Case 2 * (RT2005) 40 20 20 20 

Case 3 (North) 20 40 20 20 

Case 4 (South) 60 20 10 10 

 
2.2.5 Climate 

 
ergy prediction model is the 

climate coefficient (Ccl), which we are going to define it as the temperature difference 
betwe

-
age daily global radiation on horizontal (Hg), a default external convection coefficient 
(he) with a default value of 23 W/m2K [51] and a solar absorptance (α) of 0.6 (de-
fault mean value of the building elements that were simulated).  

coefficient  

The last parameter used as an input in our en

en the heating set-point temperature (Tin) and the sol-air temperature (Tsolair-

cl.)[62]. The combined effect of incident solar and outdoor air temperature on the 
building envelope is indicated by an imaginary temperature called sol-air tempera-
ture [61]. The sol-air is used as an outdoor design temperature and was calculated by 
using a monthly average sol-air temperature of the considered climate (Tsol-air). It is 
computed using the monthly outdoor dry-bulb temperature (Ta), the monthly aver

α ⋅ g
sol-air

e
a

H
T = T +

h
 (2.19)

(2.20)

The heating set-point temperature ) was considered to be 19°C for all the 
simula  The 
latest French thermal directive divided the France map in 8 zones compared to the 

climatic zones were identified. Nice and Strasbourg 
were found to be the minimum respectively the maximum limits on the outdoor 
climat

cl in sol-airC =T -T
 (Tin

tions, value that represents the best the French houses heating regime.

previous directive where only 3 

ic conditions of France. Because the energy consumption is very sensitive to 
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climate data, a number of 16 cities all across the France map were simulated (see 
Figure 2.7). 

 

10.  Rennes 
11. Caen 
12. Paris 
13. Lille 
14. Nancy 
15. Strasbourg 

1. Lyon 
2. Grenoble 

3. Chambery 
4. Nice 
5. Marseille 
6. Toulouse 

16. Besancon 7. Bordeaux 
8. La Rochelle
9. Nantes

         
Figure 2.7 France map: 16 weather zones simulated 

 
2.2.6 Parameters interaction and relationship 

und to be in strong relationship one 
with the other ones; for example the building shape factor which is a function of the 
heated volume and the heat loss surfaces is related to the building time constant 
(also a function of heat loss surfaces). Moreover the building envelope U-value and 
the glazing area are connected between them. The character of the relationship is 
evident and the non-linear impact of these parameters is deducted (see Figure 2.8). 

 
 
 
 

 
Figure 2.8  Schematic diagram of the connections between the models inputs  
 

2.2.7 Output data results 
 
The outputs of the models were considered to be the building annual/monthly 

energy demands (kWh/m3) obtained from the dynamic simulations. At this level the 
main aim is better shaped and the final objective is acquired: developing energy equ-
ations for each winter season month (from October to April).   

 
2.2.8 Summary 

 
The necessary parameters to define a building were identified in this part and 

a brief description of each of the input data was realized. Figure 2.9  and Figure 2.10 
resume this chapter main research objective in two diagrams. The next step in the 
identification process was to obtain the simulation database and then to trace the 
best curve-fitting function that could approximate as best as possible the data from 
simulation to the models outputs. 

 

 
The chosen inputs of the models were fo

 
 Sf=f (Si, Vb) 
 

τ=f (Ui, Si, Vb) Ubui=f (Ui, Si) 

Wfr=f (Ui, Si) 
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Figure 2.9 Diagram of the inputs/outputs of the energy prediction models

 
 
 
 
 
 
 
 
 
 
 
 
 

x1 – building shape factor 
x2 – building time constant 
x3 – building envelope U-value 
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Figure 2.10 Schematic diagram of connections and models development stages   
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2.2.3 Building dynamic simulations 
2.2.3.1  Introduction 

 
In order to obtain the database necessary to identify the ,,black-box,, function,  

dynamic simulations were conducted using Trnsys 16 (Transient Systems Simulation 
Program)[20]. Trnsys 16 is a complete and extensible simulation environment for the 
transient simulation of systems, including multi-zone buildings. It recognizes a sys-
tem description language in which the user specifies the components that constitute 
the system and the manner in which they are connected.  

The Trnsys library includes many of the components commonly found in 
thermal  input 
of wea her dat  of simulation 
results. The modular nature of 

 and electrical energy systems, as well as component routines to handle
t a or other time-dependent forcing functions and output

Trnsys gives the program tremendous flexibility, and 
facilitates the addition to the program of mathematical models not included in the 
standard Trnsys library. 

 
Figure 2.11 TRNSYS Studio graphical input program   

 
Figure 2.11 shows the Trnsys model in a schematic form using the Trnsys 

Studio graphical input program. Using interconnected components, which include a 
weather generator, radiation processors, a building model, equations and other in-
puts /outputs components, the logical diagram of the weather-building coupling is 
realized.  

 
2.2.3.2 Weather data files 

 
In Trnsys Studio, the weather module that was used for our simulations em-

ploys TMY2 climate data files. TMY2 (Typical Meteorological Year 2) data are 
hourly annual solar radiation and meteorological data readily available from the 
National Renewable Energy Laboratory (NREL) [63]. It is important to note that 
the TMY2 data represents a typical year based upon 30 year weather characteristics. 
It is unlikely that the data accurately represents any single year, but it is representa-
tive of the average weather characteristics over the 30 year time frame. The data 
files are available for different locations throughout the France and are derived from 
either measured or modeled data. Like mentioned previously, the simulations were 
realized under a one hour step, so a total of 8760 data results could be analyzed. 
Figure 2.12 illustrates the temperature and solar radiation during the month of Jan-
uary based on the TMY2 weather data file for Strasbourg zone. 
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Figure 2.12 Temperature and global horizontal radiation simulation data  

(January month) for Strasbourg using a TMY2 weather file  
 
The weather files used for our simulations are based on the Meteonorm TMY2 

data files [64] for France. 
 

2.2.3.3 Building description 
 
The Trnsys building model, known as, Type 56, is compliant with general re-

quirements of European Directive [65] on the energy performance of buildings and 
has been used with success by engineers to design efficient buildings, but also for 
scientific research [66]. The type 56 building model subroutine also accounts for ra-
iative build-

ing. In inputs 
for heating, cooling, ventilation, infiltration, and human comfort factors. The exter-
nal/internal walls, roof and floor were modeled under the TrnBuild platform. The U-
values of the three levels of insulation that were simulated are shown in Table 2.4. 

A constant heating regime at 19°C along with an air change of ventilation of 
0.7 ach/h were used as hypothesis  in 
French norms). As concerns the inter d to be 
41% ea.  To three 
levels of insulation, three levels of t hich 
gave us a total of 54 scenarios. The 5 zing 
area (Wfr from 12% to 22%) and four type of glazing distribution on the facades. 
Basically, we had 12 files, each of them 
chall l ion o cenar-
ios (162 computations), with the exce  not 
enter in the time constant method cal

The 12 files were linked with t io diagram and the 
simulations were launched for 16 climatic zones, a total of 82,944 cases (seven 
months and the annual consumption  regression models. 
The ents was n of 
simu  simulation s, three levels of glazing and four 

pe of glazing distribution), but especially due from the low duration of these simu-
lations.  Three simulations were launched each time on a powerful computer proces-
sor (Athlon Dual-X64-3200, 4GB memory, 300 GB hard disk) with a finishing time 
of 5 to 7 minutes. The total duration of the simulations was of around one day. To 
simplify the analysis and to reduce the work time, the 82,944 cases obtained from 
the simulations were integrated in a Visual Basic excel macro and prepared for the 
regression. 

Table 2.4 U-values of different design elements used to calculate the 

d solar gains, thermal mass effects, and the capacitance of the air in the 
addition to the construction of the building, the model also requires 

the simulations (values obtained from the 
nal walls, their total surface is suppose
resume th of the occupied floor ar e approach, they are supposed 
hermal inertia and six building shapes, w
4 cases were created for three levels of gla

containing the 54 building scenarios. The 
f the building time constant for all the s
ption of t

enge came from the calcu at
he glazing distribution, which do

culation. 
he weather in the TrnStud

) being used to obtain the
 use of design experim
lations which was 192

ot employed due to the relative low number 
s (16 climate

ty
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building envelope U-value (Ubui) 

U-values (W/m2K)  

  
lation building insulation building insulation building 

Low thermal insu- Medium thermal High thermal 

External walls  0.71 0.36 0.22 

Floor 2.21 0.85 0.48 

Roof 0.66 0.25 0.13 

Windows 5.74 2.95 1.43 
 
The nature of the Type 56 building model interface TrnBuild allowed modify-

ing most of the components of the building model. For each of the building elements, 
their thermal properties have been defined with the aim to correspond to the needed 
input parameters cases.  

 
2.2.3.4 Simulations parameters limits 

 
The dynamic simulations were conducted using all the possible scenarios be-

tween the models inputs. For each of the 16 climate data files and for each month 
(October to April), the heating demand results were obtained and analyzed. Table 
2.5 illustrates the parameters range lim mber of studied cases. 
 

its and the nu

Table 2.5 Input parameters range limits used for the TRNSYS simulations 

 Parameters range and variations 

Building shape factor (Sf) 
0.73 to 1.22  (m) 

- 6 cases 

Bu

3.22 to 198  (hours) 
-3 cases (light-medium-heavy thermal mass 
building) 

ilding time constant (τ) 
 -the values were calculated for each case based 
on the building shape factor and thermal insula-
tion 

Building envelope U-value (Ubui) 

0.3 to 1.55 (W/m2K) 
-3 cases (low-medium-high thermal insulation 
building) 
- the values were calculated for each case based 
on the buildings shape factor 

Window to floor ratio (Wfr) 
12 to 22 (%) 

- 3 cases (12%, 16% and 22%) 

Climate coefficient (Ccl) 
-16 cases with the corresponding range (s
Appendix A) 

ee 
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2 ode ription 
2.2.4.1 

edictors) whose values can be predeter-
mined.  

hus, the final objective is to predict the single dependent variable (i.e. heat-
ing demand) by a set of independent variables (shape coefficient, building time con-
stant, etc.). Developing a correlation method, it is essential to generate a database 
by doing many parametric studies and then create a simple equation by using re-
gression analysis. Compared to neural networks, regression analysis could be an eas-
ier and more practical solution to differe
pattern. Whe e regression 
techni  correlation 
between 
involves finding the best straight line relationship to explain h w the variation
outcome variable yi, depends on the variation in a predictor variable, xi. An example 
of a si

.2.4 M ls development and desc
 Regression analysis 

 
To develop the estimation models the regression technique analysis was used. 

The regression technique [67] is applied to help us predict the value of one variable 
(also called response variable or measurement) from one or more other variables 
(also known as explanatory variables or pr

T

nt problems which are following a certain 
n having a large database of values like in our case, th

ques could be applied with success and with good results on the
the model and the analyzed data set. In its simplest form regression analysis 

o  in an 

mple linear regression equation is shown: 

1 iβ β εi 0 iy = + x +   i=1,….,n (2.21) 

where β  is the y in0 tercept, β1 is the gradient or slope of the line, and εi is a 
random term associated with each observation. In many situations the outcom
depend on more than one explanatory variable. This leads to multiple regressio
which the dependent variable is predicted by a combination of the possible explana-
tory variables (5 variables in our case). Multiple regression shares all the as
tions of correlation: linearity of relationships, the same level of relationship th
out th ear-interval data, absence of 
outlier

Similar to linear regression, the goal of nonlinear regression is to determine the 
best-fit parameters for a model by minimizing a chosen merit function.  
nonlinear regression differs is that the model has a nonlinear dependence on the un-
known parameters, and the process of merit function minimization is an iterative 
approach. The process is to start with some initi l estimates and incorporates
rithms to improve the estimates iteratively.  The new estimates then become a start-
ing po s continue until the merit function 
effectively stops decreasing [69]. The nonlinear model to be fitted can be represented 
by Eq. (2.22) and the merit function to be minimized in performing nonlinear regres-
sion is considered as follows: 

e will 
ns, in 

sump-
rough-

e range of the independent variable, interval or n
s, and data whose range is not truncated [68].  

Where 

a  algo-

int for the next iteration.  These iteration

βy = y(x, )  (2.22) 

)β
χ

σ
⎡ ⎤
⎢ ⎥
⎣ ⎦

∑
2

n
2 i i

i=1 i

y -y(x ,
(a)=

 
(2.23) 

where a are the function variables, σi is the measurement error or sta
deviation of the iteration data point. As with linear regression, the procedure is to 
minimize the sum of the squares of the vertical distances of the points from the 
curve. In some cases when using regression analysis we must make an intelligent 

ndard 

guess about the function.  
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2.2.4.2 Least-square error method 
 
The method of least squares or ordinary least squares (OLS) is a math

cal procedure for finding the best-fitting curve to a given set of points by minimizing 
the sum of the squares of the ,,residuals,, (difference between an observed value, i.e 
simula
over determined systems (see Figure 2.13).  

Figure 2.13 Minimizing distance (d n the y and x-direction 
 

The best fitting curve f(x) has the least square error, for example:  

β β∑ ∑
n

y - f(x ) = y -( + x ) = min.  (2.24)

are given. To 
obtain the
in zero first de

emati-

tion data in our case and the value given by the model) and is used to solve 

 
 
 
 
 
 
 

) i

[ ] [ ]1i i i 0 i
i=1 i=1

where β

n
2 2R=

0 and β1 are the unknown coefficients while all xi and yi 
 minimum least square error, the unknown coefficients β0 and β1 must give 

rivates so: 

[ ]1β β
β

∂

∂
∑
n

i 0 i
i=10

R
= 2 y -( + x ) = 0

 
(2.25)

[ ]0 1
1

i β β
β

∂

∂
∑ i i
i=1

R
= 2x y -( + x ) = 0

 
(2.26)

expanding the above equations, we have: 
n n n

n

and by 

which in

β
⎡ ⎤ ⎡ ⎤
⎢ ⎥ ⎢ ⎥⎡ ⎤⎢ ⎥ ⎢ ⎥⎢ ⎥

∑ ∑
n n

i i
i=1 i=1

n x y
= (2.29)

or 

0 1β β∑ ∑ ∑i i
i=1 i=1 i=1

y = 1+ x
 

(2.27)

0 1β β∑ ∑ ∑
n n n

2
i i i i

i=1 i=1 i=1

x y = x + x
 

(2.28)

 a matrix form can be written as: 

0

12
i

β⎢ ⎥ ⎢ ⎥⎣ ⎦
⎢ ⎥ ⎢ ⎥⎣ ⎦ ⎣ ⎦
∑ ∑ ∑
n n n

i i i
i=1 i=1 i=1

x x x y  

1

1 10

21

1 1 1

n n

i i
i i

n n n

i i i i
i i i

n x y

x x x y

β

β

−

= =

= = =

=

⎡ ⎤ ⎡ ⎤
⎢ ⎥ ⎢ ⎥⎡ ⎤ ⎢ ⎥ ⎢ ⎥⎢ ⎥ ⎢ ⎥ ⎢ ⎥⎣ ⎦
⎢ ⎥ ⎢ ⎥⎣ ⎦ ⎣ ⎦

∑ ∑

∑ ∑ ∑
 

(2.30)

And with the inverse matrix: 

d

d
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0

1β ⎢ ⎥⎣ ⎦
⎢ ⎥⎣ ⎦

∑ ∑ ∑ ∑ ∑
n n n

2 2
i i i i i i

i=1 i=1 i=1 i=1 i=1

n x -( x ) n x y - x y
 

β
⎡ ⎤
⎢ ⎥⎡ ⎤ ⎢ ⎥⎢ ⎥

∑ ∑ ∑ ∑
n n n n

2
i i i

i=1 i=1 i=1 i=1
n n

- x
1

= (2.31) 

so the two coefficients β  and β  are: 

i iy x x y

0 1

0β
∑ ∑ ∑ ∑

∑ ∑

n n n n
2 -

)

i i i i i
i=1 i=1 i=1 i=1

n n
2 2
i i

y x x x y
=

n x -( x  
(2.32) 

i=1 i=1

β
∑ ∑ ∑

∑ ∑

n n n

i i i i
i=1 i=1 i=1

n n
2 2
i i

i=1 i=1

1

n x y - x y
=

n x -( x )  
(2.33) 

 
2.2.4.3 Regression results and goodness of fit 

 
Before approaching the regression analysis and the forecast models accuracy, a 

ort presentation of the vocabulary used in the next part is enounced: 
A e between the ac-
tual data points  yi and the curve generated from the predicted values 

he curve (see Figure 2.13).   
 The sum of residuals is the total sum of the residuals for al

points. If the curve passed through each ata point, this sum 

t was previously presented in 
the least-square error method. 

 The standard error of the estimate is a measure of the accur
predictions. The standard error of the estimate is closely related to the 

sh
  residual (or fitting error) is the vertical differenc

y’. If a residual is positive, it means that the actual data point lies 
above the curve and if takes a negative value that means that the ac-
tual data point lies below the curve.  If the residual is zero, the actual 
data point lies on t

l data 
would  d

be zero; however, a regression model can have large positive and nega-
tive residuals and still sum to a small number.  

 Another term that was analyzed during the accuracy data fit study is 
the absolute residual sum of squares like i

acy of 

sum of squared deviations and is defined below: 

σ ∑ 2

est.

(Y-Y')
=

N
 (2.34) 

where σest. is the standard error of the estimate, Y is the simulated value, Y' is 
the predicted value, and N is the number analyzed cases. 

The coefficient of determination is a measure of how well the regres-
 

 
sion line represents the data.  If the regression line passes exactly 
through every point on the scatter plot, it would be able to explain all 
of the variation. A value of R2 = 1 means that the curve passes 
through every data point and inverse when a value of R2 = 0 means 
shows that the regression model does not describe the data any better 
than a horizontal line passing through the average of the data points. 
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reg2 err

tot tot

SS SS
R = = 1-

SS SS
   ≤ ≤2(0 R 1)      (2.35)

where SSreg is the regression sum of squares, SSerr the  residual or error sum 
or squares (also called the explained sum of squares) , SStot the total sum of squares: 

∑
n

2
iregSS = (Y -Y) ∑

n
2

err iSS = (Y -Y
i=1     i=1

)
   

∑
n

2SS = (Y -Y)
(2.36)

tot
i=1  

The terminat sent rcent a that is the 
closest to t ce ression model has been constructed, it is 
important to confirm the goodness of fit of the model and the statistical significance 
of the esti ted parameters. Chec e goo of fit include the R-squared, 
analyses of the pattern of residuals and hypothesis testing. We have paid a particu-
lar attention of the residuals plots. If the residuals appear to act randomly, it sug-
gests that  the data w owever, if the residuals display a systematic 
pattern, it is a clear indication that the model fits the data unsuccessfully and an-
other 

In order to predict the building heating demand as a function of the 5 selected 
parameters, different models have been studied. If we assume that there is a linear 
relation between energy demand and the 5 parameters given in Table 2.5 then the 
model can be written as follows: 

i

  
coefficient of de ion repre s the pe of the dat
he line of best fit. On  a reg

ma king th dness 

the model fits ell. H

function could better fit the results. 
 

2.2.4.4 Linear versus non-linear model comparison 
 

1 2 5x x x x xβ β β β β β0 1 2 0 3 0 4y = + + + + +
 

5 (2.37)

where Y is the heating energy demand (kWh/m3/month) and X1..X5 are the 
input parameters. The assumption of linearity is false so in order to model the non-
linear relation between the energy consumption and the 5 inputs, quadratic terms 
may be introduced, obtaining a pure quadratic model:  

i0 i ix xβ
5 5

2β β∑ ∑i iy = + + (2.38)

see Figure 2.8) shows that these elements are inter-connected; building 
orphology with the building time constant and so on. These interdependences may 

b g thus an interac-
tion model: 

i=1 i=1  
Based on the relationship between the parameters described in the diagram of 

connections (
m
e modeled by adding interaction terms to the Eq.(2.39), obtainin

i ij iix x x xβ β β β∑ ∑ ∑ ∑
5 5 5 5

2
0 i i j i

i=1 i=1 j=i+1 i=1

y = + + +  (2.39)

We tested the three models to study what is the most appropriate for the 
physical problem and in the same to find the best fit between the simulated data 
and the model results. It was found that quadratic (second-order) polynomial models 
are the most accurate solutions for our problem. The polynomials are very flexible 
and they could fit a wide range of curvature but they have the inconvenient that are 
not valid outside the range of observed data (see Table 2.5). The choice of polyno-
mial functions as simplified models is also supported by the fact that they may ap-
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proximate complicated functions. Introducing the interactions terms, the errors are 
nd t nct act er ta c es. A par etw  

model where the inputs are inter-connected performs better with a R .99  
a maximum residual of 0.80. If ok e sa egre res ut  
line residual sum of squares takes a larger num-
ber  the re ra i ee .

Table 2.6 R ion s co son ffere dels r an -line

 . (2 Eq. (2.38) (2.3

reduced a
three models presented in 

he fu ion re s bett to da hang  com ison b een the
Eq.(2.37),(2.38),(2.39) and  shows that the non-linear 

2 of 0 52 and
we lo to th me r ssion ults b for the

ar model it can be observed that the 
and siduals nge is h gher (s  Table 2 6). 

 

egress result mpari for di nt mo  (linea d non ar) 

Eq .37) Eq. 9) 

Sum u E 3 E- of resid als -7.8 -10 .5E-10 -8.64 10 

Residual sum of squares 806 

SEE 69 0. 13 

R2 952 0. 312 

Max ual  0 1.4 2 

Min al 9 -

73.57 968 

 0.1 559 0.6

0.9  9474 0.9

. resid 0.8 2 1.8

. residu -0.6 1.73 -1.5 
 
Tracing oodn f fit he mo

obta d using eco der om ode mor cise the r 
model and are well correlated with the dat m s ion Fig  14)

the g ess o  for t three dels it can be seen that the values 
ine  the s nd-or polyn ial m l are e pre than  linea

a fro imulat s (see ure 2. . 

 
Figure 2. 14 Goodness of fit: comparison between different models: linear (Eq. 2-37),  
non-linear(Eq. 2.38) and non-linear with interaction terms (Eq. 2.39) for the month of 

April  
Based on the results obtained from the comparison, the polynomial second-

order model will be further used in the regression diagnostic to obtain the regression 
coefficients. 
 

2.2.4.5 Models accuracy and regression diagnostic 
 
Once the form of the models was chosen, the next step consisted in the identi-

fication of the coefficients, βi, which minimize the errors between the models outputs 
and the dynamic simulation results. Using the least square method we obtained the 
regression coefficients for the polynomial models for different months where the glaz-
ing distribution was accordingly to the reference of the new French directives 
RT2005 (see Table 2.7 for coefficients and regression results and Table 2.3 for details 
on the glazing distribution). In Appendix A are explained and detailed the models 
for the other building orientation scenarios (RT2000, South, North). 
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Table 2.7 Regression coefficients and models accuracy for glazing distribution RT2005 

Reg. coeff. Jan. Feb. Mar. Apr. Oct. Nov. Dec. Annual 
β0 2.351 3.334 4.665 3.723 2.368 2.689 1.913 34.480 

β1 -7.842 -7.712 -8.300 -6.716 -4.613 -5.432 -6.846 -58.877 

β2 15.288 13.292 12.753 9.838 7.947 11.069 14.056 116.423 

β3 6.2E-04 -9.5E-04 -3.8E-03 -5.3E-03 -6.1E-03 -1.9E-03 3.7E-04 -2.7E-02 

β4 -9.842 -6.575 -6.867 -4.978 -4.285 -7.204 -9.151 -44.748 

β5 0.389 0.268 0.137 0.218 0.252 0.171 0.388 2.140 

β6 -8.070 -7.420 -7.441 -5.831 -4.505 -5.949 -7.47 -58.234 

β7 1.4E-03 -5.7E-04 -1.3E-03 -1.8E-03 -7.9E-04 -5.3E-04 -1E-04 -1.4E

β8 5 24.303 

β9

0.352 3.589 

β13 3.3E-03 -2E-03 -1.1E-02 -1.7E-02 -1.5E-02 -4.9E-03 7.6E-04 -4.8E-02 

β14 -2.8E-05 1.2E-04 3.4E-04 3.8E-04 4.3E-04 2.0E-04 6.5E-05 -2.6E-04 

β15 0.745 0.510 0.551 0.184 0.059 0.677 0.763 1.932 

β16 3.847 3.871 4.223 3.437 2.462 2.787 3.423 30.113 

β17 -1.406 -0.689 -0.062 0.293 -0.020 -0.877 -1.392 -3.754 

β18 8.2E-08 6.6E-06 2.0E-05 3.6E-05 3.7E-05 1.0E-05 6.9E-07 2.7E-04 

β19 -12.615 -12.488 -13.045 -9.405 -4.775 -10.529 -11.463 -63.026 

β20 -6.8E-03 -3.6E-03 5.1E-03 2.4E-04 1.0E-02 1.5E-03 -7.3E-03 0.117 

R2 0.9984 0.9986 0.998 0.9952 0.9952 0.9981 0.9983 0.9952 

Min res. -0.785 -0.658 -0.645 -0.691 -0.577 -0.627 -0.732 -6.320 

Max. res. 7.718 

-04 

-0.742 0.168 1.668 2.858 3.053 -0.112 -0.96

-0.023 -0.034 -0.066 -0.088 -0.150 -0.038 -0.023 -1.161 

β10 -0.010 -0.003 -0.002 -0.002 -0.005 -0.005 -0.004 -0.086 

β11 1.205 -0.804 -3.133 -3.931 -2.747 0.413 1.500 -21.679 

β12 0.341 0.313 0.354 0.320 0.377 0.341 

0.566 0.443 0.827 0.807 0.824 0.633 0.535 

 
The model accuracy was evaluated by the mean of coefficient of determination 

(R2), the sum of residuals and the standard error of the estimate (SEE). For all the 
obtained models the R2 had good values, higher than 0,99 and the max./min. resid-
ual were in acceptable limits. It was also checked if the residuals are normally dis-
tributed by looking at the model probability plot. The model probability plot or 
goodness of fit sh he vertical axis 
and the alues fro n h o x e etween 
models results and simulations would represent that all the analyzed points to be on 
a straig wit 45 pe sing ug  or . In  ca ese point 
are very close to this line and the app ma is  Fi  2 the 
goodnes for  d nt th gy prediction models and it can be ob-
served t  res fro e el a ll c late th t ata  simula-
tions. 

We paid attention to the analysis of residuals due to its importance to give 
clues ab e ap ri ss l u to e d H rams and 
scatter plots of residuals were studied t est  th trib  o iduals. It 
was establish that the residuals are ra no 
discernable pattern, without an latio  to the value of the independent vari-
able (se re 2. ).  oth deta  th odn of fi eas er to Ap-
pendix A

ows a plot of the results obtained by the models on t
 v m simulatio s on t e horiz ntal a is. A p rfect match b

ht line h a ° slo  pas  thro h the igin our se th
roxi tion good. gure .15 shows 

s of fit  two iffere  mon ener
hat the ults m th mod re we orre d wi he d  from

out th prop atene  of the mode sed fit th ata. istog
o inv igate e dis ution f res
ndomly scattered around zero and show 

y re nship
e Figu  16 For er ils on e go ess t pl e ref
. 
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Figure 2. 15 Goodness of fit for January and April models   

 

The outliers (i.e., extreme cases) can seriously bias the results by "pulling" or 
"pushing" the regression line in a particular direction thereby leading to biased re-
gression coefficients, so first they were identified and eliminated. 
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Table 2.8 illustrates the frequency of cumulative relative errors for the models; 
most of the error were found to be between the range (-3% ÷ +3%). The frequency 
graphics prove again that the goodness of fit of the obtained models is correct and 
the models results are accurate. 

 

Table 2.8 Frequency of error for the prediction models 

 Jan. 
(<-5) 51 39 141 349 446 78 36 319 
(-5:-4) 48 43 69 102 104 74 46 123 
(-4:-3) 102 115 124 127 140 126 131 174 
(-3:-2) 193 204 194 171 171 201 218 197 
(-2:-1) 300 348 310 210 184 343 319 225 
(-1:0) 542 490 436 290 199 464 520 241 
(0:1) 596 578 470 297 260 452 517 283 
(1:2) 417 433 344 245 247 414 425 233 
(2:3) 185 195 220 205 203 200 217 184 
(3:4) 87 67 99 155 141 109 89 173 

(>5) 46 46 112 308 387 84 40 289 
(4:5) 25 34 73 133 104 47 34 151 
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2.2.5 Sensitivity analysis 
Model validation is possibly the most important step when trying to find a 

model, especially when dealing with multiple parameters. Often the validation of a 
model seems to consist of nothing more than quoting the R2 statistic from the fit. 
Validating and analyzing cases that get further from the database created is neces-
sary and will provide good answers of the accuracy of the model when it deals with 
complete different cases than the ones studied before. The validation of the models 
was checked by investigating more than 270 different scenarios in building shape, 
building envelope U-value, thermal inertia and climate. 

First it will be 
that were unattain-
able. In the first part of the validation it will be shown how the models results fit the 
simulations, for different weather data in France. Table 2.9 illustrates the climate 
zones 

 
 
 
 
 

 

The climate coefficient Ccl was calculated based on the monthly data values of 
the climates zones (see Figure 2.17, Figure 2.18) and with an internal temperature 
set point of 19°C. Higher values of external temperatures can be observed for Nimes 
climate with maximum values of 13°C during the month of April. For the same zone 
the solar radiation could reach values of 146.9 kWh/m2 compared to 127 kWh/m2 
for Lyon weather data. 

 

verified the validation of the models for some of the scenarios 
selected randomly, illustrating all of the validation cases being 

that were studied during the validation: one zone that was used for the simu-
lation database (Lyon) and two zones completely different than the ones investigated 
by simulations (Nimes and Limoges). 

 
        Table 2. 9 Climate coefficient for the three  
          studied climate zones 

 
 

 
 

 

Ccl Lyon Nimes Limoges 
January 15.47 14.97 11.07 
February 12.60 12.99 8.84 
March 8.54 8.24 5.14 
April 5.20 4.38 1.14 
October 4.03 5.70 0.66 
November 10.99 10.76 7.12 
December 14.69 14.09 10.54 
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Figure 2.17 Global horizontal solar radiation for the three climate zones studie 
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Figure 2.18  Outdoor temperature of the three climate zones studied 

 
2.2.5.1 Models validation  

 
The sensitivity analysis case study consisted of investigating several cases cor-

responding to the shape 1, 2 and 3 (see Figure 2.19). For shape 1 the building heated 
volume was set to 175 m3 and a total heat loss area of 220 m2. With these data the 
building shape factor (characteristic length) can be calculated and the obtained val-

area of 220 m2 which gave a S equal to 1 m. For the last scenario, shape 3 has a 
volum

ue is 0.795 m. For the second validation the volume was of 250 m3 and the heat loss 
f 

e of 375 m3, a heat loss area of 340 m2 so a Sf of 1.1 m. For each of these 
building shapes an important number of tests were conducted: different scenarios 
were investigated where the building thermal inertia and building envelope were 
varied from 7 to 155 h and respectively 1.18 W/m2K to 0.30 W/m2K (for details see 
Appendix A). 

 
 

 

  
 

 

 
 
 

Building shape 1
 

1. Heated volume = 175m3 
2. External walls 

South:  35m2 
North:  35m2 
East:  25m2 
West: 25m2 

3. Floor and roof area: 100m2 
4. Heat loss total area: 220m2 

N 

N 

Building shape 2
 

1. Heated volume = 250m3 
2. External walls 

South:  50m2 
North:  50m2 
East:  25m2 
West: 25m2 

3. Floor and roof area: 100m2 
4. Heat loss total area: 250m2 
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Figure 2.19 s and deta  for the b  shapes 1, d 3 

7% glazed area and distributed like in the RT2005 directive reference (40% 

(between -2% and 6%). On an annual bala
be 1.13% for Lyon, -1.06% for Nimes and 0.1461% for Limoges.  

 Plan il data uilding  2 an
 

     Building shape 3 
 

1. d volume =  
2. External walls 

th:  50m2 
2 

t:  45m2 
st: 45m2 

  are
Heat loss total area: 340m2 

Heate 375m3

Sou
North:  50m
Eas
We

3.
4.

Floor and roof a: 150m2 

Referring to Figure 2.20, it can be observed that the models results are close 
to the values obtained from the dynamic simulation of the building shape 1. This 
test correspond to a low insulation level (Ubui=1.18W/m2k), a building time constant 
of 8h, a 1
S, 20% N, E, W). The results from the regression models were in good agreement 
with the data from the dynamic simulation and the relative errors were acceptable 

nce comparison the errors were found to 
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Figure 2.20 Shape1 simulation data versus models results on different months and climates 

scenar  bee stigat r the ive sh ms w if-
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io the val proc ee l of bu sula

ressio
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More ios have n inve ed fo respect ape for ith d

ding the l iner able 2.1 ustrates scena
s used in idation ess. Thr evels ilding in tion have been con-

sidered (low, medium, high) corresponding to each shape (validation case 1 to 4). 
ike mentioned before, the validation is an important aspect when developing re-L

g n models so a number of 270 validation scenarios are presented in Appendix 
A. Due to the high number of possible validation it was decided that the comparison 
to be made with the RT2005 models (see chapter 2.2.4.5 for details on the models).  
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Table 2.10 Analyzed scenarios (variation in building thermal insulation and inertia) 

lidation 1 Validation 2 Validation 3 Validation 4 Shape 1 Va
Ubui (W/m2K) 1.18 0.54 0.3 0.55 

τ (h) 7.69 14.34 20.19 110 

Shape 2 Validation 1 Validation 2 Validation 3 Validation 4 

Ubui (W/m2K) 1.207 0.566 0.314 0.57 

τ (h) 8.61 16.92 25.61 126.45 

Shape 3 Validation 1 Validation 2 Validation 3 Validation 4 

Ubui (W/m2K) 1.28 0.595 0.327 0.596 

τ (h) 7.86 15.53 24.15 120 
 

As shown in Table 2.11 the annual heating demand obtained using the predic-
tion models take values that are close to the simulations results. In most of the cases 
the error is be the errors are 
higher.  

 
Table 2.11 Annual heating demand comparison betw a rediction 

 

 Lyon Nimes 

tween -5% and +5% but they are a few cases where 

een the simul tions and the p
models

Case 
Model 
(kWh) 

Simulatio
(kWh) 

ror 
) 

M
(kW

Simulation 
(kW

Error 
(%) 

n Er
(%

odel 
h) h) 

Shape 1 15301.9 15476.0 12 15290.0 -0.15 -V1*  -1. 15267.7 
Shape 1 8278.8 7963.4 6 .6 7737.4 6.67 -V2 3.9 8253
Shape 1 5462.5 5419.8 9 8 3.85 -V3 0.7 5440. 5239.3 
Shape 1- 4 7972.0 7799.2 7607.7 4.52 V 2.22 7951.6 
Shape 2-V4 19036.3 18365.0 3.66 18979.8 18087.0 4.94 
Shape 2-V1 10477.9 9741.8 7.56 10434.5 9859.0 5.84 
Shape 2-V2 6878.7 6784.0 1.40 6840.8 6528.3 4.79 
Shape 2-V3 10032.0 9521.9 5.36 9996.5 9451.0 5.77 
Shape 2-V4 27669.8 26472.0 4.52 25739.1 26066.0 -1.25 
Shape 3-V1 15305.1 14035.8 9.04 14218.0 13566.0 4.81 
Shape 3-V2 10062.4 9808.4 2.59 9333.1 9432.7 -1.06 
Shape 3-V3 14530.1 13672.3 6.27 13505.3 13255.9 1.88 
Shape 3-V4 15301.9 15476.0 -1.12 15267.7 15290.0 -0.15 

  *V1-validation 1, V2-validation 2, V3-validation 3, V4-validation 4 
 

To take into account in the calculation the non-heated spaces that are in 
tact with the building the b coefficient described in ch

con-
.2.2.3 can be used. The 

b reduction coefficient can be used to decrease the heat loss area (i.e. a b coeff. equal 
to 1 repre t  b coeff. 
of 0 signif h dy case 
is presente in and an 
attic and t  r . 

 
 

apter 2

sen s a surface in direct contact with the outside conditions and a
y t at the zone is adjacent with a heated volume). A complete stu
d  Chapter 6, where a dwelling project is adjacent with a garage 
he esults from the models are compared to the simulation data
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2.2.6 Results and discussion 
2.2.6.1  Climate data 

 
After the simulation campaigns a number of results have been obtained and 

which gave valuable information on the impact of certain building design elements 
that could influence the heating energy demand. France map is divided on the basis 
of the French Regulation in five climatic zones (temperate, Mediterranean, …). For 
the results discussion we have selected two climate zones: Lyon (temperate) and Nice 
(Med two 
considered locations are completely different, Nice being a warmer zone than Lyon 
with m

iterranean) for a comparison. The monthly outdoor temperatures of the 

ore than 4°C as an average of the analyzed months. In terms of solar radia-
tion values they were observed high values for the Nice climate that could reach up 
to 143 kWh/m2 during the month of April (see Table 2.12). 

 
Table 2.12 Data values of the two climate zones analyzed 

 Lyon Nice 
 

Outdoor tem-
perature (oC)  

Solar radiation 
(kWh/m2) 

Outdoor 
temperature 
(oC) 

Solar radiation 
(kWh/m2) 

October 12.6 66.75 17.1 87.41 
November 6.7 37.05 12.3 57.63 
December 3.4 25.99 9.6 46.01 
January 2.4 31.59 8.7 54.24 
February 4.5 49.79 9.4 69.33 
March 7.1 92.52 10.9 115.33 
April 10.3 127.44 13.1 143.00 

 
2.2.6.2 Building morphology 

 
The strategy to minimize the energy demand stands in several improvements 

of the building shape form, its thermal mass or envelope insulation. To minimize the 
heat losses of a building a compact shape is wanted, knowing that the most compact 
orthogonal building would then be a cube. This design, however, may place a large 
area of the floor far from the perimeter of daylighting. A compact shape is desirable 
to minimize the costs and energy consumption of the building; however a hyper-
compact building is not desirable from architectural and daylight-use point of view 
so a compromise must be found when sketching the project. In order to better un-
derstand thi  to see the 
impac of the shape on the daylighting level of two buildings (a cubical and a rec-
tangu

s type of situation we have conducted a short research study
t 
lar form).  
 

The hypotheses for this study were (see Figure 2.21): 
• For the cube (Length=10m and Width=10m) 
• For the rectangle (Length=14.3m and Width=7m) 
• The same occupied floor area of 100m2 and same height 2.8m 
• Glazing area 16.5% of the floor area (16.5m2) 
• Glazing distribution (40% South, 20% North, East, West) 
• Analyzed date and hour June, 12:00 
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Figure 2.21  Daylighting representation of the two shapes (rectangle and cube) 
 
In order to compare the two cases, two simulations were conducted using 

Dialux software [77] and the chart of the illuminance values was studied like it is 
illustrated in Figure 2. 22. The illuminance (E) is the total amount of visible light 
illuminating (incident upon) a point on a surface from all directions above the sur-
face. This „surface„ can be a physical surface or an imaginary plane (our case the 
working plane situated at 0.8m). The standard unit for the illuminance is lux (lx). A 
rectangle that represents the middle part of the floor area has been studied.  

A mean Em value of 366 lux was obtained for the rectangle shape compared to 
244 lux for the second one. The illuminance level is reduced with more than 30% 
which is a considerable value that could influence the visual comfort, lighting system 
use, etc, especially during the last part of the day, when the need for extra artificial 
lighting will be desired.  The optimization between daylighting and building com-
pactness is an interesting perspective of a research study. Different aspects can be 
explored like the consumption for the lighting, impact on the cooling load and other. 
With this small study we wanted to point out that a compact building is not neces-
sary the optimal solution and an extended research should take into account also the 
daylighting problems. 

 
Figure 2. 22  Illuminance levels for the two investigated shapes  

 
Contrary to the building compactness, a building that optimizes daylighting 

and ventilation would be extended so that more of the building area is closer to the 
perimeter. This problem turn out to be a compromise of the thermal performance of 
the building, the electrical load and cooling load savings achieved by a well-designed 
daylighting system. Our study focused on the impact of the building shape factor 
(first input parameter of the models) on the heating demand. It is clear that reduc-
ing the heat loss area the Sf takes higher values which are desired if we want to re-
duce the energy consumption. To observe the impact of the building shape factor on 
the building heating demand, two diagrams were traced. Figure 2.23 shows the influ-
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ence of Sf on the energy consumption for different months according to the data 
climate that was defined previously. In order to trace the charts based on the predic-
tion models the assumed hypotheses were that the building time constant is 50 
hours, the building average envelope insulation is 0.62 W/m2K and the ratio glazing 
area/floor area to be 17 %. The results illustrate a reduction with the increase of the 
Sf that is higher for Nice climate, probably due to the fact that the building receives 
a larger quantity of solar gains (see Figure 2.23). A building which has initially a 
shape factor of 0.8 m cannot pass to 1,2 m because the volume is correlated with the 
envelope surface; a good optimization would be to arrive to 0.85 or 0.9 m for exam-
ple. If we had to compare the building that at the start had 0.8 m and then we in-
crease the ratio volume on heat loss area, by keeping the same heated volume, to a 
value of 0.9 m, a reduction in the heating demand of 9% to 14% is obtained (for 

ice). For Lyon climate this reduction  the range of 6% to 10%. It can be con-
clude ich 
receiv

N is
d that the impact of building shape factor is more important for climates wh
e a higher amount of solar radiation and the outdoor temperature is higher. 
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Figure 2.23  Impact of building shape factor (Sf) on the heating demand 

 
2.2.6.3 Building thermal inertia 

 

Different research studies have demonstrated significant savings potential for 
use of building thermal mass in residential buildings. The amount of thermal mass in 
a building and its distribution in the envelope play an essential role in the efficiency 
of the heating system, indoor comfort and the amount of the stored thermal energy. 
In order to place the thermal mass within the building it must be distributed on the 
facade orientations (recommended on South) and to design correctly the building 
envelope insulation. In our study the impact of thermal inertia was studied using the 
building time constant calculated as previously presented in the manuscript. Higher 
building time constants have the significance that the building has a superior ther-
mal mass capacity and it will react slower to outside conditions changes of tempera-
ture.  

The results presented in the Figure 2. 24 show that by incorporating thermal 
mass an energy consumption reduction is achieved. The hypotheses for the two 
charts were that the Sf=0.8 and the building envelope insulation of 0.62 W/m2K. It 
can be seen that by comparing a building with time constant of 5h with one of 180h 
for Lyon climate, a reduction of 7% is seen for January heating demand, values that 
goes up to  integrat- 20% during the month of October. As concerns the Nice climate,
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ing thermal mass to the build has even higher advantages with a reduction from 
10.7% (January) up to almost 21% in April.  
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Figure 2. 24  Impact of building time constant on the monthly heating demand  

 

From the above charts it can be concluded that for higher building constants 
a decrease in energy demand is observed, with values that could reach even 20% 
based on the climate. Another important aspect obtained is that increasing the 
thermal inertia too much in colder climates will not decrease the consumption but it 
will increase it during the coldest months of the year, and it is possible that the an-
nual heating demand balance to be higher. 

 

2.2.6.4 Building glazing area 

and in deciding the energy efficiency of the buildings. Improving the glazing quality 
 glazing is chosen according to the 

climate, orientation and exposure, in order to maximize the heat gains losses bal-
ance. 

 

In modern constructions, window glazing plays an important role in designing 

is among the most energy efficient measures. A

 The amount of glazing and its distribution across the enclosure walls was 
varied during the study. As concerns the glazing area three levels were considered in 
Figure 2.25, namely 12%, 17% and 22%, expressed as the ratio of the occupied floor 
area.  Figure 2.25 quantify the energy savings that could be obtained by increasing 
the glazing area and implicitly the solar gains during the inter-season periods. The 
same assumptions are respected like in the previous studies: Sf=0.8, a building time 
constant of 50h, a building envelope insulation level of 0.62W/m2K and double-
glazed windows.  
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Figure 2.25  Impact of glazing area on the monthly heating demand 
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Again, it can be seen that more solar gains the building receive, the energy 
saving are higher; for Lyon climate during the January month increasing the glazing 
area from 12% to 22% has influenced the heating demand with a reduction of 2% 
while for the April month this reduction arrived to 20%. On the other side, for Nice 
the savings could arrive to more than 35% during April month and 11.8% for Janu-
ary. It is important to mention that for single glazed windows during cold months 
(January, December), instead of a reduction in the heating energy, an increase would 
be noticed, where the importance of glazing type.  Figure 2.26 describes the energy 
saving when increasing the thermal inertia and glazing; the two building design pa-
rameters are strongly related and important savings could be achieved with correctly 
design.   
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Figure 2.26  Impact of correlated glazing area and thermal inertia on the monthly heating 

demand  

2.2.6.5 Building envelope insulation level 

uilding envelope insulation is the most important factor when designing a 
building and when trying to obtain an energy efficient construction. The lower the 
U-value rating of the building elements, the better the overall insulating value of the 
building, so lower energy demand. Figure 2.27 compares the heating demand energy 
for a building having a Sf=0.8, a building time constant of 50h and a glazing area of 
17% in terms of building envelope insulation. The heating loads were computed for 
different cases of building insulation and it can be observed that for a high insulation 
building, the energy savings compared to a low insulation building are substantial. 
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Figure 2.27  Impact of building average envelope insulation on the heating demand  
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F  factor and the enve-
lope insulation on the heating demand for the month of January and April based on 
the cl

igure 2.28 illustrates the correlated impact of the shape

imatic data values for Nice. A net reduction can be detected when increasing 
the shape factor correlated with a decrease in the shape factor.  
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Figure 2.28 Correlated impact of building shape factor and envelope insulation on the 

heating demand  
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2.2 

 system. Efficiency of 
the overall system depends on the type of water heating equipment, the length and 
size of piping, the set point of the water heater, and the amount of hot water con-
sumed. Advanced technologies and methods to increase energy savings in domestic 
water 

Domestic hot water energy demand 
 
Domestic hot water (DHW) systems typically use a hot water storage tank, a 

fuel/renewable energy source to heat the water, hot water piping to outlet points 
and cold water feed to the storage tank. The efficiency of the DHW system includes 
the heat loss to heat the cold water inlet to the desired outlet temperature, including 
heat losses in the storage tank and from the piping distribution

heating systems, such as heat pump water heaters, instantaneous water heat-
ers, and solar water heaters are available nowadays. 

 

 
Figure 2.29 Heating and DWH production systems using geothermal heat pumps and solar 

panels 
 

and domest r thermal 
panels to preheat the storage tank. These two configurations are based on a plumb-
ing sy

perature of production of DHW (°C); it generally lies between 
50°C and 80°C. To answer the user’s needs and to respect the lawful 
limits  (55°C) this temperature is mixed with cold water (Tcold)  which 
is on average equal to 10°C but it can vary locally and according to 
the season from 5 to 15°C. 

• The cold water temperature from the public system Tcold (°C) 

 is quite difficult to identify with sufficient precision the needs in hot water 
because they are based on the number of occupants, their ages, their occupations, 
their estyle, day (working, Weekend or holiday) of the season, and many other 
circumstances. Experience has shown that the reasonable needs ranged between 25 
and 60 liters of hot water at 50°C per day per person.  

The principle of a DHW system is illustrated in Figure 2.29 by two (heating 
ic hot water) systems using a geothermal heat pump and sola

stem designed for a “typical” single-family home. Tank systems may be set at 
elevated temperatures to increase the effective capacity of the tank. The elevated 
temperature allows longer draws at a lower flow rate since the higher temperature 
water is mixed downstream with cold water to reduce the temperature to comfort-
able levels. The quantity of necessary energy for the production of the DWH con-
sumed can be calculated from the three following parameters: 

 
• The volume of warm water consumed (liters) 
• The tem

 
It

lif
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T ions will be made: 50l/day 
at 50°C. If the DHW volume (Vstorage) is known then it should be used for a more 
precis

o proceed to an example calculation, two assumpt

e data calculation. The DHW calculation could be realized per day then multi-
plied by the number of days of the considered month. If the Vstorage is different during 
the weekdays and weekend then a mean daily volume could be used and then multi-
plied to the number of days. The formulas to calculate the volume of daily use of 
DHW and the energy use necessary for the DHW is as follows: 

⋅storage daily occ.V =C N   (2.40) 

storageρ ⋅ ⋅ ⋅DHW hot coldQ = 1.1628 V (T -T )  (2.41) 

where ρ is the water density (kg/m3), Nocc. is the number of occupants (-), Thot 
is the temperature of the hot water (°C) and Tcold the temperature of the cold feed 
water (°C).  
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Figure 2.30 Annual energy consumption of the DHW system as a function of the Thot and 

the monthly distribution of energy demand when Vstorage is 150l/day  
 
Figure 2.30 illustrates the impact of the hot water temperature on the annual 

energy demand for the DHW system; an increase of 10°C from 40°C to 52°C could 
im
water consumed is an important parameter that could influence an increase/decrease 
of the

ply an considerably increase of the energy demand. Moreover the quantity of the 

 energy demand. In the right chart of the same figure it can be observed the 
monthly distribution of the energy calculated based on the urban cold water tem-
perature for each month. The calculations were realized using data from Lyon cli-
mate on the cold water temperature. A variation on the energy demand is noticed 
based on the seasons.  
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2.3 Building electric energy demand 
 

of electricity and the continuous depletion of energy re-
sources mean that it’s prudent to conserve energy. In almost every household, the 
following appliances are in use: refrigerator, television, electric fan, fluorescent and 
incand

 is 
59 TWh/year, or an average of 2,500 kWh/year/house, or 15% of national consump-

].  
To d and find reliable solutions it was necessary to make measure-

ment campaigns with the help of the European Community, ADEME and EDF.  
One of the campaign program was entitled CIE 1] an as a vey study of 
more than 100 residential houses. During the survey different aspects have been 
analyzed like histograms of daily consumptio e po f ele  appliances, 
stand-by energy consumption,
important electric consumption part comes fro e fre nd gerator with 
almos

The increasing cost 

escent lamps, radio, etc. and in some cases air conditioners, dryers or toasters. 
The consumption of specific uses of electricity for the residential sector in France

tion of electricity which is 400 TWh/year [70
understan

L [7 d it w  sur

n, th wer o ctric
 etc. The results of their study showed that the most 

m th ezer a refri
t 2/3 from the total energy consumption of a house (see Figure 2. 31). 
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Figure 2. 31 An l energy consump ent household electrical appliances 

 
On the seco place of consu  lighting system with 15%, the 

dryer machine (500 h/year), the bo exhaust system (300 kWh/year). 
Dishwashers, washing machines, televisions come much later in the diagram. Finally, 
the devices as most the consumers  being high energy devices (irons, etc.) 
are located at the end of the ranking (less time use). Since 1992, the consumptions of 
household appliances were labelized to enable the consumer to compare the equip-
ments more easily. So, with this normalization, it is easy to know the consumption of 
an appliance by knowing his energy class and other specifications.  In order to obtain 
energy reductions, several points must be considered like: the choice of a high energy 
class, ing low energy lamps (it has been observed during the survey campaign a 
medium energy reduction of 244 kWh/year compared to classic lighting bulbs), etc. 
In the next lines it is shown how to calculate the energy consumption of refrigerators 
based on their energy class, volume of freezer and cold compartment.  To find out 
the consumption of an equipment in normalized conditions (indoor temperature 
25°C, relative humidity between 45% and 75%), first we have to calculate its con-
ventional energy consumption (kWh/year). Will use as example the calculation for a 
refrigerator: 

80
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Consumption (k

nua tion of differ

nd mption is the
iler and the kW

 of consider

us
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⋅c aC =M V +N  (2.42) 

with the adjusted volume 

⋅a f sV =V +Ω V  (2.43) 

where Vf is the volume of fresh food compartment (liters) and Vs the volume 
of frozen compartment, the M, Ω and N coefficients can be found in Table 2. 13.  

 
Table 2. 13  Specific coefficients Ω, M and N 

Category Ω M N 
Refrigerator without-free  0.233 245 

Refrigerator with freezer * 1.55 0.643 191 

Refrigerator with low temperature ** 2.15 0.450 245 

Refrigerator with low temperature *** 2.15 0.657 235 

Refrigerator with low temperature **** 2.15 0.777 303 
 
The consumption C (Wh/day) of the refrigerator it’s then calculated using: 

⋅ cI C
C =

0.365  
(2.44) 

where I is an index of the energetic efficiency and can be determined using the 
following table: 

 
Table 2.14 Energy index of efficiency of a refrigerator according to its class 

Energetic class Energy Index of Efficiency I 
A++ I<30 

A+ 30 < I <42 

A 42 < I < 55 

B 55 < I < 75 

C 75 < I < 90 

D 90 < I < 100 

E 100 < I < 110 

F 110 < I < 125 

G 125 < I 
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2.4 Building internal loads 
 
The internal loads have increased considerably in the recent years, especially 

for the office buildings, where the need of extra informatic tools or better lighting 
levels has raised the electric bills and the indoor temperature. For the residential 
houses the internal gains have a particular influence on the energy demands of the 
construction. The internal heat gains, Qi, include any amount of heat generated in 
the heated space by sources other than the heating system such as the occupants, 
lighting system, operation of electrical de ces that convert some of the electricity 
and the heat loss of the boiler space heat

rately calculate the internal gains, it is mandatory to 
know the part of sensible and latent heat from each source and the radiative and 

cuperate the heat gains. Most of 
the methods for calculating the heating requirements are satisfied to global values. 
As an

eat gains review 

Due to a complex biologic mechanism humans are keeping their internal tem-
perature se despit na ions an body 
is in permanent heat exchange with the 
diation, convection, conduction, evaporation and respiration). The internal load due 
to occup uld be ca ated as follo

nsible +latec Heat g= (2.45)

here Nocc. is the number of occupants. ASHRAE [83] gives a value of 67W of 
sensible heat gains and a total of 140 W/occupant. Reported to the total heat re-

iation and the latent heat 
disper

For the electrical appliances, there is no general method that can be applied to 
calcul

vi
ing system or domestic hot water tank. 

These internal gains take the form of a release of latent and sensible heat. The 
sources dissipate energy in radiative and convective ways in different proportions 
depending on their origin. The heat gain by radiation is partly absorbed by the walls 
and the surrounding objects and influence the air temperature in the room therefore 
only after a certain time [72]. Contrary to the heat gain by radiation, the convective 
heat gain is passed directly to the air in the room by natural or forced convection 
without any delay. To accu

convective parts, but also the building capacity to re

 example the French directive 2005 [51] considers a heat gains of 4W/m2 (50% 
radiation and 50% convection), while the European norms propose a value of 
5W/m2. To better understand the impact of the internal heat gains we will first 
review the sources of heat for the residential houses. 

 
2.5.1. Internal h
2.5.1.1 Heat gains due to occupants 

 

 to a value clo  to 37°C, e the exter l fluctuat . The hum
ambient conditions by five phenomena (ra-

ants co lcul ws: 
(. ⋅occupants seain nt )  ocNQ

w

moved, the sensible heat emitted by convection and rad
sed by evaporation are subject to significant fluctuations. Part of sensible heat 

decreases when the ambient temperature rises because the total heat loss remains 
nearly constant. The part of radiative compared to the one by convection can vary 
depending on the temperature of the air, walls temperature and air movements. 
Based on ASHRAE, the convective part represents 67% and the rest to 100% corre-
sponds to the radiative heat loss. 

 

2.5.1.2 Heat gains due to electric appliances 
 

ate the contributions of the distribution of sensible or latent heat. Experimen-
tal studies were conducted for several electric appliances but the values are too de-
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pendent on the ambient conditions (air temperature, air movement, walls’ tempera-
ture) so an accurate prediction being impossible. ASHRAE Handbook-Fundamentals 
[83] gives recommendations for the calculation of heat gains for office equipments, 
which are different from the nominal power of these devices. Different studies have 
shown that we must apply a factor of use of the power given by the manufacturer to 
account the discontinuities of operating electrical components (factor which varies 
between 0.3 and 0.79). Adra [74] in her thesis calculates the heat gain of equip
as follows: 

(2.46) 
where qr is the power rating equal to the maximum amount of energy u

a device, Fr is a factor of radiation equal to he ratio between the maximum
gain by radiation and the operation power operation for a covered device, Fu is a use 
factor defined as the ratio of the ope ower and rated power provided b
manufacturer. The Recknagel man  [75] oposes values for some electric appli-

e refrigerator.  
 

2.5.1.3 Heat gains due to the lighting system 

ds on the level of lighting used in the room, the efficiency of lamps 
and the duration of lighting. Lighting releases heat by convection with ambient air 
and radiat cent and 
incandescent lamps. 
 

Incandescent Fluorescent 

ments 

⋅ ⋅Q = q F Fi r ur  

sed by 
 heat  t

ration p
ual pr

y the 

ances where it is supposed that the electric power is completely converted into heat 
except for th

 
The electricity consumed by the electrical lamps is partly converted into sen-

sible heat by convection and radiation. The contribution to internal load of the light-
ing system depen

ion. Table 2.15 shows the proportions of heat emission for fluores

Table 2.15 Proportions of heat emission throw radiation and convection for lamps [74] 

Sources/l
Radiation Convectio

amps 
n Radiation Convection 

Recknagel 0.9 0.1 0.6 0.4 

Ashrae 0.8 5 0.5 

Cibse 0.85 0.15 0.55 0.45 

0.2 0.

 
 

 impact on the heating demand to be very 
complicated and difficult to analyze. The hea

 
energy for the heating defines the concept of 
utilization factor as ηi. The heating system is assumed as perfectly regulated, the 
need f

2.5.2. Recovery rate of internal heat gains 
The internal loads interact in complex ways with the building and the heating 

equipment, with major impact on the final energy consumption. The interaction of 
many parameters such as inertia of the building and insulation level makes the eval-
uation of internal heat gains and their

t gains are involved in the heat balance 
of a building and only a fraction of these gains is likely to be converted into useful

 system. European norm EN832 [73] 

or heating for each period is obtained as follows: 
( )η ⋅h l i i sQ =Q - Q Q+  (2.47) 

where Qh is the heating demand (kWh), Ql the building heat losses (kWh), Qi 
are the internal heat gains (kWh) and Qs the solar gains (kWh). The utilization 
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factor allows taking into account the periods of overheating - where heat gains at a 
certain time are greater than the heat losses. In calculating the heating requirements, 
these methods use the portion of losses covered by contribution of free gains from 
the ratio gains/heat losses and building inertia. An example of this method is the 
European norm EN832 [73]. The ratio gains/heat defined by γ can be calculated as: 

i s

l

Q Q
Q

γ
+

=  (2.48)

The recovery factor is then calculated as follows: 

γ
η

γ

a

i a+1

1-
=

1-
if γ ≠ 1

   
(2.49)

ηi

a
=

a+1    
if γ = 1

 
(2.50)

where a is a numeric parameter dependent on the building time constant (τ) and 
defined as: 

0

τ
τ0a=a +

 
(2.51)

The numerical value of the reference time constant τ0 is 16 and a0 is 1 for 
monthly calculation periods. For the seasonal heating the two values are 28 and 
respectively 0,8. 

 
Figure 2. 32 Diagram of utilization factor based on the EN832 [73]  

 
Other researchers have studied this utilization rate factor, like Barakat and 

Sanders [76] which have obtained equations to calculate ηi based only on the γ ratio:  

                                   if γi<0.4 
(2.52)ηi = 1

γ
η

γ

⋅

⋅

3.19

i
i 3.06

i

1+0.054
=

1+0.24   if 0.4<γi<2.2 
(2.53)

γ
η

γ

⋅

⋅

3.19

i
i 3.06

i

1+0.054
=

1+0.24   if 0.4<γi<2.2 
(2.54)

Barakat considers that all the internal heat gains are used for the heating (ηi 
= 1) during the cold months when gains are lower than the losses. Adra [74] has 
examined the difference between the EN8320 norm, Barakat method and with a 
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dynamic simulation software called ESP-r to obtain the utilization factor ηi (see 
Figure 2. 33). It can be observed that the EN832 values are higher than the data 
from simulations with around 15-20%.   

 
Figur

Adra [74] concluded that the values of recovery factor obtained by the EN832 
method ethod 
does not take into account the effect of multi-zone and the true radiant part of the 
internal heat gains. For our research study of estimating the heating demand of 
buildings it was seen that regression models that could predict the heating demand 
but it is mandatory to t
influence the results. One way to do this is to consider the EN832 method but Adra 
[74] shown the inconvenient of this norm, so a second way was to establish a regres-
sion model based from the data of dynamic simulations that could take into account 
the radiative part of the gains and better fitting the results. For the next stage the 
same procedure like for the heating demand regression models will be further ap-
plied. Like before, the dynamic simulation results are considered to be the reference 
cases so the model should fit as best as possible these data. 

 
2.5.3. Development of a new methodology to estimate ηi 

 
For the development of the utilization factor we followed the same technique 

like Barakat: investigating a large number of simulations by varying the internal 
loads, building inertia and envelope insulation. The particular aspect in our study 
was th

ers are the most representative and must be used in the models like 
inputs: 

• Ratio heat gains/heat losses (only the internal heat gains) 
Building en pe aver  U-value late ter 2.2.2.3) 

• Building time constant (like calcu apte
As concerns the outputs of the models th re considered to be the utiliza-

tion factors. Figure 2.34 illustrates the utilization factor when the heat gains are 

e 2. 33 Comparison between a dynamic simulation software ESP and different meth-
ods to estimate the utilization factor [74] 

 

 may be overestimated in the case of local overheating and that this m

ake into account also the internal loads that could severely 

at two models were introduced: one for internal heat gains where the radiative 
part is 100% and the second one where the convective part is 100%. This aspect 
allows to better take into account the impact of radiative sources. If for example we 
have a heat source of 1000 W and it is known it’s radiative part (e.g. 40%), so will 
have a 400 W radiative source and 600 W convective heat gain. The two models 
were applied for each of these parts and their correlated impact was analyzed. A 
number of simulations were conducted during this study and it was concluded that 
three paramet

• velo age  (like calcu
lated in Ch

d in Chap
r 2.2.2.2) 

ese a
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either convective or radiative for two cases of building insulation level. For the first 
level it is assumed an U 1.3 W  (low tion leve and for the second 
Ubui=0.6 W/m2K (good level of insulation). It is concluded that increasing the build-
ing insulation the heat gains are recover with higher utilization factors, where the 
advantage for the winter season is obvious, more energy savings being possible. 
Therm

bui of /m2K insula l) 

al inertia has its role in this study and it can be seen that increasing the 
building time constant from 4h (light thermal mass building) to 160 h (heavy build-
ing) the utilization coefficient η increase its value with 25% to 30%.  
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Figure 2. 34 Comparison between the utilization factor for a low and a good insulated 

building (convective and radiative sources) 
 
Table 2.16 resumes the regression coefficients that were obtained based on the 

data from the simulations database. Like for the energy prediction models, validation 
was an important step so different cases were examined and compared. 

 
Table 2.16 Regression coefficient of the models used for utilization factors  

3 3 3 3
2

i ijβ β β β∑ ∑ ∑ ∑
 Convective heat gains 

(Model 1) 
Radiative heat  gains 
(Model 2) 

β0 1.152908 1.062251 
β1 -0.114355 -0.494452 
β2 -0.000106 -0.000199 
β3 -0.375519 -0.253106 
β4 0.000642 0.000950 
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β5 0.010098 0.081269 
β6 -4.085E-05 -3.371E-05 
β7 0.023820 0.060222 
β8 2.839E-08 -5.843E-08 
β9 0.038028 0.015390 
R2 0.9716 0.9695 

 

Based on Trnsys 16.0 [20] simulations we carried out a number of comparisons 
between the models and the simulations results. To exemplify the validation it is   
two scenario cases are further presented; first scenario corresponds to a low envelope 
insulated building 1.3 W/m2K with a building time constant of 56 h and the second 
one to a good envelope insulation level of 0.55 W/m2K and a time constant of 45.6h. 
For both of this cases it are considered another three cases (radiative heat gain: 1200 
W; convective heat gains of 1200W and 600W convective with 600W radiative) (see 
Table 2.17).  

 

Table 2.17 Input data of the validation scenarios 

 Ubui 

(W/m2K) 
τ  
(hours) 

Convective 
heat gains 

Radiative 
heat gains 

Case 1 1.32 4.39 1200 0 

Case 2 1.32 4.39 0 1200 

Case 3 1.32 4.39 600 600 

Case 4 0.55 45.6 1200 0 

Case 5 0.55 45.6 0 1200 

Case 6 0.55 45.6 600 600 
 

The heat gains/heat loss ratios that have been calculated based on the 
amount of internal heat gains and the heat loss of the building as estimated by the 
heating demand prediction models. A 200 m3 dwelling situated in Lyon was used for 
this example (shape factor of 0.7628 m). Table 2.18 presents the heating demand for 
three validation cases (2, 4 and 5) obtained using the regression models and the val-
ues obtained from the dynamic simulations. In the table is presented first the heat-
ing demand without any internal gains and than a comparison between the models 
and the simulation is shown. 

 

Table 2. 18 Comparison between the utilization factor η obtained using  
d model and the dynamic simulations 

 N

the propose

o gains–heating demand Case 3 Case 4 Case 5 
 1.32 W/m2K 0.55 W/m2K Model Simulation Model Simulation Model Simulation 

Jan. 4080 2062 3405.5 3347.0 1209.6 1171.0 1405.7 1319.0 

Feb. 3333 1629 2726.1 2671.0 876.0 823.0 1046.0 952.0 

Mar. 2949 1323 2283.8 2219.0 541.8 450.0 708.3 583.0 

Apr. 2112 859 1479.5 1464.0 191.1 151.0 316.8 229.0 

Oct. 1716 684 1074.4 1067.0 69.7 75.0 170.4 125.0 

Nov. 2916 1451 2271.6 2212.0 672.8 594.0 843.1 729.0 

Dec. 3813 1978 3140.2 3098.0 1131.2 1083.0 1324.9 1226.0 
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When having only convective heat gains the models are very accurate and 
the errors are small. For radiative internal loads the errors are higher but even so 

tion between radiative sources and convective ones. The pro-
posed 

the utilization factor obtained using the models was found to be more accurate than 
the one obtained using the EN832 method. Figure 2.35 shows a comparison between 
the heating demands obtained using the proposed models, simulation results and the 
data found using the EN832 on the utilization factor. The same like Adra [74] con-
cluded we found that the EN832 norm tends to estimate the η factor with higher 
values than the ones obtained by simulations. This can be explained by the fact that 
there is no clear distinc

models that were established in this part are better taking into account this 
side of the problem. They were found sufficient accurate and it will be further use 
along with the heating demand prediction models when doing parametric research 
studies. 
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igure 2.35 Comparison between proposed model, simulation results and EN832 for Case 3 

 
The scenario presented in the above figure corresponded to a heat gain of 1200 

 divided 50% radiative and 50% convective. It was shown that the EN832 tend to 
overestimates the results, moreover in the cases where only radiative heat gains are 
used this overestimation will be even higher. For this reason it is believed that the 
proposed models could better estimate, but future research work needs to be realized 
in this direction. The models developed for the internal heat gains can be combined 
with the models used to estimate the building heating demand. It was preferred to 
separate in two parts the heating demand due to the external climatic conditions 
and the heat gains from different sources in the building, in order to reduce the 
number regression coefficients and to simplify the models. This separation allows 
better comprehension between the two parts and furthermore the initial heating 
estimation models would not have been realistic if a constant heat gain would have 
been introduced (the heat gains and their scenario of utilization may be completely 
different from one building to another). 

 
 
 
 
 

 
 

F

W
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2.5 Conclusions 
 
In this thesis chapter, the energy consumptions of residential building were 

nalyzed in terms of heating demand, domestic hot water demand and electrical 
nsumption. In order to evaluate the heating demand, regression models were de-

eloped from a large database of simulation cases. Five input parameters were found 
 be necessary for the prediction models. It is concluded that the proposed predic-
on models show promising features to be easy and efficient forecast tools for com-
aring heating demand of residential buildings.  

The energy equations obtained on this study could be used by architects and 
gineers during the early design stage of their project, instead of using more com-

licated and time consuming simulation software. The analysis indicates that there is 
 strong relationship between the shape of a building and the energy consumption, a 
duction could be realized if the building form is correctly designed. It was also 
und that building thermal inertia and envelope insulation could have a significant 
pact on the energy demand.  

The climate coefficient that was introduced in this research work has been 
roved to be an efficient way to characterize the outdoor conditions for different 
imates. The prediction models results have been examined for several weather files 
nd were found to be accurate and in agreement with TRNSYS simulation results, 
presenting small errors for all the 270 validation scenarios (See Appendix A). Al-
ough our investigation of the regression models sensitivity to different climate data 
owed that the results are precise, the inputs should not be extended outside of the 

.  
 internal heat gains was investigated and regression models were 

be the develop-
search study on 

the building shape optimization in terms of daylighting potential and energy reduc-

 
 

a
co
v
to
ti
p

en
p
a
re
fo
im

p
cl
a
re
th
sh
valid range proposed

The impact of
developed to estimate their utilization factor. A comparison with the European norm 
EN832 showed that the radiative internal loads are better considered using the pro-
posed models. The research objective of this chapter was acquired and promising 
perspectives were also initiated. An interesting perspective would 
ment of models for the summer season but also a more detailed re

tion. 
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cr t is estimated that developing countries gener-
ate ly  renewables.  

T the commitment for 
thei w wever, the barriers 
which n able energy contribution becomes signifi-

 
 

 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 

 

Chapter 3 

Fossil and renewable energy sys-
tems modeling and analysis 

 

 
Introduction 

 
More and more the human society is called to reconsider the use of renewable 

sources in the energy consumptions, not only to decrease the bills, but because these 
sources are a way to reduce the CO2 emissions. To decide in favor of sustainable 
energy is now not a matter of choice but more of obligation by any concerned citizen 
to respect the environment. The integration of renewable energy systems is encour-
aged through tax reduction and financial help from the government. The renewable 
energy highlight of the year for Europe in 2007 and 2008 was undoubtedly the com-
mitment by the European Council to deliver 20% of EU final energy consumption 
from renewable energy sources by 2020 [12]. This was complemented by commit-
ments to a 20% reduction in CO2 emissions, 10% of transport fuels from biofuels, 
and a 20% improvement in energy efficiency by 2020. Although renewable energy use 
has in eased throughout the world, i

on  0.3 % of their electricity from
he need for green technologies has been established and 

to be noticeable. Hor orld-wide deployment is starting 
eed to be overcome before the renew
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cant are many, especially the costs and the lack of information.  The increase in the 
price energy is going to favor development of renewable energies, which moreover 
have b

an inexhaustible energy; present everywhere and environmen-
tally friendly. As a renewable energy which contributes to energy diversification and 
conservation of our e solar energy can 
be used to heat the water for the heating ystems or the domestic hot water and to 

ssive" (e.g. double-glazed facades) or 
"activ echnique used to capture the solar 

rove the panel’s

• solar swimming pool heating 
• solar domestic water heating 
• solar low-temperature heat for space heating in building 
• solar thermal electricity generation 

of 
een constantly increasing their productivity [78]. In this chapter a number of 

energy systems (renewable and fossil) are modeled and the financial/ecological po-
tential is analyzed. This chapter deals with the theoretical particularities of the 
building energy systems through a review on the modeling techniques adopted in the 
field. All the further modeling principles, algorithms and functions are going to be 
later used in the multi-criteria decision support analysis, so their description in this 
chapter was mandatory in order to understand what models were used later. 

In this chapter it is also pointed out and studied the systems costs, availabil-
ity and environmental impact of renewable sources. First of all, a general modeling 
framework of the system is set out and then the energy performance is characterized 
by means of design efficiencies and part load curves, derived from technical or scien-
tific literature. Solar thermal and photovoltaic energy, geothermal heat pumps and 
biomass systems are studied in this thesis part. A number of cost functions and envi-
ronmental charts have been developed and will further be used in the multi-criteria 
decision support method. 

 
3.2. Solar thermal energy system 
3.2.1. Energy potential and perspectives of solar thermal systems 

 
Solar energy is 

 environment, its use should be encouraged. Th
s

generate electricity. Its use could be either "pa
e" (solar panels systems), according to the t

radiation. The principle of using the solar energy is well known and controlled, since 
some of the technologies come from more than 20 years. However, the evolution of 
technology continues and research studies to imp  efficiencies, to re-
duce manufacture costs and simplify the implementation are conducted each year.  

Moreover, if the solar system is planned upstream of the project, the system 
will be easy to install and the costs will be perfectly managed. An ENERPLAN re-
view [79] has counted that 2.700.000 m2 of solar panels were installed in Europe in 
2007 with +10% than the year of 2006. From 2002 to 2006, the European solar 
thermal market had almost tripled its size, and with 47% growth, 2006 had been an 
exceptionally successful year. Despite the very favorable weather conditions, France 
is undoubtedly far behind other countries in Europe regarding the dynamic on the 
market of solar water heaters. Greece, Germany and Austria are the most advanced 
in this field. In France, 323.000 m2 equivalent to 226 MWth of solar systems were 
installed, a considerable increase of the market with more than 15% compared to 
2006 [80]. The perspectives for 2020 are predicting 18 millions m2 in Europe and as 
for France the total energy consumed will be covered by 20% of renewable energies. 

A number of different technical applications exist; the main operational areas 
are: 
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3.2.2. Solar irradiance in France 
 

Solar radiation is a flux of energy emitted by the sun uniformly in all direc-
tions; on the outer edge of the earth’s atmosphere the irradiated power of the sun is 
virtually constant. The Earth receives on its periphery a solar power of 1.37 kW/m2, 
called solar constant. In crossing the Earth's atmosphere, the solar radiation is weak-
ened by reflection, multiple diffusions and absorption by dust particles and so it can 
be divided into two components: diffuse (defined as the proportion of radiation 
which passes through the scattering of air molecules and dust) and direct (defined as 
the solar radiation that meets the earth without any change in direction). The eleva-
tion of the sun 
is
c  

n have less than 0.1 kWh/m2/day [81]. Th
alled iance is approximately 1.0 kW/m2 in optimal conditions 

(clear sky and cloudless, noon); an average annual value of approximately 1250 
kWh/

influences the irradiation received at the surface of the Earth, which 
s dependent on the time of the year. The daily irradiation in centra thu l Europe 

an reach values above 7.5 kWh/m2/day in summer, whereas single days in winter
e sum of direct and diffuse radiation is ca

c  global solar irrad

m2 was observed for France. It is possible, depending on the type of solar col-
lector, to convert into heat about 75% of the global radiation. Figure 3.1 illustrates 
the solar irradiation map for France and it can be observed that for the southern 
part of France, next to the Mediterranean sea the irradiance levels are higher than 
1,760 kWh/m2/year.  

 

The values correspond to an annual
solar energy received by a 1m2 of
panel with an inclination compared
to the horizontal of an angle equal
to the latitude of the zone and ori-
entated full South. 

Figure 3.1 Solar irradiation map of France [85] 
 

3.2.3. Solar thermal systems principle 
The most frequent use for solar thermal technology is for domestic water heat-

ing and a high number of these systems are in use all over the world. A complete 
system for domestic water heating consists

ate ert 
e solar nd then transfer it in the storage tank. 

Heated water is then held in the storage 

 of a collector to heat the water, a hot 
w
th

r storage tank, pump and a controller are required. The solar collectors conv
short-wave radiation into heat a

tank ready for use and an additional con-
ventional heat source is installed if the heat from the sun is not necessary to fulfill 
the energy demand. The whole system is monitored by a controlling unit that can 
switch on and off a circulation pump. A solar water heating system (SWHS) reduces 
but does not eliminate completely, the need for electric or gas water heating.  The 
efficiency of the complete system includes all losses in heating the water from the 
cold water inlet to the desired outlet temperature, including losses from the storage 
tank and losses from the piping transporting the hot water to the outlet. Thus, the 
efficiency of the overall system is function of the type of water heating equipment, 
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the piping installed, the set point of temperature and the quantity of hot water con-
sumed. System efficiencies may range from less than 50% to 86%.  An example of a 
combi-SWHS to produce hot water for the heating radiators and for the domestic 
hot water is illustrated in Figure 3.2. 

 

 
                                  (a)                                                  (b) 

Figure 3.2 Example of a combi (a) and a simple (b) SHWS to produce hot water for the 
heating system and warm water for domestic applications [82] 

 
a) Solar panels 
 

Most solar collectors contain the following parts: (1) clear cover that 
solar energy; (2) dark surfaces inside, called absorber plates; (3) insulation 

let-in the 
materials 

to pre

e collector housing is highly insulated on 
the back and sides to keep the heat losses to minimum. However, there are still some 
heat losses which depend on the temperature d erence between the absorber
the ambient air. The heat losses are divided into convection and radiation losses (see 

 glass 
pipes. 

vent heat from escaping and (4) pipes that carry the heated liquid from inside 
the collector to the storage tank. The covers are made from special glass that could 
support important weights (i.e. snow). The heart of a flat-plate panel is the black 
metal absorber which main purpose is to recover as much as possible the solar radia-
tion and then transfer it to the tubes. Th

iff  and 

Figure 3.3). Other types of solar panels are evacuated tube solar water heaters which 
are made up of rows of parallel, glass tubes. These types of panels have the advan-
tage that the heat convection losses are reduced by creating a vacuum in the

 

 
Figure 3.3 Energy conversion in the solar collector and physical phenomena [81] 

 
b) Heat storage tank  
T rs’ water volumes 

are low and the water temperatures inside the panels’ area could reach the b
temperature if this water is not replaced. Moreover, the solar panels efficien

he solar collectors need a storage tank because the collecto
oiling 
cy is 
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reduce
e obtained by the panels at 

certain moments.  Furthermore, storing the heat is proving a good mean to supply 
warm water during periods when the solar diation is low or inexistent. The sup-
port o

c) Recirculating pump 

ectricity 
should be kept as low as possible and therefore over-dimensioning the power of the 
pump should be avoided. A more sustainable SWHS may use a solar electric pow-
ered p  aside. 

timum 
way without damaging the panels and to ensure a good level of temperature in the 
storage tank. T e solar collec-
tor and the storage tank. If the collector temperature is above the tank temperature 
by a certain threshold, the controller starts the circulating pump. Usually the sw
on temperature differences are between 5-8K. On the other side, if the temperature 

izing  
he position of the sun is essential for many further calculations of the solar 

energy sys the angle 
between the earth-sun lin  is called the solar decli-
nation δ .The values for solar declination can be obtained from tables for each 
month o the year or c lcu d as

d when working to high temperatures. Hence, the storage tank is a perfect 
way to store the large quantities of heat that could b

ra
f an additional heat source is essential to ensure the continuity of hot water 

service in winter or mid-seasons. These additional sources are connected with the 
storage tank and could be translated by an electric resistance or the heat from a 
boiler (gas, oil,...).  

 

 

An electric pump is recirculating the primary liquid until its temperature ex-
ceeds that of the domestic hot water of the storage tank. The use of el

anel to supply the electricity to the pump but this solution is often left
 
c) System controller 
 

One of the most important parts in a SWHS is the controller which has the 
task to control the electric pump to collect the solar panels’ energy in the op

wo temperature sensors monitor the temperatures in th

itch-

difference decreases below a second limit, the pump is turned off.  
 

3.2.4. Modelling technique and thermal solar systems s
T

tems. The earth’s tilted axis results in a day-by-day variation of 
e and the earth’s equatorial plane

 [83] 
f an be ca late : 

δ ⋅ ⋅
284+N

= si )  (3.1)

where N is the year day (1 corresponds t anua Anothe ortant parame-
ter is the hour angle which meas e ovem o noon ulated function 
on the solar time). For simplification it can be used the following formulation: 

23.45 n(360
365

o 1st J ry). r imp
ures th sun m ent t  (calc

⋅
t

0 (h=18 -1 (3.2)

where t r of lation. The two angles sun altitude ( nd sun azimuth 
(αs) define the position of the sun. The eight fined a  angle between 
the cent un a e ho ee n ob . It ca formulated as a 
function e, ho gle a ar ation

emisphere and 

)  
12

is the hou  calcu γs) a
sun h  is de s the

re of the s nd th rizon s n by a server n be 
 of latitud ur an nd sol declin . 

aγ δ δ⋅ ⋅ ⋅
h

= arcsin(sin(lat) sin( )+cos(lat) cos( ) cos(A ))  (3.3)

EN ISO 9488 defines the solar azimuth as the angle between the apparent 
position of the sun and south measured clockwise at the northern h
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between the apparent position of the sun nd north measured anticlockwise in
southern hemisphere [84].  

uth is obtained using the following equation: 

 a  the 

The sun azim

)az

δ
α

γ

⋅( )cos sin(h)
= arcsin( )

cos(
 (3.4) 

s

The solar angle of incidence θhor on a horizontal surface is a direct function of 
the sun height. This angle is called the zenith angle θz: 

θ θ γhor z s= =90° -   

The calculation of angle of incidence θtil on a tilted surface is the angle be-
tween the s in the direction of the sun and the normal vector n perpendicular to the 
surface (see Figure 3.4). The inclination angle αt describes the surface tilt and γt is 
the solar-surface azimuth angle which describes the deviation from the south. For a 
surface with a tilt angle  

= acos(sin( )cos( )cos( )+cos( )sin( ))  (3.5) 

imate the tilt global irradiation 
 

ulated directly from the di-
rect irradiation on the horizontal surface and sun height. Based on the Ashrae 
Handbook 2007 [83] we can write the beam normal irradiation as in Eq.(3.7): 

t s t t stil

The global irradiance I

γ γθ α γ α

t on a tilted surface is composed of the direct beam ir-
radiance Ib, the diffuse sky irradiance Id and ground reflection irradiance Igr,t: 

,b d gr tθ⋅ tilt cos += I +I II  (3.6) 

 
1. ASHRAE method to est

The direct irradiation on a tilt surface can be calc

 
Figure 3.4 Solar angle of incidence on a tilted surface [81] 

 

γ⋅ s

-B
sin

b A eI =  (3.7) 

where A is the apparent solar irradiation at air mass zero for each month, B is the 
atmospheric extinction coefficient and C is the ratio of diffuse radiation on horizon-
tal surface to direct normal irradiation (see Table 3.1 for details).  

 
Table 3.1 Date, declination and equation of time for the 21st day of 

 each month with data (A,B,C) [83] 

 A B C Declination Eq. of time 
 (W/m2) (-) (Ratio) (deg.) (hr.) 
January 1230 0.142 0.058 -20.0 -0.19 
February 1215 0.144 0.060 -10.8 -0.23 
March 1186 0.156 0.071 0.0 -0.13 
April 1136 0.180 0.097 11.6 0.02 
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May 1104 0.196 0.121 20.0 0.06 
June  1088 0.205 0.134 23.45 -0.02 

0.0 0.13 
October 1192 0.160 0.073 -10.5 0.26 
November 1221 0.149 0.063 -19.8 0.23 
December 1233 0.142 0.057 -23.45 0.03 

July 1085 0.207 0.136 20.6 -0.10 
August 1107 0.201 0.122 12.3 -0.04 
September 1151 0.177 0.092 

 
The diffuse component is difficult to estimate because of its non-directional 

nature quation may be used to estimate the 
amount of diffuse radiation Id that reaches a tilted or vertical surface: 

ss

 and its wide variations. The following e

d bI C I F= ⋅ ⋅  (3.8)

Fss is calculated as: 
αt

ss 2
F =

 
(3.9)

The groun

1+cos

d reflectance radiation is calculated based on the global horizontal 
radiation (I), solar panels tilt and ground albedo (ρ): 

( )
α

ρ⋅ ⋅ t
ground,t 2

1+cos
I = I  (3.10)

t

The global irradiance It hits the glass cover of the solar panels, while only a 
small part of the energy is being reflected. The efficiency of a collector is defined as 
the ratio of usable thermal power to the irradiated solar energy (I ). 

c
t

η uQ
=

I
 (3.11)

The efficiency is influenced by the design of the collector and especially by the 
optica

to convection or radiation. The thermal 
losses Ql depend on the collector temperature θc and the ambient temperature θa as 
well as the two coefficients a1 and a2. 

l efficiency η0 and thermal losses (a1 and a2). The optical losses correspond to 
the solar irradiance that cannot be absorbed by the absorber and describes the col-
lector efficiency without any losses due 

a al θ θ θ⋅ ⋅ ⋅ ⋅c c
2

1 c 2 cQ =a S ( - )+a S ( - )  θ (3.12)

The collector efficiency can be calculated then as: 

0
a aθ θ θ θη ηc

2
1 c 2 c(a - )+a ( - )= -  (3.13)

tI
where a1∆θ/It is the linear heat loss coefficient (W/m2K) and a2∆θ2/I e 

quadratic heat loss coefficient (W/m2K2). The a1, a nd η0 values are given by each 
solar p
 

t is th
2 a

anels manufacturer.  
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2. Monthly average daily radiation on tilted surface 
 

Th  term ic  can be calcu-
lated by integrating Gt r all days over many years of 
data for a single month and summing and the end: 

e long value of R wh
 and G from sunrise to sunset fo

h is the r eenatio betw  the Ht and

∑ ∫

∑ ∫

tssN

T
day=1 tsr

t tsN

day=1 ts

t
=

t
 

(3.14) 

Equation (3.14) can be written then as: 

s

r

G d
R

Gd

)d bR ( )dI I I

H

α
ρ+

t

1+co cos
2 2

R (3.15) 

he monthly average daily radiation on tilted surface (Ht) can be calculated 

(g ))dtt t

g

I − +∫ ((
αstss

tsr=

1+

 

T
using Eq.(3.16): 

( )t t
t gRH

α α
ρ= g g

g

dH 1+cos 1+cos
H = H (D+ ( )+

2 2H  
) (3.16) 

 ρg the ground albedo and Hd the monthly average daily diffuse radia-
verage clearness index Kt which 
on a horizontal surface to the 

monthly average daily extraterrestrial radiation: 

where
tion. The ratio Hd/Hg is a function of the monthly a
is the ratio of monthly average daily radiation 

t
o

gH
K

H
=

 
(3.17) 

First it will be calculated the extraterrestrial radiation on a horizontal surface. 
The following equation can be used: 

)

a

s

δ ω
π

πω
δ

⋅ sc
0

24 3600G 360n
H = (1+0.033cos )(cosΦ cos sin

365

+ sinΦ sin
180

 
(3.18) 

where Gsc is the solar constant (1139 W/m2), n is the number of day, Φ is 
d ωs as the sunset hour angle in degrees. The sunset hour angle can be 

calculated using: 
the latitude an

cos tan
cos coss

δ
ω δ

δ
= −= −

sinΦ sin
tanΦ

Φ  
(3.19) 

ber of da ght hours is given by: The num yli

tan )(N δ−= -12

15
tanΦcos

 
(3.20) 

nd Beckman [90] we can use the recom-
mended average days for each month like presented in Table 3.2. 

 From the research work of Duffie a
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Table 3.2 Recommended Average Days for Months and values of n by Months 

Month n for ith For the average Day of the month 
 Day of month Date N Day of 

the year 
Declination 

January i 17 17 -20.9 
February 31+i 16 47 -13.0 
March 59+i 16 75 -2.4 
April 90+i 15 105 9.4 
May 120+i 15 135 18.8 
June  151+i 11 162 23.1 
July 181+i 17 198 21.2 
August 212+i 16 228 13.5 
September 243+i 15 258 2.2 
October 273+i 15 288 -9.6 
November 304+i 14 318 -18.9 
December 334+i 10 344 -23.0 

 
The ratio Hd/H is calculated as follows: 

t

s

s K

ω

                
ω-(0.505+0.00455( -90))

d -90)

cos(115 -103)
 

(3.21)

In the

g

=0.775+0.00606(
H

H

 equation (3.16) the D term is obtained from: 

    

{ }
{ }

 

 sr ss

ss sr ss sr

ss s s sr

ω ω ω ω

ω ω ω ω ω ω

≥

≥

D= max(0,G( , ) if  

D= max(0,(G( ,- )+G( , ) if   
(3.22)

Where  G is calculated as: 
'

' '

( )( )

( )(sin sin ) (cos cos )ss sr ss sr

ss sr ss sra B

a A bB a C

π
ω ω ω ω

ω ω ω ω

− − +

− − − −

⎡ ⎤
⎢ ⎥⎣ ⎦

1 bA
G( , )=

2d 2 180

(3.23)

2 2( )( cos sin cos ) ( )(sin sin )ss s sr ssinω ω ω ω ω ω+ − + −
bA bC

s sr ss r
         2

 

With: 

                  

2

s

C

β γ β

ω β δ

β γ
=

A=cos n n in

B =cos an in o

sin s
cosΦ

                  

βc γs

+ta Φ si s

cos +t s

in
 

'a a= − dH

H  

                  
s

s sωs

ωs -

ωs -

ω
ω

= 0.409 .5016 (

b= 0.660 . 7 ( 6

o
8

 

.

w lar azim  a e e
nrise hour angles are given by: 

 

π
−
1

a +0 sin 60)

9 -0 476 sin 0)

d = sin c
0

(3 24)

here γ is the so uth ngl  (0 degre  for a South orientation). The sunset and 
su
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2 2 2

2 2

1( , cos )

 

 

sr

sr sr

sr sr

s
AB C A B C

A C
ω ω

ω ω

ω ω

− + − +
=

+

= − ≥

= +

min

if (A>0 and B >0) or (A B)

otherwise

 
(3.25) 

 
2 2 2

2 2

1( , cos )

 

 

ss

ss ss

ss ss

s
AB C A B C

A C
ω ω

ω ω

ω ω

− − − +
=

+

= + ≥

= −

min

if (A>0 and B >0) or (A B)

otherwise  

(3.26) 

 
3. Monthly energy received by the solar panels 
 
After calculating the collector efficiency then it is calculated the monthly en-

ergy received by the collectors and the panel’s surface is sized based on the DHW 
demand and the maximum value of irradiance received by the panels (usually during 
the month of July).  

3.2.5. 
3.2.5.1 

Table 3.3 Lyon irradiance values for different month (45° tilt, South orientated)  

 
esults and discussion R

 Supplied renewable energy 
 
Using the modeling technique presented previously a short result analysis for 

two climatic zones is conducted. For this study it was chosen the Lyon and Nice 
climates for comparison. Table 3.3 illustrates the results on sun altitude, azimuth, 
incidence angle and solar irradiances calculated based on Ashrae Handbook guide 
[83] for each month of the year for Lyon zone latitude. These data were obtained on 
each 21st day of the month at noon so the sun azimuth was 0. The global irradiance 
is divided in direct and diffused and it can be seen that the direct solar radiation was 
adjusted with the incidence angle which corresponds to the solar panel slope of 45°.  

 

 Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec 

Day 21 52 80 111 141 165 202 233 264 294 325 355 

Hour 12 12 12 12 12 12 12 12 12 12 12 12 

Declination -20.0 -11.0 0.0 11.2 19.9 23.2 20.4 11.7 0.0 -11.3 -20.2 -23.5 

Hour angle 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Sun altitude 24.2 33.2 43.7 55.4 64.1 67.4 64.6 55.9 44.2 32.9 24.0 20.7 

Sun azimuth 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Incidence angle 20.8 11.8 1.3 10.4 19.1 22.4 19.6 10.9 0.8 12.1 21.0 24.3 

Fss 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 

Solar direct irradiance 869 933 946 913 887 871 862 868 892 887 846 825 

Solar diffuse irradiance 43.1 47.8 57.4 75.6 91.7 99.7 100.2 90.4 70.1 55.3 45.5 40.2 

Global irradiance 856 961 1003 973 930 905 913 943 962 923 836 793 
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Figure 3.5 describes the impact of slope on the collector’s efficiency for each 
month of the year. The results obtained are based on the calculation of efficiencies 
with the equation (3.13). The hypotheses for the data used were that the collector 
temperature is 60°C as a default value, the optical efficiency is 0.78 and the heat 
losses throw conduction a1=3.7 W/m2K and a2=0.011 W/m2K2 which corresponds to 
a flat plate panel. It can be seen that during winter season month is preferable to 
have a higher slope due to the fact that the sun altitude is lower and so the effi-
ciency will be increase.  
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person) and the water temperature set point 
is assumed to be 50°C. The energy to heat the water is calculated for the two zones 
(Nice and Lyon) by taking into account the public cold water temperature with the 
data for each month. A maximum of energy demand is observed in January for Lyon 
where the value is over 310 kWh/month (see Figure 3.6). During the summer period 
the energy demand is lower with values that could reach 250 kWh/month. For 
calculation simplification it will be considered a solar system/heat exchanger/storage 
tank efficiency of 0.85. 

 

 
Figure 3.5 Solar panels efficiency for Lyon climate zone for different slope angles 

 
Before sizing the SWHS system, the domestic hot water energy demands 

should be evaluated; For the next example the energy demands will be calculated 
with the hypothesis that the water consumption is 200 l/day (4 persons with an 
average water consumption of 50 l/day/
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Figure 3.6 DHW energy consumption for Lyon and Nice climatic data 

 
For comparison purpose in Figure 3.7 it is shown in what proportion the an-

nual solar energy received by the collectors can be influenced by the orientation or 
the panel’s area. It was found that a 3 m2 collector area could be sufficient to cover 
the July DHW energy demand like it is presented in Figure 3.8 where the annual 
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supply/demand match percentage was found to be around 59% with a maximum of 
00% during July and a minimum of 17% during the month of December. 1
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Figure 3.7 Impact of collector area and orientation on the annual useful renewable energy 

received by the panels 
 
Using the same area the matching percentage for Nice climate was analyzed 

and it was observed that its annual average matching ratio increased to 73% com-
pared to Lyon (see Figure 3.8). If we had seized the system for the energy demand of 
December the collector surface needed to cover the demand would have been more 
than representing a considerable investment. Moreover, the exceeded energy 
that it will not be used would have taken a high value of 6600 kWh during summer 
periods so this solution is not feasible.  
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Figure 3.8 Supply/demand energy match for Lyon and Nice climate using  

a 3m2 collector area  
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3.2.5.2 Economic potential of solar thermal systems 
 

The economic efficiency of SHW systems depends mainly on its design, so it’s 
essential to have an optimal design of all components of the system (collector, stor-
age tank, pumps, control mechanism and piping). The useful heat output of a collec-
tor system depends also on the meteorological data as well as on the profile of con-
sumption. The economic feasibility is the major barrier for the widespread of solar 
systems; insufficient information or lack of quick tools of calculating the economic 
potential are the major issues of this aspect. Nowadays, different economic subven-
tions or installation costs rebates can be obtained in France from different govern-
mental organization like ADEME which can participate to system costs with more 
than 350 €/m2, while certain municipality subventions could reach up to 100 €/m2 
for individual houses. the notion of payback time will be used for the further calcula-
tions. The payback time on the investment (PTI) is a measure of how long it takes 
for the energy savings to repay the cost of the solar water heater and it’s translated 
in a period of years. The calculation depends on several factors: system costs, finan-
cial supports (usually represented as a percentage of the system costs), the supplied 
renewab s con-
cerns the annual costs this value includes the maintenance costs but also the electric 
pump consumption used to circulate the hot water in the system. Regular mainte-
nance on sim as frequent as every 3 to 5 years, preferably by a 
solar contrac

 

le energy (Qs), the price of the replaced energy, annual costs, etc.. A

ple systems can be 
tor. 

⋅

Solar system costs(€) - Subventions(€)
PTI =

(Supplied energy(kWh) price of substituted energy(€ / kWh) -annual costs(€))
 (3.27)

 

The electric power of the pump can be calculated using the recommendations 
of the latest French norms [51] as 50 

: 

+ 5 x Collectors area (m2) expressed in Watts 
and as concerns the use duration this can be either taken from tables where the 
France map is divided in 8 zones or it can be used a default value of 1500 hours. The 
price of the solar systems depends on the manufacturer, installation costs and other 
variables. Based on the data of the international Task 26 report [86] on the price for 
different solar systems across Europe (France, Germany, Italy, Austria, Nederland) 
the following curve to estimate the price of a solar installation was obtained
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Figu
 

hich

re 3.9 Cost function of a solar thermal system 

The substituted energy (reference energy) is assumed to be electric energy 
w  is the most common used energy in France for house heating and domestic 
hot water production. The price can be higher or lower based on the subscripted 
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power (kW); example for a P=3 kW the price is 0.135 €/kWh while for higher 
power this value is up to 0.1106 €/kWh as indicated by the national electric dis-
tributor (EDF). The installation deductions and financial supports are to be between 

e range 20% to 50%, depending on the region. For months where the supplied 
 then the supplied energy considered for the calcu-

lations is equal to the 

e found to be 63.09 €/year for Lyon and 69.3 €/year 
r Nice (see Table 3.4 for details). 

 
Table e calculation d Nice  

 Lyon Nice 

th
energy is higher than the demand

demanded energy. For the maintenance cost of the system a 
default value of 50 €/year can be used. The payback time on the investment will be 
calculated for the solar system that was sized in the previous section for the two 
climate zones, Nice and Lyon. For Lyon climate, the use duration for the circulating 
pump is 1822 hours while for the Nice climate this is 2681 hours. Thus, the pump’s 
electric consumption for a 3 m2 collector area is 118.4 kWh/year for Lyon and 174.52 
kWh/year for Nice. The price of the electricity replaced by the solar energy is as-
sumed to be 0.1106 €/kWh. Using the polynomial function developed in Figure 3.9 
the price of the installation is 3025 €. A government subvention of 30% is used as a 
hypothesis. The annual costs ar
fo

 3.4 Payback tim  for a solar system in Lyon an

Su 1868 2341 pplied energy (kWh) 

Use duration of pump (hours) 1822 2681 

An 63.09 69.3 

Subvention (%)  30 30 

System cost (€) 3025 3025 

nual costs (€/year) 

Payback time (PT) (years) 14.75 11.1 
 

It can be observed from the above calculations that the PTI is around 11 
years for the solar system installed in Nice less with 3.5 years than same system but 
in Lyon where the solar radiation is lower. An important remark on the calculation 
is that if the SHWS supply/demand match is 59% for Lyon, while for Nice this value 
being 73%. To obtain the same solar fraction of 59% a 2.3 m2 area of panels are 
sufficient in Nice and the PTI becomes with the new values of 11.8 years.  
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Figure 3.10 illustrates the strong 

lector’s area could have on the PTI. The minimum PTI is found for Nice climate 

Figure 3.10 Payback time as a function of the financial aid (a) and collector surface (b)  

impact that the financial aid and solar col-
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when the surface of the collector is 3 m2, higher surfaces increasing the economic 
 data a recommended optimal surface would be 3.6 m2 

 

ricity, gas or fuel oil. Except the energy needed to manu-
fact  
the typ
heater c . Carbon dioxide is one of the 
mos eenhouse 
effe w
emission ata from National 
Inst
 

T nergy sources [87] 

feasibility. For Lyon climate
for this case.  

3.2.5.3 Environmental impact 
 

Solar thermal energy is a renewable and sustainable that has an eco-balance 
favorable compared to elect

ure the panels it produces neither pollutants nor greenhouse gases. Depending on 
e of conventional fuel used, replacing electric/gas water heating with a solar 
an have a positive impact on the environment

t dangerous gas emissions for the atmosphere, contributing to the gr
ct, hich alters our planet’s climate and ecological systems. Table 3.5 shows the 

s in kg of CO2 for different energy source based on the d
itute for Solar Energy [87]. 

able 3.5  Equivalent CO2 emission in kg/kWh for different e

Type of energy CO2  emission (kg/kWh/year) 

Electric energy -Europe 0.476 

Electric energy - France 0.089 

Natural gas 0.203 

Domestic oil 0.315 

Carbon 0.473 

 
Figure 3.11 illustrates the ecological benefits of solar thermal energy when 

compared to other heat production source like electric or gas. The data are obtained 
for different collector area and based on the hypothesis used previously when analyz-
ing the financial potential of solar systems. For example, it can be observed that for 
Nice climate if compared to an electric solution, by using 4m2 of solar panels we can 
avoid in 10 years almost 5 tones of CO2 and more than 10 tones CO2 if compared to 
a gas heating solution. It is clear that increasing the surface of the panels the 

the economic bal-
ance a
avoided quantity of CO2 is increased, however there is a limit in 

nd the feasibility of the SHWS.  
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Figure 3.11 Avoided kilograms of CO2 when using solar energy compared to other energy 

sources for different solar collectors surfaces  
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3.3. Solar photovoltaic energy system 
.3.1. Energy context 

 
Photovoltaic (PV) technology is the term used to describe the system that 

nverts the solar energy into usable power to generate electricity from light. This 
chnique to obtain a renewable energy is more and more employed due to several 
dvantages, among which: 

• It produces a green energy which means that there is no negative impact on 
the ecological balance (noise, harmful emissions or polluting gases) except 
only when the solar panels are manufactured. 

• Only minimal maintenance is required to keep the system running. 
• The systems are modular and can be quickly installed anywhere; all desired 

generators sizes can be realized for a large range of power. 
• oving 

and the materials (glass, aluminum) resist to the worst conditions; the life 

e end of 2006, the cumulative installed capacity of PV systems around the world 
had r Wp. Installations of PV cells and modules around 
the wo

is a method to produce electric power by using solar 
lls packaged in photovoltaic modules, often electrically connected in series thus 

several modules form a solar photovoltaic array that converts energy from the sun 
to electricity. These panels produce DC (direct current) power which is a function 
f solar radiation striking the panel surface area. The peak power of a solar roof, 
iven in Wp measures the maximum theoretical power that may occur in standard 
nditions of sunlight (1000 W/m2 of solar radiation and an outdoor temperature of 

5oC). The operation principle of a solar photovoltaic system is illustrated in Figure 
.12.  When using multiple modules, the electric wires from each module are joined 

in a PV a d switch. 
he DC courant is converted in domestic usable energy throw a DC/AC inverter. If 

using 

3

co
te
a

Photovoltaic systems are extremely reliable: no mechanical parts are m

time of a photovoltaic panel can reach more decades. 
 

Worldwide, the installed photovoltaic systems are still low, despite the advan-
tages but an important market growth it was observed during the last 10 years. By 
th

eached more than 6,500 M
rld have been growing at an average annual rate of more than 35% since 1998. 

Such has been the growth in the solar electricity industry that it is now worth more 
than 9 billion € [88]. Moreover, the projections for the year 2030 estimate that more 
than 750 million consumers will have an on-grid system connection. The 
EPIA/Greenpeace Advanced Scenario shows that by the year 2030, PV systems 
could be generating approximately 1,800 TWh of electricity around the world. The 
PV systems can be grouped into stand-alone systems and grid-connected systems.  
While more and more grid-connected PV systems will be installed in the upcoming 
years, in the long term it is expected that the stand-alone will reach a higher level 
especially in developing countries. 

 
3.3.2. Photovoltaic solar system operating principle 

A photovoltaic system 
ce

in
o
g
co
2
3

rray circuit combiner and from that point it goes to a DC fuse
T

an on-grid system then two electric meters are installed: one for the energy 
that is sold to the urban network and the other for the energy that is bought. If a 
system is off-grid connected then the use of battery storage becomes necessary. 
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he photovoltaic modules are composed of solar cells called ,,semi-conductors,, 
manuf

 
 
 
 
 
 
 

 
Figure 3.12 Typical components connection diagram of a PV array system  

 
The electricity generated can be either directly consumed by the household 

appliances and only the surplus is sold in the case when the production exceeds the 
consumption (for the other period is possible to buy the electricity provided by the 
network). 

a) Solar PV modules 
 

T
actured basically from silicon and which are connected in series and in parallel 

in order to obtain sufficient current at an acceptable voltage. The classic cell com-
prises two differently doped silicon layers; the layer that faces the sunlight is nega-
tively doped with phosphorus and the bottom layer it is positively doped with boron. 
At the boundary layer, an electrical field is produced that lead to the separation of 
the charges (electrons and holes) [89]. If p-type and n-type semiconductors are 
placed in contact, a so-called p-n junction is created.  When the sunlight arrives as a 
form of photons on a thin face surface of these materials, they transfer their energy 
to the electrons of the material and they immediately put into motion in a particular 
direction, creating an electric current without any apparent movement. This current 
is collected in photovoltaic cells by very thin metallic wires and can be added to the 
current from the other cells.  
 

 
 
 
 
 
 
 

Figure 3.13 Design and functioning of a crystalline silicon solar cell 
 

The energy necessary for an electron to become free is named Eg (electron-
Volt) and can be different based on the material of the semi-conductors. For silicon 
material this value is 1.107 eV and for germanium this is 0.67 eV. For solar systems, 
the maximum efficiency is obtained with a material having a band gap Eg of 1.10 eV, 
which corresponds to silicon, this explaining the choice of silicon as base material for 
photovoltaic cells.  

     photons

electrons
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b) DC/AC inverter 
 
The second most important component of the PV system is the current in-

verter which has an important task to convert the DC current from the PV array to 
an alternative current (AC) to be used for dom stic appliances.  The DC-AC i
ers deliver a modified sinewave output voltage using electronic parts with hig
versio

c) Battery storage 
 
The batteries to store the electric energy become important especially for off-

grid sy

inte-
nance , 

and sizing technique 
 

The design of a PV system consists in several steps from evaluating the
energy ea to match 
a certain percentage of the electrical load and finally with sizing the battery storage 
capacity i en if the 
system has component e interaction of these ones is non-linear 
and complex. The sizing should be pla PV 
system configurations and various models of components to obtain a cost effective 
and reliable system. The modeling is based on the work of Duffie and Beckam [90] 
on the solar radiation estimation and Evans [91] the PV arra del to take into 
account the temperature and orientation effects.  The first step in sizing the PV 
system is to calculate the solar irradiance level for a tilt surface, in our case the PV 
array 

timal sizing of PV systems based on analytical and numerical 
approaches [93]-[94]. The amount of global solar radiation and its temporal dis
tion a

e 
the solar radiation as described in Chapter 3.2.4 was found to be sufficiently p
for the research aim of this thesis. Different
the di photovoltaic system.  The 
estimation of the exceeded energy provided by the PV array system using the 
ability method was developed by Liu and Jordan [95]. The surplus energy pr
by the

lisability function. 
Based on the research work of some of the above researchers, the design met
ogy of PV array systems is started.  

e
 

nvert-
h con-

n efficiency, but the alternating pulses output waveform is also moderately rich 
in harmonics. These parts are more and more reliable according to the manufactur-
ers; it must take 10 years on average before they need to be changed.  
 

stems where there is no possibility to connect the system to the network. The 
battery storage can be used to store the total or the excess of the solar production 
and to provide the energy when needed. The storage batteries are distinguished by 
their voltage (i.e. 12V) and their capacity (ampere hours Ah). Despite their advan-
tage to store the energy they have a series of inconvenient like: they require ma

 and have a short lifetime influenced by the way it is used (discharge rate
partial cycling).  

 
3.3.3. Modelling 

 solar 
 on the tilted surface of the PV array, then sizing the modules ar

f these are required. Sizing of a PV system may be difficult ev
 relatively few s but th

nned and studied for different possible 

 for y mo

modules.  Secondly, in the modeling technique is important to consider what 
the necessary electrical loads are. Several models have been developed in literature in 
order to find the op

tribu-
re the primary variables used in the design of solar energy systems. Knowledge 

of these parameters is required for the prediction of the performance of a possible 
solar energy system at a particular location [101]. The ASHRAE method to evaluat

recise 
 research works have been done to solve 

fferent issues related to the optimal sizing of the 
utilis-

ovided 
 PV system for an installation having a constant load was also evaluated by 

Klein [96].  Evans et al. [91] described a method to consider the monthly average 
output of PV fields, while Clark et al. [97] use the average uti

hodol-
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a) PV array efficiency 
 
The PV array is characterized by its average efficiency, ηa, which is a function 

of average module temperature Tc: 

[ ]a rη η β= a c r1- (T -T )  (3.28)

where ηr is the PV module efficiency at reference temperature Tr (25°C for 
nominal conditions), and βa is the temperature coefficient for module efficiency. Tc is 
related to the mean monthly ambient temperature Ta through the formula from 
Evan’s research work [91]: 

⋅c a t

NOCT -20

800
T -T =(219+832K )

 
(3.29)

where NOCT is the Nominal Operating Cell Temperature. NOCT is defined 
as the module temperature that is reached when the PV module is exposed to a solar 
radiation level of 800 W/m2, a wind speed of 1 m/s, an ambient temperature of 
20ºC, and no load. The Retscreen Canada textbook [92] model for PV array sizing 
gives echnology (see Table 3.6).  

h

m t- )  (3.30)

where αm is the optimum tilt angle and α
 

the PV modules characteristics for a standard t
The equation above is valid w en the array’s tilt is optimal (i.e. equal to the 

latitude minus the declination) and if the angle differs from the optimum the right 
side of equation (3.29) has to be multiplied by a correction factor Cf defined in the 
Retscreen model as: 

-4 2
fC = 1-1,17E (α α

t is the actual tilt angle. 

Table 3.6 PV Module Characteristics for Standard Technologies [92] 

PV module type ηr (%) NOCT (oC) βp(%/oC) 

Mono-Si 13.0 45 0.40 

Poly-Si 11.0 45 0.40 

a-Si 5.0 50 0.11 

CdTe 7. 46 0.24 
 

The monthly average daily PV-array output (Ep) from PV-array area (A) can 
be found out using: 

η⋅ ⋅p a tE = A I  (3.31)
where It is the monthly-average hourly solar radiation on the tilted surface. 

This energy delivered need to be reduced by different coefficients that represent the 
PV-array losses (λp) and power conditioning losses (λc), thus the equation becomes: 

)cλ λ⋅a pE = E ( p1- )(1-  (3.32)

Finally, the overall array efficiency ηa is defined as: 
a

a
t

E
A I

η =
⋅  (3.33)

When connected to the electrical network distribution, the energy available to 
the grid is what is produced by the array and reduced with the inverter efficiency 
(ηinv). Usually values of the inverter efficiency are around 80-90%. 

η⋅grid a invE = E  (3.34)
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b) Load estimation 
 
When designing the off-grid system, the size of the load controls every aspect 

of design which must be as efficient as possible. The operating voltage selected
stand-alone PV system is usually the voltage required by the largest load appliance 
[98]. In the case when the AC load dominates, the DC system voltage should be 
selected for compatibility with the inverter input. It is possible to have in a residen-
tial house DC loads, thus the system can 

 the PV array system without passing through a 
storage battery. The quantity of this energy t t can be met directly depends 

part of the constant load can be met di-
g stored in the battery can be found 

the utilizability method. 

tilizability method 

 for a 

inject the power directly without passing 
throw the inverter and so the efficiency will be higher. To sum the two loads (DC 
and AC loads) it can be used the DC equivalent load (Dequivalent) defined as the sum 
of the DC load and AC load divided by the inverter efficiency. There are cases when 
the energy demand can be met by

ha on the 
solar-load correlation. Determining which 
rectly by the PV system, without first bein using 

 

c) Solar radiation u
 
Solar radiation utilizability (Φs) is defined as the fraction of the total radiation 

incident on the PV-surface that exceeds a specified radiation level called critical 
level. The critical level is the solar intensity at which the PV-array output is in ex-
cess to daytime load and available to charge the battery [99]-[100]. The monthly 
average daily utilizability is defined as: 

t

I∑
dN

c
s

1d tm

(I )-(I )1
Φ =

N
 (3.35) 

where φ is a dimensionless parameter and is a function of clearness index KT, 
of critical radiation level Ic, of Itm which is monthly average daily insolation on tilted 
array in m month and Nd is the number of days in a month. Ic is the critical level of 
solar radiation at which the rate of electrical energy output of PV-array is just equal 
to the hourly load and it is given by: 

η
d

c
a

WI =
A  

(3.36) 

where A is the PV-array area (m ), η2

zability concept accommo-
dates load variation from hour to hour. It implicitly assumes that the instantaneous 
demand is always equal to the monthly average hourly electrical demand [99]. A set 
of simple equations have been developed which can be used to calculate the monthly 
average hourly utilizability [97]: 

a is the average PV-array efficiency which 
includes the efficiency of  the degradation factor of the PV-array, the wiring effi-
ciency, the cable efficiency and efficiency of the power conditioning and Wd which is 
the monthly average load for the hour. The hourly utili

0

1- 2

(1 2 ) 1  

c m

c
m

m

if X X

X
if X

X

a a a if els

≥

=

+
⎧ ⎫
⎨ ⎬
⎩ ⎭

1/2

2c
2

m

Φ =              

Φ = ( )      

X
Φ = - + ( - )  

X

 

e

(3.37) 

where the non-dimensional terms, a, Xc and Xm are defined as: 
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mX
a =

m2 -X
-1

 (3.38)

c
c

t

I
X

I
=  (3.39)

tαmi t
m

R cos( ) K
X = 185+0.169 -0.0696 -0.981  

mδ2 2 2

t tK K (cos )
here, (Rmi) is the ratio of monthly average insolation on the tilted array to 

the monthly average thly average hourly 
clearness index, αt is the tilt angle and 
di he continuou  

aE =E (1-Φ ) (3.40)

and the energy delivered to the battery is: 
ousE E -E=  

y sizing 

many fa ors t infl  the choice and performance of tery 
in a PV system.  An understanding of 
fo cteristics  the gn and- e PV
sa tora is si to ate t  loads ring uence elow 
average insolation days, called the days of autonomy [98] (usually the number of 
autonomy days is taken to be 2 or 3 days). In battery sizing some other factors like 
maximum depth of discharge, temperature correction, battery efficiency or rated 
battery capacity have to be co ere or a ckel-C mium tery th efault 
m epth of discharge is 84%. The temperature correction is needed because 
at low temperature the efficiency of the batter lower; a value of 0.9 is normally 
ta weve hat val
w ttery is pla d. T qu battery capacity in Ampere-hour (Ah) is 
gi

W
 insolation on the horizontal, (Kt) is the mon

δ the declination angle. The energy delivered 
rectly to t s load is: 

continuous

abattery contin (3.41)
 
d) Batter
 
There are ct hat uence a bat

storage battery design, terminology and per-
of strmance chara  in  desi alon  systems is therefore neces-

ry. The battery s ge zed oper he  du a seq  of b

nsid d. F Ni ad  bat e d
aximum d

y is 
ken, knowing ho r t this ue depends on the indoor space temperature 
here the ba ce he re ired 
ven by: 

, ,b T b dchf f⋅ ⋅ ⋅
vale s

a(D )
 (3.42)

w ttery tono or ge d  (DO )max is the maximum bat-
te discharge T is the temperature correction facto h is correction 
due to charge/discharge rate, V  ba ry ten n (V)

⋅ntequiD D
rc

b mV x

B =
OD

here Ds is the ba  au my stora ays; D
ry depth of ; fb, r, fb,dc

b the tte sio . 
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3.3.4. Results and discussion 
3.3.4.1 Supplied renewable energy  

 
Based on Kaplanis [102] research work the typical loads for a residential house 

are shown in   Table 3.7 . For the further results and discussions the data from the  
Table 3.7 will be used, where the total daily average load is calculated to be 3.955 
kWh/day.  

 

 

Table 3.7 Typical loads for a household [102] 

Appliance Qty. 
AC/ 
DC 

Run 
Watts 

Hours 
/day 

Days 
/week 

W-hours 
/day 

Surge 
Watts 

Fluorescent lights 4 AC 15 5 7 300 0 

Fridge SunFrost 1 DC 48 11.3 7 540 1300 

Blender 1 DC 350 0.1 2 10 1050 

Microwave owen 1 AC 900 0.3 7 270 1200 

Food processor 1 AC 400 0.1 5 28.6 1200 

Espresso maker 1 AC 1350 0.1 7 135 50 

C

21” C

Radio telephone (trn.) 1 DC 20 1 7 20 0 

Phone answering syst. 1 AC 6 24 7 144 0 

Washing machine 1 AC 800 0.5 4 228.6 100 

Clothes dryer 1 AC 500 1 4 285.7 1500 

Sewing machine 1 AC 80 2 1 22.9 400 

Vacuum cleaner 1 AC 650 0.5 4 185.7 1950 

Hair-dryer 1 AC 1000 0.2 7 200 1500 

Ni-Cd battery charger 1 AC 4 15 2 17.1 25 

Total Daily Average Watt-hrs 3955.1 

13

offee grinder 1 AC 150 0.1 7 15 200 

olor television 1 AC 125 5 7 625 570 

Video cassette recorder 1 AC 40 2.5 7 100 80 

Satellite TV system 1 AC 60 2.5 7 150 1600 

Stereo system 1 AC 30 8 7 240 60 

Computer 1 AC 45 6 3 115.7 135 

Computer printer 1 AC 120 0.3 3 15.4 360 

Power tool 1 AC 750 0.5 3 160.7 2250 

Radio telephone (rec.) 1 DC 6 24 7 144 0 

 
ef rges and 

some domestic appliances may be in this situation.
R rigerators, pumps and most power tools have starting power su

 When sizing the inverter this one 
must handle the starting surge of the AC appliances. During the periods of standby, 
the power that is consumed has low values. For the presented case, 80% of the load 
is AC while the rest corresponds to a 20% DC load or 714 Wh/day. Like for the 
solar thermal system, the potential of PV system for Lyon and Nice will be analyzed 
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and compared. The scenario case corresponds to a case where the PV array system is 
connected to the urban grid, no battery storage components being necessary. The 
hypothesis are that the PV array is compose of poly-Si modules where the NOCT 
(Nominal Operating Cell Temperature) is 45oC, the temperature coefficient for mod-
ule efficiency (βa) is 0.4%/ oC and the PV module efficiency at the reference tempera-
ture (ηr) is 12.4%. The tilt angle (αt) is supposed to be 45o, South orientated and a 
PV array 10 m2. The inverter efficiency is assumed to be 85% and the different sys-
tem losses are considered to be 3%.  
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Figure 3.14 R  array f on and Nice climate 

 
Figure 3.14 illustrates the differences in the renewable energy delivered by 

the PV array system installed in Lyon and Nice. It is noticed a 20% less energy for 
Lyon compared to the Nice climate, due to higher values of solar radiation and out-
door t

enewable energy delivered by the PV or Ly

emperature.  A maximum value of 202 kWh is obtained during the month of 
July and a minimum of 79.2 kWh in December for Nice climate data values. Figure 
3.15 compares the difference in annual renewable energy brought by the PV system 
for different array sizes. It is observed that there is a linear correlation between the 
energy and the surface. It is also noticed that installing the same amount of panel 
area in Nice climate zone compared to Lyon gives better efficiency due to meteoro-
logical data which are favorable for Nice. 
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Figure 3.15 Renewable energy as a function of the PV array surface 

 
In the case when it is wanted the use of a battery storage system we start first 

from luating sented in Table 
3. is 
0.714 kWh/day which gives an yea h/year AC and 260 kWh/year 

eva  the electrical loads. For this example the data pre
7 is going to be used, where the AC load represent 3.241 kWh/day and DC load 

rly load of 1183 kW
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DC. To size the battery bank a number of parameters must be known (see Table 
3.8). The calculations presented correspond to the Nice climate case study. The PV 
array 

he energy delivered directly to the continuous load is calcu-
lated 

overall efficiency ηa are found to be between 11.1% and 11.9% and by using the 
Eq. (3.30) it is obtained the energy Ep (kWh/day) from the PV system as a function 
of the efficiency (ηa), array surface (A) and monthly-average hourly solar radiation 
on the tilted surface (It). The values of Ep are between 3.31 kWh/day for December 
to 6.5 kWh/day for the month of July. Finally the energy is corrected by the PV-
array losses and power conditioning losses, thus we obtain the energy delivered Ea as 
defined in Eq. (3.31). The monthly average daily utilizability is calculated as pre-
sented in chapter (3.3.3 c) and the values obtained are between 0.62 and 0.77 for the 
month of December. T

as in Eq. (3.39) and the calculated values are in the range 0.81 kWh/day (De-
cember) to 2.43 kWh/day (July) and the energy delivered to the batteries is 2.58 
kWh/day (December) to 4.14 kWh/day (July). 

 

Table 3.8 Battery storage system parameters 

Parameter Value 

Nominal voltage of the battery 12V 

Number of days of autonomy  3 days 

Maximum battery depth of discharge 85% 

Battery temperature (constant) 15oC 

Battery efficiency 80% 

Charge controller efficiency 80% 
 

Based on the data from Table 3.8 on the battery and charge controller effi-
ciency we finally obtain the energy injected into the battery to be 1.65 kWh/day 
(December) to maximum 2.64 kWh/day (July). For the final balance the supplied 
renewable energy is the sum of the energy from the battery and the energy that is 
directly used by the load. For this example the annual renewable energy delivered is 
1416 kWh/year. The type of the battery is sized to meet the requirements and the 
prerequisites of the problem and for our case the capacity of the battery to be in-
stalled is 367 Ah. The battery voltage considered for this example was 48V but in 
Figure 3.16 (a) it is illustrated the battery capacity (Ah) as a function of different 
voltages. A capacity reduction is also seen in the same figure (b) when the discharge 
depth takes higher values up to 90%. 
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Figure 3.16 Battery capacity as a function of the battery voltage(a) and maximum dis-

charge depth (b)   
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3.3.4.2 Economic analysis 
 
Actually, one of the most important issu

feasibility, so at this stage an analysis of the financial viability is presented. The 
same assessment criteria (payback time on tment) e economical 
analysi  thermal systems will 
economic feasibility that is interpreted to
takes to pay f payback time f
total investment cost (including tax reducti ed by t ar’s revenues 
from energy saved, displaced, or produced ing the P  operating and 
yearly 

For our case the 
systems is realized following the same methodology. Complex economic calculations 
on’t find their purpose at this initial level of comparison. The PTI is taken into 

lculation as initial cost, operating 
sts, maintenance and substituted energy.  The initial total cost is the sum of the 

costs 

rter 
cost and Ccmp is the price of different components. The optimal sizing of the PV ar-
ray and e eco-
nomic problem. Most of the latest PV systems are connected to the utility 
grid, with appreciable government subsidies from 50 to 70% [103].   

The electricity purchase price for this study case was assumed to be 0.1106 
€/kWh [104] and the sellback price of 0.301 €/kWh [105]. Dalton et al. [106] used in 

eir research work a price for a PV array of 10000 $/kWp and a maintenance cost 
p. Using a ratio of 1.27 between the dollar and the euro it is obtained the 

price in euro which is 7874 €/kWp and 7.8 €/kWp  for the O&M (operating and 
maintenance). Approximately the same values on the system price are also obtained 
by an inquiry in France realized by a professional web site on solar systems [107]. 
Maintenance costs can be significant in determining the long-term cost effectiveness 
of an investment. The PV producers recommend periodic system checks and cleaning 
as part of a preventive maintenance routine.  For our studied case the payback time 
and economical parameters are resumed in Table 3.9.  

A financial support of 50% from the initial investment is considered knowing 
that other subsidies may be added from local authorities.  It is observed that the 
energy sold to the network distributer allows an annual economy of 369 € for Lyon 
and 465 € for Nice which gave a PTI value of 13.7 years for Lyon and 10.8 years for 
Nice. For building integrated PV array systems the sellback energy price has a value 
of 0,55 €/kWh. A simple calculation showed that the PV systems will become more 
competitive if the electricity sellback will be increased. A small increase of 2 ct/kWh 
in the sellback energy to the network could reduce by 6% the payback time (e.g. 
Nice from 10.8 years to 10.1 years). This data shows that the government policy and 
financial aids are the main key of wide spread of such renewable energy systems. 

 
 
 
 

es of the PV system is their economic 

 the inves like for th
s of the solar be used. Simple payback is a measure of 

 be the number of years an investment 
or an energy system is calculated as the or itself.  The 
on,…) divid he first ye
 (includ V array

maintenance).  
PTI is a good parameter because a comparison of different 

d
account the major elements of an economic ca
co

of the PV-module, batteries, inverter and different components (i.e. electric 
wires, etc) and can be written as follows: 

t pv bat inv cmpC =C +C +C +C  (3.43)

where Cpv is the PV-modules cost, Cbat is the batteries cost, Cinv is the inve

 battery storage is an important task that could influence later on th
installed 

th
of 10 $/kW
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Table 3.9 Financial parameters and payback time of the PV array system installed in Lyon 
and Nice 

Parameter Lyon Nice 

PV array peak power 1.25 kWp 1.25 kWp 

System costs  9842 € 9842 € 

Maintenance costs  10 €/year 10 €/year 

Renewable energy delivered 1231 kWh 1551 kWh 

Economic gain/year 369.1 € 465.2 € 

Government subsidy 50%  50% 

Payback time on the investment 13.7 years 10.8 years 

 
3.3.4.3 Environmental impact of PV system 
 

The positive balance on the environment is rapidly seen with a PV system 
where the solar renewable energy produced is completely environmentally friendly. 
Exploiting the same data on the electric energy CO2 emissions previously used for 
the solar thermal systems (0.089 kgCO2/kWh/year-electric energy production in 
France and 0.476 kgCO2/kWh/year–Europe) the following results are obtained: 

 
Table 3.10 CO2 emission avoided using the PV array system (10m2, 45o, South) 

CO2 avoided (kg/year) Lyon Nice 

Electric energy - France 110 138 

Electric energy -Europe 586 738 
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3.4. 

ground 
ergy to reduce the energy consumption for heating and cooling becomes more and 
ore spread around the world [108]. Nowadays, ground source heat pump (GSHP) 
stems are one of the fastest growing applications of renewable energy in the world. 
y the end of 2004, the worldwide installed capacity was estimated at almost 12 
Wth with an annual energy use of 20 TWh. Today, around one million GSHP 
stem units have been installed worldwide and an annual increase of 10% have 

ccurred in about 30 countries over the past 10 years [109]. In Europe, France is on 
e second position after Sweden, with 49950 units installed. 

Low-temperature geothermal systems are used to collect the heat from the soil 
via ground heat ex  from the ground, 

e heat exchanger are disposed vertically (known as vertical boreholes exchangers) 
r hor

Figure 3.17 Main elements of a CGHP system 
 
3.4.2.1 Heat pumps 

 

The heat pump is using the same cycle law as a classic refrigerator using com-
ression and expansion of a refrigerant to drive the heat flow between the building 
ternal zones and the earth.  

Geothermal heat pump system 
3.4.1 Introduction 

A residential building can have heating demands during winter season and 
cooling demands for the summer periods and in order to cover these demands, 
HVAC systems consume large quantities of energy to maintain a comfortable tem-
perature inside the occupied space. In most of the cases fossil energy is used to heat 
or cool the spaces. The need to find alternative solutions is required to reduce the 
energy consumption, house energy bills and to protect the environment. It was seen 
in the previous sections that the solar energy could be used to produce electricity or 
hot water. Almost 46% of the sun’s energy is absorbed by the earth, which is like a 
buffer tank for this energy.  

The earth energy has a main advantage: it is site disposable and in large 
uantities but the only problem is to collect it and then use it. The use of q

en
m
sy
B
G
sy
o
th

changers and heat pumps. To collect the heat
th
o izontally arranged. Closed-loop Ground Coupled Heat Pump (CGHP) systems 
with vertical boreholes are one of the most popular systems due to their good effi-
ciency and installation space gain compared to a horizontal loop system. The main 
focus of this study and chapter section consists of analyzing the closed loop systems. 
 
3.4.2 CGHP operating principle 
 

A typical CGHP system consists of heat pump(s) to heat/ cool the building, a 
ground heat exchanger (GHX) to collect/ reject heat to the ground, and pump(s) to 
circulate a thermal fluid between the heat pumps and the ground heat exchanger. 
The process is divided in three sub-processes: collecting the heat, transferring the 
heating from loop to heat pump, delivering the heat to the indoor spaces (see Figure 
3.17). 

 
 
 Heat pump 
 
 

 

 

Heating 
floor 

 

Ground heat
exchangers 

p
in
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The refrigerant flows around the circuit and is forced to evaporate at a low 
ressure/low temperature and condense at a high pressure/high temperature. Differ-

ent he

, the heat pump works as follows: the heat from the earth arrives to the 
aporator and on the other side of the heat exchanger the cold refrigerant is in a 

liquid rigerant is colder than the 
mperature from the ground so the heat flows is in the direction of the refrigerant. 

This a

 
 

condenser 
(Qc) must be equal to the heat extracted in the evaporator (Qev) plus the energy 
consumed COP) is 
used to d ove  defined as 
the ratio t pu lied to the 
heat pump to deliver the useful heat. A value of COP of 3 is translated by a produc-
tion of 3 kW of heat energy for 1 kW of electrical energy consumed. The COP can 
be calcul

 

p
at pump types exist but the most commonly used for this kind of ground cou-

pled system are the water loop heat pump systems. They are now widely accepted as 
a mean of providing energy efficient heating and cooling of buildings [110]. In heat-
ing mode
ev

state at low pressure. The temperature of the ref
te

mount of heat induces an evaporation of the refrigerant liquid. During the 
evaporation process the temperature and pressure remain constant. The obtained gas 
from the evaporator is introduced into the electrically-driven compressor and then 
compressed. This raise of the refrigerant’s pressure increases the temperature. 
 
 
 
 
 
 
 

 
Figure 3.18 Operating principle of a heat pump 

 
The high temperature-compressed gas from the compressor is fed into a sec-

ond heat exchanger called the condenser where the heat is transferred to the heating 
intermediary (e.g. water). As the gas is losing the heat it condenses back to liquid 
form. This high temperature refrigerant liquid then passes through an expansion 
valve. The valve reduces the pressure of the refrigerant, and as a consequence, its 
temperature drops significantly. Then the low temperature liquid flow to the evapo-
rator and the cycle starts again. When in cooling mode, the process is reversed 
through a reversing valve inside the heat pump. Under the first law of thermody-
namics, there is energy conservation: the amount of heat rejected to the 

by the compressor (Ec). The term coefficient of performance (
escribe the ratio of useful heat m
 of heat transported by the hea

ment to work input. COP is
mp and the electricity supp

ated as follows: 

= c
heating

cp pump

Qng energy
C

Compressor and pump energy E +E
 (3.44) 

Useful heati
OP =

ev
cooling

cp pump

QUseful cooling energy
COP = =

Compressor and pump energy E +E
 

(3.45) 

 
 

C

V

Low pressure liquid High pressure liquid 

High pressure gasLow pressure gas 

EV CD
Heat pump 

CD- condenser 
EV- evaporator 

C-compressor 

V-expansion valve 

Ground 
heat source 

Heating 
indoor circuit 
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3.4.2.2 Ground heat exchangers 
 

In a CGHP system, a number of buried pipes circulate a heat transfer fluid in 
a closed loop between the ground and the heat pump. The ground heat exchanger 
can be composed of vertical holes or horizontal trenches of pipes buried in the 
ground. 
 

a) Horizontal loop ground heat exchangers 
 

The horizontal loop CGHP systems typically consist of a series of parallel pipe 
arrangements laid out in dug trenches or horizontal boreholes about usually one to 
two meters below the ground surface. A number of maximum six pipes per trench
can be ameter

 the ra
systems required a large land area but com-

to vertical exchangers are the more economical with the lowest initial costs. 
One m

 
 used respecting a certain space between them. Typical pipes have a di

nge 19 mm to 38 mm. Around 35 to 55 meters of pipe is required per kW of in
heating or cooling capacity, so these 
pared 

ain difference between horizontal and vertical ground heat exchangers (GHX) 
is that the first ones are more affected by the weather and outdoor temperature fluc-
tuations due to their proximity to the earth’s surface. Due to these fluctuations the 
efficiency of the heat pump may be reduced [111]. 

 
Figure 3.19 Schematic representation of a horizontal GHX principle  

 
b) Vertical loop ground heat exchangers 

 
In vertical borehole CGHP systems, the ground heat exchanger configuration 

consists of different boreholes each containing a U-shaped pipe through which the 
heat exchange fluid is distributed. Typical U-tubes have a diameter in the range of 
9 mm to 38 mm and each borehole is between 40 to 150 meters deep with a diam1

Min 1.2m 

Min 0.6mGround loop
pipe 

Min 1.2m
Earth 

e-

Comp ontal GHX, these ki better, due to less instal-
lation space and better system efficienc les are filled cial material 
that will prevent surface water penetration, called grout (see Table 3.11).  

 Thermal conductivity for different grout materials [112] 

and backfills without additiv rmal conductivi

ter ranging from 76 mm to 127 mm. The U-tube is made from high-density polyeth-
ylene and consists of one downflow tube and one up-flow tube in the same well. 

ared to horiz nd of exchangers are 
y. The ho with a spe

 
Table 3.11

Grouts es The ty (W/mK) 
20% Bentonite (high solids) 0.73 
30%
Sand,15% moisture, 120lb/ft3 

 Bentonite (high solids) 0.74
3.3 

Neat cement 0.84 
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Cement, 140 lb/ft3 1.2 
Concrete (50% quartz sand) 2.4 

 
Following backfilling and grouting, the vertical pipes are attached to a hori-

zontal underground header pipe which is connected with the heat pump. The verti-
cal CGHP systems require les piping due to the higher efficiency that is obtained at 
greater depths in the earth of the heat exchangers.   

                                        

 

 
Figure 3.20 Schematic representation of a vertical ground heat exchanger 

 
3.4.3 Soil thermal proprieties 

 

the heat exchanger. 
his shows the importance of knowing as precisely as possible the ground thermal 

conductivity [114]. Another parameter is the soil available surface that could con-
tribute to system design and in certain areas, the type of soil (i.e. hard rock) (see 
Table 3.12).   

If the depth is less than 15 m, the ground temperature fluctuates according to 
the ambient conditions, if depth ≈ 15 m the ground temperature is equal to annual 
mean air temperature (+ 2 to 4oC if snow cover) and in the last case where the 
depth is >15 m the ground temperature increases slightly with the depth (“the geo-
thermal gradient” is about 1-2oC per 100 m). Depending on the balance between 
extraction and rejection of heat from and to the ground, the temperature in the 

cas g 
in a lowering of performance of the heat pump as the fluid temperature rises [116]. 
 
Table 3.12 Specific extraction rate in W/m of heat exchanger based on the soil type [115] 

Underground Specific extraction rate 

The design of vertical ground heat exchangers is complex due to the variety of 
geological formations and soil properties that affect their thermal performance [113]. 
Factors such as the composition and properties of the soil require consideration when 
designing a ground loop.  For example, soil with a good heat transfer properties re-
quires less piping to gather a certain amount of heat than soil with poor heat trans-
fer properties. An increase in ground thermal conductivity from 1.2 to 3.1 W/mK 
would translate, into a 60% reduction in the required length of 
T

neighborhood of the heat exchangers may rise or fall over the life of the system. This 
is particularly important where the building loads are cooling dominated. In such 

es t e ground temperature may potentially rise over a number of years resultinh

 For 1800h For 2400h 
Gravel, sand dry <25W/m <20 
Gravel, sand water saturated 65-80W/m 55-65W/m 

Up to 

Grout 

Tout,groundTin,ground

Borehole 

Earth 

A-A 
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Clay, loam humid 35-50W/m 30-40W/m 
Limestone 55-70W/m 45-60W/m 
Sandstone 65-80W/m 55-65W/m 
Granite 65-85W/m 55-70W/m 
Basalt 40-65W/m 35-55W/m 
 
The thermal properties of soils are determined by the characteristics of their 

xtures and their structures. Typically, a soil is characterized by its specific heat 
apa r 

il between the heat exchangers and soil. 
The ratio between the thermal conductivity (J/s.m.K) and the heat specific 
(J/kg.K) multiplied by the soil density (kg/m3) gives the soil thermal diffusivity 
(m2/s). As concerns the ground temperature an accurate description can be a com-
plex task. The undisturbed ground temperature [117], Tg, can be calculated as:  

te
c city and its thermal conductivity. Knowledge of these two factors is essential fo
the design of ground heat exchangers. For CGHP it is more interesting to have a soil 
with a high heat capacity, because the amount of heat available is larger but also is 
important the thermal conductivity of the so

π π
α πα

⎡ ⎤
⎢ ⎥
⎣ ⎦

g s s 0=T -Aexp(-X )cos( t -t - )
365 365 2

(3.46)

where Xs is the soil depth in meters, t is the day of year, Tg is the mean an-
nual surface soil temperature, As is the annual surface tem erature amplitu s 
the soil thermal diffusivity, and to is a phase constant expressed in days. From this 
equation, the minimum and maximum ground temperature for any depth can be 
expres

s
g s

X2 365
T (X ,t)  

p de, α i

sed as: 

π
αg,min g s sT =T -Aexp(-X )

365
 (3.47)

π
αg,max g s sT =T Aexp(-X )

365
+

 
(3.48)

For vertical systems, this usually becomes a trivial task since the sub-surface 
ground temperature does not vary significantly over the course of the year [118]; the 
ground temperature can be estimated as equal to the mean annual surface soil tem-
perature, Tg. An example of ground temperature variation can be seen in Figure 3.21 
according to the depth measure. It can be observed that for higher depths, the soil 
temperature is almost constant for the whole period of the year. 
 

 

          

T
em

pe
ra

tu
re

 (
o C

) 

Depth(m)

Time (d ys) a

Figure 3.21 Annual evolution of soil temperature based on the depth for a soil diffusivity of 
0,02E-4 m2/s, an outdoor temperature of 10oC and an annual amplitude of 20oC [119] 
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3.4.4 Modelling and sizing the CGHP systems  
One of the fundamental tasks and main objectives when designing a ground 

heap pump system is the properly sizing of the GHX length. An extensive effort 
should be made to design the GHX so that they are not too long (high initial in-
vestment) or too short (the heating/cooling capacity is not covered). 
 
3.4.4.1 Horizontal heat exchangers length sizing 
 

For the first system it will be used a more simplified method derived from the 
IGHSPA [117] where the heat exchanger length for the heating demand is calculated 
as: 

⎡ ⎤
⎢ ⎥

h
p s h

(COP -1)(R +RF )
Heating: ⎢ ⎥

⎢ ⎥
⎢ ⎥⎣ ⎦

t,min

(3.49) 

And  for sizing the GHX
equation: 

hCOP
h d,heatL =q

g,min ewT -T
 

 as  based on the cooling demand it can be used the 

Cooling: 

c
c

c
c

⎡ ⎤
⎢ ⎥
⎢ ⎥

−⎢ ⎥
⎢ ⎥⎣ ⎦

p s

d,cool
ewt,max g,max

(COP -1)(R +RF )
COP

L =q
T T

 (3.50) 

where COPh, COPc are the design heating/cooling coefficients of performance 
of the heat pump, Rp is the pipe thermal resistance, Rs is the soil/heat exchanger 

ermal resistances, F , F  are the part load factors for the heating/cooling, Tg,min, 
.3 and finally the Tewt,min, Tewt,max 

are th

s

le and tender the value is 0.82 m2K/W. From a literature review [110],[117] 
e fo wing design entering water temperature estimation can be used: 

F (3.51) 

(3.52) 

etermining the GHX length using equations (3.48) and (3.49)requires the 
evaluation of the GHX part load factor. The part load factor (F) represents the frac-
tion of equivalent full load hours during the design month to the total number of 
hours in that month [120]. It can be evaluated as: 

th h c

Tg,max are the ground temperature as defined in 3.4
e minimum/maximum design entering water temperature. These equations 

were found to be sufficient for horizontal heat exchangers length sizing but for the 
vertical GHX a more complex modeling between the tubes and the soil will be ap-
plied.  

The soil/field resistance is an indication of the amount of energy that can be 
transferred to the ground. High values of resistance indicate that more pipe length 
will be required to reject or absorb a given amount of energy [120]. As example, for a 
compact and humid soil, the thermal resistance R  is 1.47 m2K/W and for a roche 
rumbc

th llo

ewt,min g,minT =T -15°  

ewt,max g,maxminT = (T +15°F, 110°F)  
D

max

qF=
q

 (3.53) 

c h 

where q and qmax are the average load and peak load for the calculated month. 
The part load factor F is evaluated for the design cooling month and the design 
heating month, typically July and January, leading to the values F  and F  used in 
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the heat exchanger length equation. The approach used in Retscreen Canada geo-
thermal studies [120] is based on the approach of Tarnawski to correlate the COP of 
any heat pump to the entering water tem m e 
COP 

elation we can obtain the COPh and 
COPc for the Tewt,min, Tewt,max water temperatures as calculated previously. The ki 
coefficients can be found in Table 3.13. 

 

perature. The method used to odel th
and the capacity as a function of the entering fluid temperature uses a quad-

ratic polynomial correlation: 

2

2
actual nom 0 1 ewt ewtCOP =COP (k +kT +k T )  (3.54)

where COPactual is the actual COP of the heat pump, COPnom is the nominal 
COP of the heat pump. Using the proposed corr

Table 3.13 Quadratic Polynomial Correlation Coefficients [120] 

Correlation coefficients Cooling  Heating 
k1 1.53105836E+00 1.00000000E+00 
k2 -2.29609500E-02 1.55970900E-02 
k3 6.8744000 -05 -1.59310000E-04 0E

 

ry field area for the installation. It is considered three cases of installa-
on: standard, compact and very compact. Based on the assumption from Retscreen 
anual [121] the distance between the trenches is 3,7 m, 2,4 m and 1,5 m corre-
onding to the three cases. Based on this data, the geothermal ground field area 

ecessary (Ag) is calculated as a multiplication of the heat exchanger length with 
,2192; 0,762 and 0,3048.  

.4.4.2 Vertical heat exchangers length sizing  
 

For the second case of system (vertical boreholes heat exchanger) the sizing is 
ore complex and will be necessary to use a modeling technique between the ground 
nd if-
cu
how 

After calculating the necessary GHX length it is necessary to find out what is 
the necessa
ti
m
sp
n
1
 
3

m
a  the tubes. This type of modeling is more precise but in the same time more d

lt to implement and to use it. Before starting the modeling it is necessary to fi
s where the highest challenge of the problem is. Figure 3.22 shows the heat 
transfer between the vertical U-tube and the soil; an electric analogy is used to show 
the thermal resistance between the fluid (Tf) and the borehole wall temperature 
(Tb). 
 

 
 
 
 
 
 
 
 

Figure 3.22 Heat transfer between the fluid – grout and surrounding soil along with the 
electrical analogy 

 
where Rg is the thermal resistance of the grout (m2K/W) and Rp is the ther-

mal resistance of the pipe (m2K/W). When dealing with one U-tube in the borehole 

Tf
Tb

Rp

Rp

1 Rb

Tb

ground

   

1

12

  Soil Pipe 

Borehole 
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the equivalent resistance of the tubes becomes Rpp=Rp/2. The Rb is the effective 
borehole thermal resistance and it is calculated as follows: 

g (3.55) 
The value of Rb depends on borehole diameter, pipe diameter, the distance be-

tween the pipes, the thermal conductivity of the grout and the pipes and on the fluid 
flow rate. One of the most important parts of the modeling is to estimate the bore-
hole wall temperature (Tb). For a constant ground load (q) the borehole wall tem-
perature at time t, (Tb,t) , can be obtained using the cylindrical heat source (CHS) 
analytical solution [122]-[123] (see Figure 3.23). 

b ppR = R + R  

o
b,t g

s

G(F )qT =T -
L k

 (3.56) 

where q is the heat transfer rate (W) (positive values represents that the 
heat flux is from the ground to the fluid), L is the borehole length (m), ks is the 
ground thermal conductivity (W/mK), G(Fo) is the CHS analytical solution, Fo is 
the Fourier number defined as: 

α
o 2

b

F =
24d

 (3.57) 

where α is the ground thermal diffusivity, t is the time and d

4 t

 
 
 
 
 

Figu

The (G) function is in fact the analytical solution to transient heat transfer 
[122] from a cylinder embedded in an infinite medium. The (G) function is relatively 
complex but in this work, the curve fitted expression suggested by [125] has been 
used. The equation to calculate G-function is found to be : 

3
o617E-3 log (F )G=10

e local solution to a global solution 
to account for thermal interaction among borehole and heat load variations. The 
model incorporates a Multiple Load Aggregation Algorithm (MLAA) which aggre-
gates 

b is the borehole 
diameter. 
 
 
 
 
 

q=Q

re 3.23 Schematic representation of a CGHP system and top view of a borehole 
 

⎡ ⎤
⎣ ⎦⋅ ⋅ ⋅2

o o10 10 10-0.89129+0.36081log (F )-0.05508 log (F )+3.59 (3.58) 

The heat transfer rate to the ground, q, varies continuously due to load varia-
tions, so by using the principle of temporal superposition Bernier [124]-[125] have 
developed a GHX model which superimposes th

heating/cooling loads. It uses two major thermal history periods, referred to as 
“past” and “immediate.” The immediate thermal history (hours, number of hours) is 
not aggregated, while the past thermal history is subdivided into four time intervals, 
with periods of the order of a day (d), a week (w), a month (m), and years (y) 
[126](see Figure 3.24). Thus, the energy from the ground is not constant because 
neither the building demands are constant but are varying in time. The superposi-
tion principle gives the calculation of ∆Tg at the end of the three time intervals (t3). 

q(t)

Tf Tf

Tb 

Tg 

Heat 
pump

Tg

Tout,ground
 
Tin,ground
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For each time interval we have a different heat transfer rate indicated by q1, q2, and 
q3. The equation to represent the ∆Tg is: 

f
3t -0 t -t t -t t -t1

g g

(G(Fo )-G(Fo )) (G(Fo )-G(Fo ))qq
∆ T = T -T =

L k
3 1 3 1 3 2

3 2

2

s s

t -t3

s

+
L k

G(Fo )q
+

L k

 (3.59)

Figure 3.24 Superposition principle when a variable heat transfer rate is applied. 
 

and for the worst situation of the year when 
the heating demand is reaching a maximum level. Bernier [127] studied the influence 
of these three components of the heat exchanger length and found that the impact of 
q1 and q  on T  are significantly less, but not negligibly, than the immediate short-
term “

 
 

 
 

 
 
 

The three equation components q1,q2 and q3 represent the heat extraction 
loads for 10 years in the case of q1 (W), 6 months for q2 and 6 hours for q3. The q3 
heat load corresponds to an hourly dem

2 ∆ g

thermal history” represented by q3. Using the above principle the GHX length 
can be calculated as: 

3 3 1 3 1 3 2t -0 t -t t -t t -t t -t

s s

3 b 1 2 3
3 2

s

(G(Fo )-G(Fo )) (G(Fo )-G(Fo )) G(Fo )
+q +q

k k k
=

qR+q
L

g fT -T
 

where T

(3.60)

f is the average fluid temperature in the ground heat exchanger and 
is calculated as: 

in,groundT +T
T = out,ground

f 2
 (3.61)

And with: 

⋅out,ground in,ground
p

where m is the total mass flow rate (kg/h) and C  is the fluid specific heat 
(J/kg�°C), it is obtained: 

T T + q=
m C  (3.62)

p

+
⋅ ⋅in,ground

p
f T qT =

2 m C  (3.63)

The choice of Tout,ground is important because it is the temperature at which the 
heat pumps are expected to operate in the worst conditions. The Tin,ground tempera-
ture may be chosen as the minimal temperature from the heat pump (i.e. -3oC). The 
mass flow rate can be considered for a one U-tube of 630 kg/h [127] and the Cp of 
3700 J/kg�°C which corresponds to a recirculating fluid with 35% glycol. The value 
of Tg is the undisturbed ground temperature but this value can be increased or de-
creased, by an amount Tp, which corresponds to a temperature penalty associated 

6 hours1 month10 years

 t3
 t2

t10

q1 q2 q3
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with thermal interference between adjacent bores [118]. The equation of GHX length 
stances values of R10y, R1m, and R6h repre-
r ten-year, one-month, and six hour thermal 

ulses

can be simplified using the thermal resi
nting effective thermal resistances fose

p . The equation (3.59) becomes: 

3 b 1 10y 2 1m 3 6h

in,ground out,ground
g p

q R +q R +q R +q R
L= T +T

(T +T )-
2

 
(3.64) 

In order to calculate the effective borehole thermal resistance Rb we have to 
first calculate the therm
grout R . The R  is calculated as follows: 

al resistance of the tube Rp and the thermal resistance of the 
g p

p,oD

π π
p,i

p

ln( )
D 1

+
2 k D h

(3.65) 

e outside and inside d s o pe (m), 
kp is the thermal conductivity of the pipe wall (W/mK) and 
coeffici  involve e calc ion of a 
boreho

p p,i i  
R =

Where Dp,o and Dp,i represent th iameter
h  is the inside film 

f the pi
i

s thent (W/m2K). The grout thermal resistance ulat
le shape factor, Sb calculated as: 

ββ bdS = ( ) 1

0b
p,oD

 

(3.66) 

arameters that depend o posi f the U-
tube in he borehole diameter (m)  Rg can be written 
as: 

Where β0, β1 are geometrical p n the tion o
 the borehole [128] and d is t . The

gR =
S kb

where k  is the grout thermal con
g  

(3.67) 

ductivity (W/mK). lue 0 and β1 
are 17.44 and -0.605 for a uniform arrangement of the U-tube inside the borehole. 
After o  length it is necessary t  out required 
installation  calculated as a function of GHX length 
as indi 31]: 

1

g The va s for β

btaining the heat exchanger o find  the 
ground surface area. This can be

cated by Retscreen manuals [1

π

π

π

⋅ ⋅

⋅ ⋅

⋅ ⋅

g

g

g

A =9.2903 L -standard

A =3.1612 L - compact

A =1.4864 L - very compact

 (3.68) 

where the distance between the boreholes is 6.1, 3.7 and 2.4 for the three cases 
(standard, compact, very compact). 
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3.4.5 Results and discussion 
3.4.5.1  Supplied renewable energy 

Usin alysis for 
t  and Nice climates is realized, like for the previous renewable energy sys-
tems. The meteorological data 
w ather-data s s [1 r th cas ple me e 
geothermal heat pump system is connected with vertical heat exchangers. The data 
on the soil proprieties and vertical boreholes that  used his stu  pre-
sented in Table 3.14.  

le 3 ertica ehole geo  and so perties ur study 

Parameter Lyon Nice 

 
g the modeling technique presented previously a short result an

he Lyon
used 

29].  Fo
in this study were obtained from the NASA 
is study e atellite e exam it is assu d that th

 were  for t dy are

 
Tab .14 V l bor metry il pro  for o case 

Soil pro spertie  1Annual average ground surface temperature (OC) 10.1 5 

Earth a  amp  ( C) 17.36 11.71 nnual litude O

mK) 2.4 2.4 Thermal conductivity of the ground (W/

Thermal diffusivity of the ground (m2/day) 0.08892 0.08892 
Vertical borehole and pipe proprieties 
Borehole diameter (cm) 16 16 

U-tube outer diameter (cm) 3.35 3.35 

U-tube inner diameter (cm) 2.74 2.74 

Grout thermal conductivity (W/mK) 2.6 2.6 

Pipe thermal conductivity (W/mK) 0.42 0.42 
2Film inside coefficient (W/m K) 1700 1700 

Fluid proprieties   

s flow rate (kg/h) 630 630 

3.96 

Fluid mas

Fluid specific heat (kJ/kgK) 3.96 
 
Two load profiles are used for 

for a building situated in Ni
the calculations, corresponding to the heating 

demand ce and Lyon climate zones. It is supposed that 
for the both cases the GHX length is calculated ill the he demand.  To 
obtain the monthly heating loads of the building, the prediction models obtained in 
the fir

,2, 
ut this value is subject to change based on the manufacturer. The peak heating 

 to fulf ating 
 
st part of the thesis were used. The study case building is considered to have 

260 m3 of heated volume, the building shape factor being 0.977 m, a building time 
constant of 48 hours and the building envelope average U-value of 0.59 W/m2K. The 
heating season is assumed to be from October to April. To obtain the peak heating 
demand, the design outside temperature is for Lyon of -10oC and for Nice of -3oC as 
indicated by the French norms. The building ventilation rate is assumed to be 0.7 
ach which corresponds to the actual norms.  Once the building loads have been cal-
culated, they need to be analyzed in order to obtain the q1, q2 and q3. One of the 
most important parts is the qh which is the maximum heat to be extracted from the 
ground. As hypothesis, the COP in heating mode of the heat pump is considered 3
b
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load for Lyon climate was calculated to be 6.4 kW and as for the Nice climate this 
values was 4.7 kW.  
 

Table 3.15 Summary of building and ground loads of the study case 

Month Lyon Nice 

 B-load1 E-ground2 Av-power3 B-load1 E-ground2 Av-power3

January 3087 2122 2853 1901 1307 1756 

February 2439 1677 2409 1621 1114 1601 

March 2066 1416 1903 1361 936 1258 

April 1322 916 1272 880 605 840 

October 1055 725 975 282 194 261 

November 2049 1408 1956 1064 732 1016 

December 2889 1979 2660 1695 1165 1567 
     1. B-load- building heating loads (kWh); 2. E-ground- Energy rejected in the ground during the month (kWh);  
  3. Av-power- Average power rejection during the month (W) 

 

Table 3.1 summarized the building monthly heating demands obtained with 
e prediction models and the energy to be extracted from the soil to cover the 

building loads. The difference between the two climate data values are evident due 
to warmer climate at Nice and it is seen that the ground extraction heat is higher for 
Lyon where the demand is higher. The ground loads are obtained assuming the COP 
of the heat pump is 3.2. For the same building, the ground heat exchanger length is 
60% lower for Nice climate compared to Lyon. Using the modeling procedure pre-
sented earlier it can be shown that the effective thermal resistances R10y, R1m and R6h 
are calculated to be 0.152, 0.1486 and 0.0809 m2K/W. 
 

Table 3.16 Results on the heat exchanger length  

Parameter Lyon Nice 

th

q1 (heat extraction for 10 years) (W) 1169 690.2 

q2 (heat extraction for 1 month) (W) 1756 2853 

q3 (heat extraction for 6 hours) (W) 4400 3231 

GHX length (m) 172.8 69.4 

 

It is very important in the sizing method to know precisely the thermal con-
ductivity of the soil and of the grout; a small uncertainty could influence the heat 
exchanger length. For example a 10% on the soil thermal conductivity could lead to 
an error of 7% on the GHX length. A 10% uncertainty on the grout thermal conduc-
tivity has almost five times less impact than a 10% uncertainty on the soil thermal 
conductivity.  As shown in Figure 3.25  it can be observed that the grout thermal 
conductivity could lead to a ±1.8% of the heat exchanger length. Furthermore, cor-
rect knowledge of the ground undisturbed temperature is important due to high 
influence of this parameter on the GHX length. If not correctly designed it is possi-
ble to obtain an over-estimated exchanger length and so a high initial investment. 
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Figure 3.25 Ground tempera ctivity on the GHX length for 
the study case (Lyon climate) 

 
ture and U-tubes thermal condu

 

As shown in Figure 3.26, the correct determination of the ground heat ex-
changer length depends on precise evaluations of ground temperature. An uncer-
tainty of 10% on the ground temperature could lead to an increase/decrease of the 
GHX length up to 11%. As concerns the tubes thermal conductivity coefficient this 
one has a smaller impact but should not be neglected.  
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Figure 3.26 Impact of ground temperature and U-tubes thermal conductivity on the GHX 

length for the study case (Lyon climate) 
 

Figure 3.27 illustrates the influence of the heat pump coefficient of perform-
ance (COP) on the GHX length for two cases: first case for a single U-tube and sec-
ond for a double U-tube loop in the borehole. The different COPs will influence the 
amount of thermal heat rejection into or collection from the ground; the required 
GHX length is dependent on the peak and cumulative thermal heat rejec-
tion/collection into the ground. For higher COP the necessary length take higher 
values than for smaller COPs. The advantage of using 2 U-tube comes mainly from 
the fact that the GHX length is reduced with 6% compared to a single U-tube.  
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ial costs but demand a considerably large 
installation area. Using the same hypothesis it was found that a 165 m GHX hori-
zontal length is necessary for Lyon climate and 111 m for Nice.  For a stand
tition .  
It is c

 
This section presents a simple economic analysis of the ground heat pump sys-

tems in order to assess the impact of the differences described above on the design 
proces

se systems.  The cost of 
initial investment is high but it is largely due to the need for earth drilling to install 
the heat exchangers. In contrast, the operating costs are relatively low since there is 
little maintenance and less energy to buy. For this type of system are possible eco-
nomic t

 
 function of the heat pump COP fo
the study case (Lyon climate) 

If vertical ground heat loop are not possible it is possible to use the horizontal 
loop systems which have a reduced init

ard par-
of the tubes this will give a necessary installation surface of 202 m2 for Lyon
oncluded that vertical boreholes are more practical and energy efficiently but 

correct knowledge of different parameters is mandatory. 
 
3.4.5.2 Economic analysis 

s. The values selected for economic parameters and costs are based on differ-
ent sources, bibliographic or websites. The purpose of this part is to evaluate the 
payback time of the system compared to a heating system using electric convectors 
as heat emitters. Like for the solar systems, the economic feasibility and no available 
information are the major barriers for the widespread of the

 subventions hat could reach a value of 40% reduction from the heat pump 
system investment. Like for the previous solar systems, the financial analysis is 
based on the payback time on the investment (PTI). For the geothermal heat pump 
system the PTI depends especially by the initial investment which includes the heat 
pump price, drilling and filing hand work, pipes and circulation pumps costs. Sec-
ondly, the maintenance and annual operation costs are considered. The CGHP sys-
tem is compared to a reference case which is an electric heating convector system for 
the heating period and a split system for the cooling period. After a market study it 
was established that the price for a water-to-water heat pump can be approximated 
using the following equation: 

x⋅⋅ 0.0415216y= exp  (3.69) 

where y is the price in Euros (€) and x is the heat pump heating capacity in 
kW. Figure 3.28 illustrates the evolution of price of the heating pump and the circu-
lating pump based on the heating capacity and the power consumption. An expo-
nential function was found sufficiently accurate to fit the data. 
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Figure 3. p and circulating pump price as a function of heating capacity, re-
of the electric    

 

The cost function for the circulation pumps was estimated based on the total 
electric power found in the data from Retscreen [120] the pump costs. The following 
equation was developed to fit the data:  

28 Heat pum
spectively power

1.5
y =157.

883.8 293.8
5+ -

x x
 (3.70)

where y is the pump price (€) and x is the electric power of the pump (kW).  
The earthmoving necessary for the horizontal heat exchanger installation can 

be approximated e vertical GHX where is necessary a drill-
ing and filling procedure the price can be approximated using the equations: 

(3.71)

.09 d 9.05 d + 18.2- (3.72)

Whe  and db is the borehole diameter in meters. The 
first equation can be used for most of the soil type, but if the soil is hard and com-
pact then t d be used. From the same Retscreen [120] source 

n to calculate the pipe price in 
 pipe: 

to 4.42 €/m and as for th

⋅ 2y = 45.04 d + 2.25 ⋅b bd + 9.4  5

⋅ ⋅2
b by = 90 4  

re y is the price in €/m

he second relation shoul
on the price of the pipes we have developed a functio
€/m using as input the external diameter (mm) of the

⋅ 0.5
p,o 2

p,o

170.8
y= -3.38+0.873 D

D
+  (3.73)

Where the Dp,o is the outside pipe diameter and the R2 of the model was found 
to be 0,9933. From different sources including Ademe (Agence de l'Environnement et 
de la Maîtrise de l'Energie)[130] it is established that the annual maintenance cost 
for a CGHP systems can be approximated to 150 €/year. As concerns the electric 
heating reference case, based on the market data and BatiPrix [131] official reference 
it was found that the mean price for the electric convectors is around 84 €/kW. The 
accessories of the electric convector system consist mainly from the tubes and elec-
tric wire necessary for the connections of the convectors. To simplify the calculation 
and based on a mean distance of 10 meters between the convectors and the electric 
panel, the price of system components can be approximated to 12.58 € per kW in-
stalled. The price of the electric wire is indicated in Batiprix book to be 1.25 €/m. 
For the reference system, the installing hand work, a value of 35 €/kW can be as-
sumed [131]. The heating floor price and installation is assumed to be 31 €/m2 as 
indicated in Batiprix. As concerns the recirculating pump the electric power is as-
su -
son 

med to be 17 W for each 1000 W of compressor power [120]. For the heating sea
the number of hour of pump operation is assumed to be 4056 hours. This value 
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is subject to change if using the CGHP also for the cooling period or for different 
 results presented previously where it was obtained the 
 scenarios (Lyon and Nice), the economic approach is 

showe

climates. Using the same
GHX length for the two

d. Table 3.17 shows the simple payback time calculation for the two cases; the 
investment of the CGHP is calculated for a 35% subvention. It is pointed out by 
using this data that the system has a good rentability rate of less than 10 years but 
demand a relatively high investment even with the financial aids (i.e 8257 € for 
Lyon). 

 

Table 3.17 Payback time calculation for a vertical loop CGHP in Lyon and Nice  

 Lyon Nice 

GHX length 172.8 69.4 

Use duration of pump (hours) 4056 3150 

Annual maintenance (€/year) 150 150 

Subvention (%)  35 35 

Heat pump cost (€) 6781 6320 

Circulation pump (€) 182.5 180 

Drilling/filling (€) 1952.3 784.2 

Pipe costs (€) 293.7 117.9 

Heated floor price (€) 3120 3120 

Reference heating investment (€) 802 572 
Reference heating annual use costs (€/year) 1617 955 

Investment (€) 8014.2 6839 

670.4 454.2 

Payback time (PT) (years) 8.46 13.65 

Annual use costs (€/year) 

 

3.4.5.3 Environmental impact of CGHP systems 
 

The geothermal energy is a renewable and sustainable energy that has an eco-
bala e e of 
con t
tem can have a positive impact on the environment. In France, for each kWh pro-
duced b
natural on-
men l 
tion. 

nc  favorable compared to electricity, gas or fuel oil.  Depending on the typ
ven ional fuel used, replacing an electric/gas heating system with a CGHP sys-

y the electric energy, 0.089 kg CO2 is rejected in the air and when using 
gas this value goes up to 0.203 kg CO2. Figure 3.29 illustrates the envir

ta advantage of using geothermal energy when compared to other heat produc-
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Figure 3.29 Kg of CO2 avoided when using a CGHP system compared to other energy 

sources  
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3.5. Gas and wood boiler systems 
3.5.1 Introduction 

Gas heating boilers are nowadays the main used systems to heat an occupied 
pace with different characteristics on the efficiency, capacity or price. During the s

last decad b
consumption r in inconvenient of this system is 
that they ed
constant rise 
cient solutions
chips, does no ce between 
the CO2 o
alternatives.  

Further ely available and least expensive biomass 
el being a renewable energy. Another advantage of biomass fuels is that they cost 

on ave

 million m3 of wood [134]. In this area major energy 
vings and ecological improvement can be realized. 

.5.2 Operating principle 
 
Actually, a number of boiler systems exists, the most important being the 

assic gas boilers and condensing boilers. The main components of a classic boiler 
re: 

• Burner (keep a controlled natural gas flame within the heat exchanger). 
• Heat exchanger (transport the heat from the combustion process to the wa-

ter). 
• C  the de-

hich accounts for the 
utcome of part-load efficiency and losses.

amount of stion effi-
ciency. Compared to a classic boiler syst S), b n ler 
system (CDBS) the global efficiency is hig or 0%. F CBS, the 
water vapors escape through the chimney while for a condensing system these vapors 
are condensed to water. During the transition from the gas state to the liquid state, 
the steam transfers the latent heat recovered during the combustion process. Finally, 

es oilers technologies and efficiencies were improved and so, the energy 
eductions were achieved. One of ma

ne  a fossil energy source (i.e. gas energy), which quantity is limited. The 
in the cost of gas induced an intensive time to research for more effi-
. In contrast to natural gas, the combustion of biomass, such as wood 
t result in additional CO2 being released (there is a balan

abs rption/rejection of the wood), thus wood boiler systems are benefic 

more, wood is the most wid
fu

rage, 25 to 50% less than fossil heating fuels and are more stable in price evo-
lution. More than 2200 PJ (1 PJ=1015J) of stored energy in form of biomass has 
been harvested in EU each year; around 1700 PJ of this amount are used directly to 
generate heat and 500 PJ to generate electricity. The EU has agreed upon a target 
of an average share of electricity from renewable sources of 12% by the year 2010. 
Biomass alone is expected to provide 10% of the European energy supply, equivalent 
to 5800 PJ [133].  

As concerns the France potential for biomass, this is very high in the measure 
where the forests occupy 28% of the territory. The French wood yearly production 
has a value of approximately 100
sa
 
3

cl
a

ontrol system (the role is to start/stop the boiler as needed to keep
sired temperature or in some cases to completely shut down the system). 

• Circulating pump (Delivers heated water from the boiler to the hot water 
distribution system throughout the building). 

• Venting system (has the role of rejecting the gases from the combustion 
throw a chimney to outside) 

 
To reflect the losses that arise in actual installations, the boilers are rated ac-

ording to their annual fuel utilization efficiency (AFUE) wc
o  Operating the boiler with an optimum 

 excess air will minimize heat loss and ameliorate the combu
em (CB
her with m

y using a co
e than 1

densing boi
or a 
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the by the con ng iler is the  of the h from com-
bustion and latent heat, this total y g transfe to the w inside the 
system. Instead of using gas as an energy urce for t ood boile here are 3 
mai at could have pa n the cho of the syst
 

o recommend). 
hese are pieces of wood obtained by shredding trees or 

pared ogs y have the big advantage of allowing 
 ease of use as the heating 

; this solution ire ood silo t re the fue
ey represen e m  recent f ood and  manufac-

 comp ion  the agg ration of dust using 
ropriate techn . 

ood pellet boilers which are relatively 
procedure. The wood pellets are stored in a 

standa

fuel currently being used to heat the 
building. The most important quality feature of the wood is its calorific value. Other 
proprieties of the due to their im-
pact on the combustion process. 
 
 
 
 
 
 
 
 
 

wood; it c the com-
bustion process, lower values of water content increasing the calorific values. Artifi-
cially dried wood (e.g. pellets, chips) have a maximum water content of 10%, how-
ever improper storage can lead to a water absorption by the wood and making it 
inefficiently. will reduce the m um possible combus-
tion tempera bustion time [1
 

T for solid fuel made  wood [133] 

Wood prod

 total heat produced densi  bo  sum eat 
energ bein

 so
rred 
he w

ater 
rs t

n types of fuels th an im ct o ice em: 

• Logs (this are fuels that require a certain number of  manipulations, 
so their use it’s not s

• Pellets (t
branches. Com  to l  the
automatic boiler, providing the same
system

gas 
l). requ a w o sto

• Chips (th t th ost uel w  are
tured from the ress and lome saw
an app ique)

 
One of the most used boilers are the w

simple systems with simple operating 
rd outdoor silo and the wood pellets are automatically fed to the boiler via a 

distribution system. For a wood boiler the operating principle rests the same like for 
a classic boiler but to charge the boiler with wood the use of an automatic system is 
required (see Figure 3.30). The amount of wood pellets/chips or logs required (in 
tons) can be estimated based on the amount of 

 wood material like water content are important 

 
Figure 3.30 Schematic principle of a wood pellet heating boiler system 

 
   Table 3.18 illustrates the characteristics of some solid fuels obtained from 

an be seen that the water content of the material is essential for 

Increasing moisture content axim
ture and will increase the com 35]. 

able 3.18 Characteristic data  from

uct 

 

Mass Water 
content (%)

Calorific value Ash content 
(kg) (MJ/kg) (kg) 

Measured weight 1 t (solid wood)     

Wood 
silo 

Wood heating 
boiler 

    To the heat
emitters

Heating distribution 

    To the DHW 
consumers 

Domestic hot water  
storage tank
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Hardwood    -Air dried 1000 18 14.6 4.1 

                 - Naturally dried 1000 35 11.1 3.3 

                 -Green 1000 50 7.9 2.5 

Wood pellets –kiln dried 1000 10 17 5.3 

Measured weight 1m3 (wood chips) 

Hardwood    -Air dried 283 18 14.6 1.2 

                 - Naturally dried 375 35 11.1 1.2 

                 -Green 464 50 7.9 1.2 

Softwood     -Air dried 202 18 14.9 1.0 

                 - Naturally dried 265 35 11.3 1.0 

                 -Green 332 50 8.1 1.0 

 
3.5.3 Si

to eet the peak heating demands of the 
r of the year. The peak heating demand depends 

upon 

Efficiency (%) 

mplified sizing method 
The heating boilers should be sized 

building, during the coldest hou
 m

both the efficiency of the building and the climate in which it is located. For 
the further calculations we have considered several types of wood boilers and there 
default efficiencies like presented in Table 3.19. 

 
Table 3.19 Efficiency of different wood boilers [136] 

Type of boiler 

Wood logs boiler with ,,green flame,, 65 

Wood logs boiler with natural exhaust 55 

Wood logs boiler with forced exhaust 75 

Automatic wood chips boiler 80 

Automatic wood pellets boiler 85 

 
After obtaining the needed energy based on the boiler efficiency (Ewood), the 

next step is to calculate the amount of wood using a number of conversion coeffi-
cients (Cwood). These coefficients are obtained for different types of wood, based on 
their calorific values and water content (see Table 3.20).  

 

Table 3.20 Conversion coefficient to the quantity of wood fuels [136] 

Type of wood Cwood

Wood logs (water content 20%) 1580 

Wood logs (water content 25%) 1365 

Wood logs (water content 30%) 1149 

Wood logs (water content 40%) 740 

Wood chips/pellets 3564 

 
e 

while for the wood chips and pelle expressed in tons.  To exemplify 
we make use of the same data employed for the ground heat exchanger length where 

For the wood logs, the ratio Ewood/Cwood represents the wood quantity in ster
ts the quantity is 
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the an

uld be 5.6 tons and for Nice of 3.6 tons of wood. For a 
wood logs boiler the required quantity is function of the water content in the wood 
(see Figur

nual heating demand for Lyon was found to be 17037 kWh and 10934 kWh for 
Nice climate. If using as hypothesis an automatic wood pellets boiler the necessary 
wood quantity for Lyon wo

e 3.31). 
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3.5.4 Economic analysis 

One of the most expensive parts of a biomass system is the wood boiler. The 
wood pellet boiler systems are one of the least expensive biomass heating options to 
purchase and to install. Even the boiler price is not too high, extra costs come from 
the equipment associated with it (such as the storage silo). Fabrizio E. [137] has 
studied in his thesis the prices for different heating systems including the wood boil-
ers where the following cost functions are: 

0.288 for wood logs boilersc = 3325 P

 the boiler (see Figure 
eeping cost per year is around 45€ [136] and the heating 

sories are supposed to be calculated to 320 €/kW. For the 
install

Figure 3.31 Wood consumpti n the water 

c

c

c

−

−

−

⋅

⋅

0.6388

0.3313

c = 1523 for wood chips boilers

c = 4999 for wood pellets boilers

P

P

 (3.74) 

here c is the cost (€) and Pc is the heating capacity of
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Figure 3.32 Market cost of chips and pellets wood boilers as a function of their 

heating capacity 
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The wood price used for the further calculations is 45 €/stere, 80€/tone for 
the pellets and 250 €/tone for the wood chips [136]. A calculation example for the 
Lyon scenario is described: 

Table 3.21 Comparison between a pellet wood system and a reference  
electric heating system 

Parameter Wood energy Electric energy 

 

Wood boiler (€) 9525 - 

Heating system (radiators, pipes, etc) (€) 2240 1047 

11652 1047  

20% 0% 

Final investment 9321 1047 

533 1745 

7.21 years N/C 

Total investment (€) 

Government subsidy 

Annual costs (O&M included) (€) 

Payback time on the investment  

 
able 3.21 resumes the comparison between a pellet wood boiler system to an 

electric heating reference case. The heating capacity of the boiler is assumed to be 7 
kW.   the calculations it was taken into account the electric subscription and the 
price of the electric energy [104]. The government financial support on the invest-
ment for the wood system was considered to be 20%. The price for 5.6 tons of wood 
pellets used for the heating was calculated to be 448 €. 

3.5.5 Environmental impact of wood heating boilers 
wood as a fuel this one is important, 

high amount of carbon dioxide being avoided to be rejected when compared to a 
fossil source. As example for the studied case where the electric energy was replaced 
by the wood energy, more than 1517 kg CO2/year are avoided. 

 
3.6. Summary 

In this thesis chapter a number of renewable energy systems were reviewed 
and studied from modeling through economical and ecological points of view. This 
chapter gives the structure base for chapter 4 of the thesis which deals with the 
multi-criteria decision analysis of renewable and fossil systems. As will be later seen, 
all the models and the obtained functions described at this level will be used in the 
decision process and in the support tool ECO-Sol. In this chapter, the personal re-
search is found especially in the economic and ecological analysis where function 
costs and scenario cases were developed and described. 

 
 
 
 
 
 
 
 
 
 

T
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Concerning the ecological impact of using 
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element of the discussions on the sustain-
able development. The energy supports economic progress and by having a secure 
and inexpensive energy supply is an important element in the energy policies of 
many urces can be the answer to the actual problems 
of fossil energy depletion and environmental issues. It was seen in the previous chap-
ter th benefits of using such renewable energies along with their economical feasibil-
ity. A

er-
mal panels is not economic rentable but a geothermal heat pump will be a good deci-
sion).  Each of the systems presented and studied in the previous chapter have their 

 

 
 
 
 
 

Chapter 4 

Multi-criteria decision analysis of 
renewable/fossil energy systems 

 
4.1. Objectives

The energy resources are the central 

countries. Renewable energy so

e 
nother important side of renewable energy systems integration, besides their 

sizing and financial/environmental analysis is the choice of the system(s) face to a 
number of criteria. Coupling more than one source on the same construction site is 
an appealing idea with major impact on the energy and CO2 reduction. The major 
problem when coupling several systems is that we can find ourselves with a large 
amount of solutions and to find the most appropriate can be a challenging task for 
the decision maker. What is the best solution among a high number of possible solu-
tions and on different criteria is the question that will try finding its response in this 
chapter. The advantages of having multiple sources of energy on the same construc-
tion is different from case to case (i.e. for certain climate areas installing solar th
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particularities, their costs, environmental potential and lifetimes. To analyze and to 
find the best solution for certain criteria a multi-criteria decision aid (MCDA) is 
required. With different available alternatives and various criteria for the systems 
evaluation, the MCDA seems to be appropriate to support this selection process. 
The main objective of the thesis is to develop a framework based on a multicriteria 
analysis that could be used to exploit the multi-source systems in the decision proc-
ess. Hence, the ultimate goal is to integrate the MCDA in a problem which has a 
high degree of complexity, each renewable source is complex by itself, and to help 
the decision-making in the context of sustainable development. A modeling approach 
to multi-energy systems in buildings based on the concept of hybrid energy hub is 
presented by Corrado et al. [138]. Using the same concept of energy hub, Fabrizio 
[137] has studied different systems in his thesis, with the aim of selection of energy 
source to be adopted and the operation strategies. The MCDA methods used in the 
present thesis uses a modeling activity, which should make clear many aspects, mak-
ing the decision progression more transparent.  

 
4.2. Coupling of different sources 

The consideration of multiple energy carriers and their couplings represents 
one of the key characteristics of this thesis. The multi-energy source buildings have 
been lately extensively studied from different researchers due to their potential to 
reduce the building energy consumption and to eventually arrive to a zero/positive 
energy building. The objectives of multi-energy systems are first to reduce the pri-
mary energy consumption by producing the needed energy directly on site. This 
primary energy reduction can be translated by an economic advantage and a positive 
impact on the environment. Several examples of multi-source building studies are 
found in the literature. Trillat-Berdal et al. [139] studied the couple solar thermal 
panels-geothermal heat pump by an extended experimental and simulation cam-
paign. Sontag et al. [140] analyzed the combined cogeneration with solar energy 
(thermal and photovoltaic) with the wind energy. In the previous chapter a number 
of energy systems were detailed from their modeling to the ecological impact. The 
studied systems were: 

 
1. Solar thermal systems (ST) 
2. Solar photovoltaic systems (SP) 
3. Geothermal heat pump systems (GHP) 
4. Wood boiler heating system (WB) 
5. Gas boiler system (CGH) 
6. Electric energy heating system (EH) 
 
In all the further analysis the electric energy is assumed to be reference en-

ergy; the reference heating system is based on electric convectors and the renewable 
energy heating systems are compared to this system. It will be considered that no 
more than one heating system is installed on the building (alternative wood boiler + 
geothermal heat pump is not treated). For the ST and SP systems six solutions are 
considered for each individual study; one reference and five other alternatives where 
different system parameters differ in system costs, panel area, thermal proprieties, 
slope, etc. Each of these cases (six for the ST and six for the SP) are coupled with a 
single heating system (i.e. wood boiler heating system)(see Figure 4.1). A total num-
ber of 144 coupling multi-source systems are possible, like shown in the diagram.  
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Figure 4.1 Diagram of possible connections for a multi-sou
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4.3. 

 daily behavior and in some cases may be complex, 
almost unperceived actions in which a number of actions are engaged. The most 
freque

of uncertainty or where the number of alternatives is high, then the 
decision process is a challenging task. A solution in the decision progression is the 

h corresponds to an assessment framework able to 
deal w

m. The MCDA approach can be resumed like in Figure 4.2 where the first step 
is to define the problem and to the final recommendation to the decision-maker.  

 

 
 
 
 
 
 
 
 
 

1. 

Multi-criteria decision analysis  
4.3.1. Introduction 

Decisions are part of our

nt outline of decision making is based on intuition when the components of the 
problem study are not reflected in an organized manner. Making decisions under 
circumstances 

use of multi criteria analysis whic
ith complex decision problems, taking into account multiple objectives and 

criteria (quantitative or qualitative). MCDA has outcome a notable development 
during the last decades, most of it from the fact that it is suited to cover nowadays 
problems where an intuitive solution is not acceptable. MCDA evaluation ap-
proaches have been applied widely in the last two decades for energy policy evalua-
tions and have been explored in various energy related decision making contexts 
[141]. The multi-criteria evaluation techniques have the capability to consider diverse 
types of criteria (e.g. economic, environmental) which are pertinent to the decision 
proble

 
Problem definition

Identification of 
actors

Formulation of potential 
alternatives 

Criteria (quantitative or 
qualitative) 

Selection of multicriteria 
decision aid method

 
 
 
 
 
 
 
 
 
 

Decision 
parameters 

Performance of 
evaluation 

Evaluation of results

 
Figure 4.2 Diagram of the decision making process  

 

Recommendation

 
Defining the problem 

The objective is to state the problem in a comprehensible, one-sentence prob-
lem statement that express the desired conditions that are mean to be reached. The 
external constrains that influence the decision process must be declared, and the 
necessity of using the MCDA method is pointed. 
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 Our case: ,,Multi-energy system(s) decision based on economical, energeti-
cally and environmental criteria,, 

 

2. Establishing the goals 

The goal in our problem is to have a multi-energy system that is energy effi-
ciently, environmentally friendly and the investment to be recovered in the lowest 
time possible. 

 

3. Identifying alternatives 

Alternatives (actions) are ,,given,, in the sense that they are defined or they 
have been calculated previously. The actions may result from the systematic investi-
gation of the objectives followed in the decision problem. In different problems the 
challenge is to identify interesting actions that are not obvious from a first point of 
view. Thus, in order to make correct and informed decisions, it is essential that deci-
sion makers have access to full information and thoroughly comprehend assorted 

(see Figure 

ults 

bines the performances of alternatives with preferential informa-
tion t

alternatives. The possible actions for our problem are in a number of 144 
4.1). 

 

4. Defining the criteria 

Criteria represent the decision maker(s) points of view along which it seems 
adequate to establish comparisons [142]. Defining a criterion (g) is choosing a point 
of view along which comparisons between the actions are to be realized. The selec-
tion of a particular point of view lets the decision-maker to give a real significance to 
the numbers g(a), given the nature of the different results taken into account. The 
criterias can be expressed as a variety of terms (monetary, time gained, ...). Through 
the estimation of the performances of each alternative on the criteria, we can com-
pare actions in terms of preferences. The decision criteria are based on the goals that 
we want to reach and so to allow discrimination between the actions. They will 
measure for each alternative how it attains the established goals defined in the prob-
lem. According to Baker et al. [143] a criteria should be: 

• able to discriminate among the alternatives and to support the comparison 
of the performance of the alternatives. 

• complete to include all goals (the set of criteria must cover all important as-
pects of the problem considered while still being concise and operational). 

• operational and meaningful. 
• non-redundant (No criteria reflects the same concept as another, thus avoid-

ing double-counting and over-attributing importance of a single aspect. 
• few in number. 
When the consequences are so heterogeneous it is preferable to carry on a 

multicriteria analysis which consists of building a family of criterias F = {g1, g2,…, 
gn}. In the case of our decision problem a number of three criteria are sufficient to 
express the goals of the problem, like it will be shown later. 

 
5. Selecting a MCDA method and analysis of res

This step com
o reach at a final solution that takes into account all assessment criteria. A 

number of multi-criteria methods have been developed, each based on different ways 
to attain a decision. Among these ones the outranking methods are ones of the 
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widely spread and recognized to be efficient and to facilitate the decision-making of 
problems which incorporate both qualitative and quantitative criteria.  The outrank-
ing relation concepts and methods were established by Roy which initiated and de-
veloped the ELECTRE (ELimination Et Choix Traduisant la REalité/ Elimination 
and Choice Expressing the Reality) outranking approach models [144]. During the 
last decades several improvements of the ELECTRE method were brought.  Since 
then, this method has been widely used in different research projects and has proved 
helpf  applications [145],[146],[147]. The 
ELECTRE methods were developed with the aim to outrank the alternatives.  The 

ncept of outranking is as follows: an outranking method is started by making 
airwise comparisons of actions for each single criteria in order to designate binary 
lations, (the alternative a is at least as good as alternative b on the criteria g1); 
fter having determined for each pair of actions, the ones which performs better, 
en these pairwise outranking estimations can be combined into a partial or com-

lete ranking. An alternative of ELECTRE methods is the PROMETHEE method 
48].   

.3.2. Overview of ELECTRE outranking methods 
The outranking methodology requests inter-criteria information that reflects 

e relative significance of the aims established. This criteria information is trans-
ted by thresholds and weights for each of the considered criteria. The criteria 

 or as expression of judgment value. 
ne of the key characteristic of the outranking methods is that they let the actions 
 stay incomparable if there is not enough argument to sustain that one alternative 

utranks the other.  
The ELECTRE multi-criteria decision aid methods were developed in a high 

umber of versions: from ELECTRE I, II, III to ELECTRE IS, ELECTRE TRI. 
LECTRE I is one li
utranking method od is to choose a 
esirab

4.3.3.1. Overview 

ul as an aid to decision making in many

co
p
re
a
th
p
[1
 
4

th
la
weights may be determined from calculations
O
to
o

n
E of the ear est multi-criteria evaluation method developed among 

s. The major purpose of this assessment metho
d le action that meets both the demands of concordance preference above many 
estimations benchmarks and of discordance preference under any optional bench-
mark. 

ELECTRE II is more complex than the previous method and has been used 
with success in ranking the alternatives. Huang et al. [149] used the ELECTRE II 
method and they explain the policy-making process using a case study of land rede-
velopment in Harbor Zone, Keelung, Taiwan. They suggested that applying ELEC-
TRE II evaluation method in concert with fuzzy concept permits greater research 
depth. Compared to the earliest versions of ELECTRE, in ELECTRE III an out-
ranking degree is established, representing an outranking creditability between two 
alternatives which makes this method more sophisticated and complex to analyze. 
Moreover, a fuzzy outranking is obtained by introducing an extra threshold, called 
veto. Even the ELECTRE III is one of the most complex outranking methods we 
found it more appropriate for our problem due to the complex aspects that could 
arrived and that could be solved only throw this kind of approach. 
 
4.3.3. ELECTRE III decision-support method 

ELECTRE III is a technique that based on several criteria is able to make an 
outranking within a set of actions constituting a potential range of solutions to a 
problem of decision and it is nowadays the most used outranking method [150]. This 
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ELECTRE method provides an effective framework for solving complex problems by 
a fuzzy outranking approach for dealing situations in which imprecision could arrive 
[151]. The ELECTRE method was subsequently used to solve real-life problems 
[152]-[156] with good achievements. The multi-criteria method allows sorting out 
action

 the outranking relation. 
2) Use of the outranking relation.  

 

Figure 4.3 Decision algorithm of ELECTRE III  
 

Compared to the ther EL RE III approach uses 
pseudo-criteria with th sholds t d uncertainty in the 
data. Criteria evaluat s for e ghting and threshold 
evaluations must be sp c fied [15 atives.  The definition 
of these parameters enables the checking wh
criteria for which action (a) is better than (b) and if the unfavorable deviations for 
the re it is possible to conclude that (a) 
outran resholds of any criteria 
can be interpreted as the minimum impreci of error 
respectively [158]. In the application of ELECTRE III, both (p) and (q) values are 
treated as fixed values. However, this involves not only the estimation of the error in 
each criteria but also subjective input of the decision maker [159]. A sensitivity 
study must be realized for each multi-criteria analysis. The criteria are an important 
part in the decision process by capturing the points of view of the decision-makers in 
the selection process. For our decisional problem three criteria are considered, that 
were found best suited to express the advantages of the multi-source systems. They 
are defined as: 
 

Criteria 1. Energy reduction represented as the primary energy substituted 
by the multi-source alternative compared to a reference electric energy and expressed 
in (MWhpe/year). (Best solution results from an ascending level of the performance) 

s likely to solve a decision problem, basing one’s arguments on several criteria. 
The ELECTRE III method algorithm can be resumed like in Figure 4.3. ELECTRE 
III comprises two major parts:  

1) Construction of

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Set of alternatives

Performance of the alternatives, indiffer-
ence and preference thresholds

Set of criteria

Veto threshold 
Concordance index 

by criteria

Discordance index by 
criterion 

Weights 

Concordance relation 

Fuzzy outranking relation

1 preorder total

 o ECTRE method, the ELECT
re o account for imprecision an

iion
e i

ach alternative, criteria we
7] in order to rank the altern

ether there is an enough majority of 

st of the criteria are not too high. In this case 
ks action (b). The indifference (q) and preference (p) th

sion and the maximum margin 
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It will be referred to this criterion as the primary energy reduction criteria or criteria 
1. To convert the different sources to primary energy, energy conversion coefficients 
[160] were used, however these values can vary based on each country. 
 

2

sults from an ascending level of the performance). This criterion will be referred as 
the environmental criteria or simply Criteria 3. 

 
Roy [161] states that for each criteria a weight should be assigned, th a  

being increased with the importance of the criterion. The weights (wj) reflect the 
relative importance of criteria (gj) to the decision, and are assumed to be positive. 
The weights of the criteria are generally determined on subjective basis representing 
the view of a single decision maker or from a group of experts. The algorithm of the 
ELECTRE III starts with the following table which represents the performances of 
the alternatives for the all criterions (see Table 4.1). 

 
Table 4.1 Table of performances 

Criteria    g1                    g2            …           gj          

Criteria 2. The payback time on the investment calculated in years and 
compared to an electric reference system. (Best solution results from an descending 
level of the performance). Further on this criterion will be referred as the economic 
potential or criteria 2. 
 

Criteria 3. The CO2 reduction of the multi-source systems compared to an 
electric energy reference calculated in avoided tones of CO /year. (Best solution re-

is v lue

Thresholds 

   p1                    p2          …            pi         

   q1                     q2          …            qi           

   v1                     v2          …            vi           

Alternatives   
a1 ….                    ….                 ….
a2 ….                  gj(ai)                …. 
… ….                    ….                 ….
ai ….                    ….                 ….

 
A=a1,a2…..ai   - assembly of potential actions 
G=g1,g2…..gj    - family of coherent criterions 
gj(ai)            - evaluation of action ai on the criteria j 
wj               - weight of criteria j 

.3.3.2.  True-criteria 

For a given criterion, the action (ai) is preferred to action (ak) if evaluation of 
the (a ) is better than the (a ). Otherwise, the action (a ) is preferred to action (a ). 
If 

 
4

i k k i

scores are equal, then the actions are indifferent between them. 

( ) ( )

( ) ( )
j

j

i

i

a g

a g

>

=

i k j k i k

i k j k i k

a Pa    if   g a a  preferred to a )

a Ia    if   g a a  indifferent to a ) (

 (
 (4.75) 

A true-criterion is really a pseudo-criterion for which the thresholds of indif-
ference and preference are avoided. The notion of ,,true-criteria,, is a classic concept 
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used in ELECTRE I and II but is very ,,,rigid,, so for ELECTRE III a more complex 
appro

is a function (g) 
being characterized by the thresholds p(g) and q(j) as follows: 

(4.76)

The three conditions can be resumed in a schematic form as in Figure 4.4 
where it can be observed the three zones of the pseudo-criterion. The preference (p) 
nd indifference (q) thresholds can be defined as a constant or a function of the con-

sidered action: p(gj(ai))=α+βgj(ai). These thresholds are not experimental values and 
establishing their values may be a subjective choice. The choice of a threshold has 
consequently an arbitrary inevitable part [162]. A sensitivity analysis should be con-
ducted for different thresholds. 

 
 

Figure 4.4 Zones of : (a) indifference ; (b) weak preference (c) strict preference [162] 
 

The next step in the decision-process methodology is to find out the two ma-
trixes that need to be evaluated: the concordance and the discordance matrix. The 
concordance matrix gives an assessment of agreement that one alternative is r 
than other one. The discordance matrix gives an assessment of divergence that one 
action is better than other one. 

ach is developed → pseudo-criterion.  
4.3.3.3. Pseudo-criterion 

Compared to classic criteria, for this case it is introduced a third zone called 
the zone of weak preference, which mark a hesitation between indifference and strict 
preference. This zone lies between the zone of indifference and strict preference area. 
To define these areas, we must introduce two thresholds: the preferable threshold 
(pj) and (qj) indifference threshold. The threshold q may be translated as a minimal 
incertitude point and q as the maximal point. The pseudo-criterion 
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( )j k ic a ,a Preferences

(4) 

( )j kg a ( )j jkg a +q ( )j k jg a +p ( )j ig a

(2)(3) (1)

4.3.3.4. Concordance index 

The concordance index measures the degree of power of one action over an-
other, based on the relative importance weightings of the decision criteria. The jth 
criterion is in concordance with the statement akSai (ak is at least as good as ai) if 
and only if akSjai (on the criteria j) or gj(ak) ≥ gj(ai) - qj. The jth criterion is in discor-
dance with the assertion akSai if and only if aiSak or gj(ai) ≥ gj(ak) + pj. With these 
concepts it is now achievable to measure the strength of the statement akSjai through 
a measure of concordance using the concordance index cj(ak,ai) for every pair of ac-
tions. Figure 4.5 resumes the concepts of concordance of the criteria. 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.5 Concordance index for the couple (ak,ai) 
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(4.3) 

 

To obtain the global concordance for all the criteria it is used the following 
equation: 

a

 

∑ ∑
n n

j j j
j=1 j=1

k i k i
1

C(a ,a )= Pc (a ,a ), where P = P
P

 (4.4) 

 

4.3.3.5. Discordance index 

The discordance index measures the degree to which an action is worse than 
another. In order to calculate the discordance, a further threshold called the veto 
threshold is defined. The veto v is by definition the value of the difference gj(ak)-
gj(ai) 
by action her criteria are in concordance with this outranking. 
The c

from where it seems prudent to refuse all credibility of outranking of action ak 
ai, even if all the ot

oncordance index is lowered in function of the importance of the discordance.  
⎧
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Figure 4.6 resumes the discordance concept in form of a diagram.  In sum-
mary, concordance and discordance indices can be viewed as measurements of satis-
faction and dissatisfaction of one action over another.  

 
 
 
 
 

 
 
 
 
 
 
              Figure 4.6 Discordance index for the couple (ak,ai) 

 
For each criterion j we are looking to see whether, for every pair of alterna-

tives (ak,ai), there is harmony or disharmony with the assertion akSai; that is, ak is at 
least as good as ai. The two indices, concordance and discordance, can be written as:  
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4.3.3.6. Credibility index 
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ik Min
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(a ,a )= 1,max(0,
p

g (a ) g (a )-p
(a ,a )= 1,max(0,

c
 

s that could be 
,,fuzzy,, because exists coupling of alternat
others slightly convincing. The credibility index or the degree of credibility of a out-
ranking assesses the strength of the assertion that “a is at least as good as b”. This 
index is build from the combination of concordance and discordance. 
 

g (a ) g (a )+p

(4.6)

In the ELECTRE III there is outranking relations of action
ives where this relation seems certain and 

δ
∈

∅⎧
⎪
⎨

k i k i

j j k iik

C(a ,a ) F(a ,a )=
(a ,a )= 1-d (a ,a )  (4.7)

where C(ak,a
and 

⎪
⎩

∏
k i

k i
j F(a ,a ) k i

C(a ,a ) otherwise
1-C(a ,a )

 

i) is the global concordance, dj(ak,ai) is the discordance for the criteria j 
{ }∈i j k i k i)= j F,d (a ,a )>C(a ,a ) .The main ideas of the degree of kF(a ,a

credibility: 
• when there is any discordance, the degree of credibility is equal the overall 

concordance index.  
• whe i-

bi
• for the other case where the overall concordance index agreement is strictly 

lower than the discordance by criteria, the degree is less than the overall 
concordance.   

 

The degree of credibility is, in fact, the index of overall concordance reduced 
by the force of the discordance. The obtained credibility matrix is necessary for gen-
erating two distillation orders that illustrate whether one alternative outranks the 

n the discordance activates the power of veto, it is no longer any cred
lity and the degree of credibility is then zero.  

( )kj jg a +q( )jg a ( )j k jg a +p

 

( )j k jg a +v

 

( )iajg
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other or such an alternative is incomparable to the other. The final ranking is ob-
ined by the two orders combined. 

 
.3.3.7. Outranking by a series of distillations 

 

To obtain the classification, we must therefore proceed to the so-called distil-
lation: distillation downward and upward. In fact we should say "series of distilla-
ons downward" and "upward". First we will build two preorders by an iterative 
rocess: Downward distillation is explained as: assembly ,,A,, is extracted from a 
bset of best potential actions by applying a selection rule relatively severe.  

In this subset, we start again seeking the best actions, applying this time a  
lection rule a little less severe. And so on until we remain with a single action or 
ctions that can no longer be separated. This action or actions is (are) the first class. 
emoving the actions of the first class, we start distillation again to provide the 

second class. We proceed in the same way until all the actions of assembly ,,A,, are 
nalyzed. The maximum value that can reach the degree of credibility is introduced 
t this level: λ0=max(δki). Then the algorithm proceeds by decreasing progressively 
e threshold λ from λ0 to 0 by passing through consecutive levels obtained using the 

concept of cut level λ=λ0-s(λ0), where s(λ0) is a threshold of discrimination. The rela-
onship of outranking net akSλai will be taken into account in the ranking only if: 

 

(4.8) 

 

That is to say that the statement "ak outranks ai" will not be taken into ac-
count but only if it is significantly more than credible than the statement "ai out-

nks ak". For each action is calculated the:  
- Power: number of actions to which it is preferred;  
- Weakness: the number of actions which are preferred to it;  
- Qualification: the difference between power and weakness. 
 

ta
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∈

− k iof a  to a

 (4.9) 

The final graph is obtained by intersection of the two preorders  
lculated with the algorithm of distillation (see Figure 4.7).  

• ak is classified better than ai in the final preorder if ak is ranked before ai 
in one of the preorders and no less ak is a least on the same classification 
with ai on the other preorder. 

• ak is indifferent to ai in the final preorder if ak and ai are indifferent in 
the two preorders. 

• ak cannot be comparable to ai in the final preorder if ak is better classi-
fied than ai in one of the preorders and ai is classified better than ak in 
the other preorder. 
 

 

ca
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Figure 4.7 Algorithm of outranking – downward distillation [162] 
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4.3.  Sensit  analys

 sensit  analysi andator  to tw :  
• (p,q,v)

g the weighting for each criteria 

ranking is more sensitive to criteria weig
degree of complex f distillations an 
automatic approach by the use of informatic tools is mandatory. For example, Mena 
[164 d m tion t  to a  an ision 
process. 
 
4.3 ct II ap ation on he multi- ce energ stems 
4.3.4.1 Hypothesis 

 numb f 144 rnatives o ree criter  to be analyzed and a deci-
sion on the most appropriate system(s) has to be recommended to the decision 
maker. All the models and algorithms presented in revious c s along with 

ol, which will be used for the 
further calculations. The next scenario case of ELECTRE III corresponds to Lyon 
clim

 
1.

ater supply-demand ratio to be between 50-70%. The distribution 
system is assumed to be insulated, no heat losses being taken into account for the 
solar energy transport. A 50% financial support on the investment was supposed for 
the economical calculations. Most of the input data are assumptions and are sub-
jected to change. 

 
Table 4.2 The six alternatives for the solar heating system 

Solution 

 
Surface 
(m2) 

Heat loss 
coefficient 
(W/mK) 

Optical 
efficiency 
(-) 

 
Investment 
(€) 

 
CO2 reduction 
(kg/10years) 

3.8. ivity is 
 

A ivity
uncertainty in determining threshold values 

s is m y due o issues
  

• imprecision in allocatin
 
Acknowledging uncertainty is an element of multi-criteria decision-aid issues. 

The cause of uncertainty is detached from the external parameters that may influ-
ence the performances of the considered actions (thresholds and weights). The values 
of weights and thresholds are often subjective values so it is important to know in 
which measure the final ranking or the ranking values of the alternatives is sensitive 
to the changes of some input parameters of the decision model. To handle this kind 
of uncertainty we can construct different scenarios for various possible values of 
thresholds as well as by the exploitation of probabilities in the treatment of stochas-
tic events. Hanandeh et al. [163] demonstrate that final ranking of alternatives is 
sensitive to both threshold and criteria weight values. They also found that final 

hts than threshold values. Due to the high 
ity of calculations and the iterative process o

] has use an infor atic solu o proceed  sensitivity alysis of a dec

.4. Ele re I plic  t sour y sy
  

A er o alte n th ia are

the p hapter
the decision-aid method were integrated in a support to

ate with the following hypotheses: 

 Water heating solar panels 
 
A number of six solutions have been studied for different solar panels thermal 

characteristics and surfaces which correspond to various manufacturers. For this 
example case these solutions have been chosen randomly but with the condition that 
the domestic hot w

STreference 2.02 3.86 0.77 1078.2 4305 
ST1 3.0 3.86 0.77 1512.9 6165 
ST2 4.1 3.86 0.77 1940.3 7388 
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ST3 2.76 3.62 0.77 1411.33 5953 
ST4 2.22 4.89 0.79 1171.38 4313 
ST5 3.1 4.89 0.79 1554.3 5893 

 
2. Photovoltaic solar panels 

 
Follow rat used for the solar thermal system, six solutions 

photovoltaic els are compared and analyzed. The surface of each solution 
was increased gradually except for the solution ere it’s ce and peak power 
was considered the same like for the first alternative excepting the modules effi-
ciency.  For this example it was chosen this combination of solutions but evidently 

 efficiency, slope, azimuth, investment 
bsidy, etc.  Like for the solar thermal panels systems a 50% reduction from the 

total investment is considered as financial aid. The photovoltaic system is connected 
to the

(m2) (kWp) slope (€) 
n 

(kg/10 years) 

ing the same ope ion 
 solar pan

 2 wh surfa

other elements can vary, like NOCT, inverter
su

 network grid and no storage batteries are assumed to be used in this example. 
 

Table 4.3 The alternatives of the PV solar panels  

Solution 

 
Surface Power 

 
PV array 

 
Investment 

 
CO2 reductio

SPreference 5.2 0.4 1568 631.9 45 o

SP1 6.5 0.5 1960 756.5 
SP2 1960 783.2 
SP3 9.1 0.7 2744 1050.2 
SP4  2156 863.2 
SP5 2352 934.2 

45 o

* 6.5 0.5 30 o

45 o

7.15 0.55
7.8 0.6 

45 o

30 o

    *modu % for the rest o ns is 11.4
 

3. ood/gas and geothermal at pump ting syst  

The assumptions and calculations described Chapter 2 for the wood, gas 
and geothermal heat pump system will be further used in the multi-criteria analysis. 
The hy em is that the boiler is composed by 
n auto  with an ef chosen based 

heating in the worst weather conditions, 
our case
 

s the 
primary energy reduction in MWh/year, the second criteria is the payback time on 
the investment in years and finally the third criteria is the CO2 reduction in kg/year. 

le efficiency of 11  and f solutio % 

W  he hea em

in 

pothesis used for the wood heating syst
matic pellet systema

on the maximum peak power needed for the 
ficiency of 85%. The boiler was 

 6.4 kW.   

4.3.4.2 Criteria weights and thresholds 

One of the most important parts of the multi-criteria decision aid is the choice 
of the weights and thresholds of the criteria. A particular attention will be allocated 
to a sensitivity analysis of these parameters. In our application of ELECTRE III, 
two scenario cases are studied: first it is assumed that the environmental criterion is 
the most important among the three criteria and secondly it is supposed that the 
payback time on the investment has the highest weight among the criteria. All the 
performances of the alternatives on each criteria are compared to an electric energy 
reference system. It is reminded the three criteria: the first criteria represent
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On a scale of 100 (sum of all the weights) a value of 50 will be allocated to the crite-
a 3, 30 to criteria 2 and the rest to 100 for the criterion 1 (see Table 4.4). 

 
Table 4.4 Criteria weight and thresholds  

Solution Criterion 1 Criterion 

ri

2 Criterion 3
Weight_scenario 1 20 30 50 
Weight_scenario 2 20 60 20 
Thresholds    
Preference 13.5 2.28 1771 
Indifference  6.78 1.14 885 
Veto 20.3 3.42 2656 

 
4.3.4.3 Performance matrix of alternatives 

s mentioned before, the performance table of alternatives represents the effi-
ciency of the actions on each of the criteria. For each criteria a performance that was 
calculated previously is assigned. Entering the estimate a matrix (144 x 3) is con-
structed and Table 4.4 is obtained. We will further refer to the possible actions using 
the annotations i.e. A24, A142 (see Appendix B for each alternative details). 

 
Table 4.5 Performance table of the alternatives 

Alternatives Criteria 1 Criteria 

A

2 Criteria 3
(A1)- CGH+STref+PHref 28.01 6.90 1893.5 
(A2)- CGH+ST +PHref 1 28.48 6.92 1909.6 
----- … … … 
(A37)- GHP+STref+PHref 28.85 9.3 5344.0 

… … … 
(A109)- EH+STref+PHref 5.38 7.9 496.4 
--- … … … 

… … … 

---- … … … 
(A73)- WH+STref+PHref 34.79 8.5 5517.1 
--- 

--- 
(A144)- EH+ST5+PH5 7.67 10 699.3 

 
4.3.4.4 Global concordance 

Before calculating the global concordance, we will first calculate the concor-
dance index matrix (144 x 144) for each criteria. The alternatives are compared one 
by one and all the couplings are analyzed. With the concordance index we will 
measure the degree of power of one action over the other. We will exemplify the 
calculation with the comparison between alternative A1 and alternative A73. For the 
criteria 2 the concordance is calculated to be 0.59 which can be expressed as a weak 
preference compared to criteria 3 where the concordance is 0 suggesting that action 
A73 is preferred to A . For the Criteria 1 where the concordance is 1 represents indif-
ferenc

ed on the weighting values and the concordance values of each criteria. 

1

e in the comparison of the two alternatives. The global concordance is calcu-
lated bas
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1,A73) on criteria 1 
 

( )1 73c A ,A1  
 
 
 
 
 
 
 
 

Figure 4.8 Concordance index for the couple (A
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Min
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2.28 -1.14

g (A )-g (A )+1771
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1771-885

A A =0.596

A A =0c
 

The global concordance for the A1,A73 is then calculated as: 

1
1 1 1 73

1 73 Min
g (A )-g (A )+13.5

( , )= 1,max(0,
13.5 -6.78

g (A )-g (A )+2.28

A A =1c

c  

 

j
j

=

∑
3

1 73 k ij
1

100
= 0.3788

1
C( , )= P c (a ,a )= (20×1+30×0.596+50×0)

100
A A

1

 
Following the same procedure for all the possible combinations, four matrix 

(144 x 144) are obtained, three for the concordance index on each criteria and one 
for the global concordance.  

The discordance index measures the degree to which an action is worse than 
another
discor

 
 

4.3.4.5 Discordance index matrix 
 

 and the concordance index is lowered in function of the importance of the 
dance.  

1

2

3

0

0

1

d

d

d

=

=

=

⎧ ⎫
⎨ ⎬
⎩ ⎭
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⎨ ⎬
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⎨ ⎬
⎩

 

⎭

j 73 j 1

j 73 j 1

j 73 j 1

1 73

1 73

1 73

Min

Min

Min

g (A )-g (A )-13.5
(A ,A )= 1,max(0,

20.3 -13.5

g (A )-g (A )-2.28
(A ,A )= 1,max(0,

3.42 -2.28

g (A )-g (A )-1771
(A ,A )= 1,max(0,

2656 -1771

 

Using the same procedure three matrixes (144 x 144) are obtained for each 
criteria. 
 

( )1g A +13.51
 ( )73g A1

 ( )1 1g A +6.78( )1 1g A  

Preferences
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4.3.4.

1

73. This index is build from the combination of concordance and discor-
dance. 

 

 
 
 
 
 
 
 
 
 

1 73d (A ,A )1  

( )1 1g A +6.78( )1 1g A ( )1 1g A +13.5 ( )1 1g A +20.3 ( )1 73g A

Figure 4.9 Discordance index for the couple (A1,A73) on criteria 1 

6 Credibility matrix 

The credibility index (degree of credibility of a outranking) assesses the 
strength of the assertion that “a is at least as good as b”, four our example A  com-
pared to A

1

2

3

δ

δ

δ

δ
∈

× × ×∏1 73

k i

A ,A 1 73 k i
j F(a ,a ) k i

( , )=A C(a ,a ) =0.377 (1.60 1.60 0)
1-C(a ,a )

1 1 73
1 73

1 73

2 1 73
1 73

1 73

3 1 73
1 73

1 73

j k i

,A
( ,A )=

,A

,A
( ,A )=

,A

,A
( ,A )=

,A

A

1-d (A )
A =1.60

1-C(A )
1-d (A )

A =1.60
1-C(A )
1-d (A )

A =0
1-C(A )

1-d (a ,a )
=0

 

The result on the credibility shows that we cannot make the statement that 
A1 is at least as good as A73. By calculating the credibility A73,A1 we obtain a value 
of 1 which corresponds to the statement that A73 outranks the alternative A1. 
 
4.3.4.7 Partial preorders and final ranking 

The next step in the outranking classification is to proceed to the distillation 
downward and upward. The two preorders are obtained by an iterative process 
where the actions are eliminated one by one. The decision process follows the algo-
rithm from Figure 4.7. We have studied the two scenarios where the priority was 
attributed first to environmental criteria (scenario 1) and secondly to the economical 
parameter (scenario 2). The final ranking of the alternatives is presented as a form 
of a graphic diagram in Figure 4.10 and Figure 4.11. The results show that when 
considering the scenario 1, alternatives A73-A78, A82, A92-A102,A106 (wood heat-
ing solutions) are found in the first rank. Due to indifference between these alterna-
tive on the criteria 3 (highest weight for this scenario) they were classified on the 
same position.  If we choose not to select the wood heating, than the solutions A40, 
A42 and A64 can be selected. These alternatives are found on the 5th position and 
correspond to a geothermal heat pump system. The gas heating solutions are placed 
on the 6th rank with the alternative A1 to A6 on the same row. For this weighting 
scenario where the environmental criteria had the highest weight, the first positions 
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are occupied by the wood heating systems, followed closely by the geothermal heat 
pump systems. 
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Figure 4.10 Final ranking of the alternatives for weighting scenario 1 (Lyon) 
 
For the second scenario where the criterion 2 (payback time on the invest-

ment) is assumed to have the highest weight the classification is taken a different 
aspect. 
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Figure 4.11 Final ranking of the alternatives for weighting scenario 2 (Lyon) 
 
In Figure 4.11, alternative A76 continues to perform better than all the other 

solutions while the alternatives A40, A42 
the 5th  heat 
pump

e for the previous scenario the wood heating seems an appro-
input data have to be solved by taking 

he example presented has a research purpose to show 
the us

pter 3. It is reminded that for the geothermal system, even a 
low heating peak (4.7kW) for Nice, the heat pump price had almost the same price 
ke the one for Lyon (7kW). Figure 4.12 and Figure 4.13 resume the outranking of 

and A64 which were previously ranked on 
 position now we can find them on the 8th position. Closely to geothermal
 alternatives, the gas solutions A1 to A6 are found. An interesting aspect is 

that for example the alternative A127 which corresponds to an electric heating with 
solar thermal system ST3 and the SPreference is classified better than some geothermal 
solutions like A70. Lik
priate solution, but the uncertainty on the 
accurate data on the costs. T

e of the algorithms and main ideas of this thesis but due to the high number of 
inputs and the uncertainty on their values, precise results cannot be obtained with-
out exactly knowledge of these values, usually obtained from case to case by a pro-
fessional society.  

Further, it will be shown briefly the case for Nice climate, where it is supposed 
that the same solar thermal and photovoltaic systems like for Lyon are used (see 
Table 4.2 and Table 4.3). The data on the wood and geothermal heating system are 
those described in cha

li
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the solutions for the two weighting scenario cases. For the first figure it is observed 
that alternative A76 (wood heating + STreference + SP3) is classified first. The benefits 
of a g

rank. Furthermore these solutions are on the same rank with 
some wood heating alternatives. Still the alternative A76 keeps the first rank.   

eothermal heat pump are found to be less important for Nice and the payback 
time to be higher than for Lyon. The gas heating alternative are ranked immediately 
after the wood solutions with alternative A4 and A22 on the 11th position. When the 
criteria 2 (economic criteria) has the highest weight value, the alternatives A10,A22 
and A34 (gas heating alternatives) are place very close to the first positions, more 
exactly on the third 
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Figure 4.12 Final ranking of the alternatives for weighting scenario 1 (Nice) 
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Figure 4.13 Final ranking  altern  for weighting scenario 2 (Nice) 

 
For the next stage of the Electre III 

Lyon climate data is going to be presented. The sensitivity will be realized for the 
weighting scena

 
4.3.4.

ion model. Four our application we will consider a range of ±15% error on the 
weigh

of the atives

application, a sensitivity analysis for the 

rio 2. 

8 Sensitivity analysis 

The uncertainty is an element of multi-criteria decision-aid issues, mainly due 
to the fact that the weights and thresholds are introduced on a subjective basis; an 
important aspect is to know in which measure the final ranking or the ranking val-
ues of the alternatives is sensitive to the changes of some input parameters of the 
decis

t thus we obtain a maximum value for the criteria 2 of 69 and a minimum of 
51. Three iterative processes are conducted and the data of the sensitivity is illus-
trated in Figure 4.14. 
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1. Criteria weights sensitivity 
 
Figure 4.14 shows the outranking of the alternatives for three scenarios where 

the weighting value of the criteria 2 passes from a minimum (w2=51) to a maximum 
(w2=69). It can be observed that the alternative A76 continues to rank in the first 
position while actions A40, A42 are oscillating between 7th and 8th position. Clearly, 
from the results show that ranking of alternatives for this case is not so sensitive to 
the weighting values. 
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Figure 4.14 Final ranking of the alternatives when criteria weights are following three 

scenarios (min=51, mean=60, max=69) 
 

2. Criteria 2 thresholds sensitivity 
 

For the criter

Electric heating

ia thresholds it is assumed a range of ±15% error to the actual 
values defined; Table 4.6 resumes the range values for the thresholds. 

 

Table 4.6 Indifference, preference and veto thresholds ranges 

Criteria 2 Min. Mean Max.
Preference    
 1.94 2.28 2.62 
Indifference    
 0.96 1.14 1.31 
Veto    
Case 3 2.90 3.41 3.93 

 
A sensitivity study on the Criteria 2 thresholds showed that the first 1th rank 

remains unchanged (see Figure 4.15). It is noticed that alternative A76 for the 
maximum values of thresholds finds the 1st position along with solutions likes 
A73,A74,A75, A77 and A78. Alternative A40 and A42 (geothermal heat pump sys-
tems) oscillated between 7, 8 and 6 rank corresponding to the range of the thresh-
olds. 

lternative A1 to A6 (gas heating systems) were ranked 6th position for the 
min. values of thresholds while for the mean/max. values of thresholds, these solu-
tion occupied position 9. It is concluded that the ranking is very sensitive to the 
thresholds values and a sensitivity study should be realized each time in the decision 
process. For our case the sensitivity iteration time was around 2 minutes. From all 

A
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the above it can be summarized that solution A76 is classified first from the wood 
heating system, then the alternatives A40 and A42 for the GHP system, later on the 
solutions A1 to A6 for the gas heating system and finally the alternative A127 for 
the electric heating. 
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Figure 4.15 Final ranking of the alternatives for the max./min. range of the criteria 2 

thresholds 

of an appropriate solution for the energy demands of a residen-

ocess.  
III algorithm turned out to be an appropriate approach for 

these kinds of situations, suggesting the alternative with better compromise, being 
ed methodology should improve the integration and the 

choice

 

 
 

 
4.4. Summary 

The selection 
tial house is complicated and complex due to the large number of alternatives and 
criteria that need to be considered. The multi-criteria decision-aid (MCDA) support 
can assist decision process in making appropriate decisions regarded to several crite-
ria. The use of MCDA for assessing the multi-source systems showed encouraging 
results. There were obtained interesting insights and allowed a better view of the 
decisional pr

The ELECTRE 

well balanced. The propos
 of multi source systems as it allows consideration for a large number of alter-

natives to be analyzed. The use of this method improves the quality of the decision 
by making it more explicit, rational and efficient. The main inconvenient of the 
ELECTRE III method which is an uncertainty in the criteria weighting and thresh-
olds values can be easily solved by performing a sensitivity analysis and visualization 
of the outcome impacts. 

In conclusion, we hope that using multi-criteria decision aid could be a key 
component for improving the development of renewable energy systems and espe-
cially to facilitate the choice of the technology. A further research would be to apply 
this approach in with a larger number of criteria (i.e degree of implementation, mean 
life time and other criteria).  
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ters have been implemented in a software-tool which 
provid

ding and systems SOLutions) and has been developed to investigate the 
buildi

f 
matrixes (144 x 144) and has an iterative algorithm was impossible to be 
studied without the use of an informatic tool.  

2. The solutions and their performances on the criteria depend on the previous 
calculations for each system (i.e. solar thermal systems). Due to the high de-
gree of complexity of this task and from the fact that the decision process is 

 

 
 
 
 
 
 
 
 
 
 
 
 

Chapter 5 

Development of a decision-support 
tool for renewable energy integra-
tion 

 
5.1. Objectives 

In this chapter it will be outlined a decision support tool that has been devel-
oped with the aim to be used in the decisional process of assessment for fos-
sil/renewable energy systems.  All the algorithms and mathematical models pre-
sented in the previous chap

es a structured methodology for performing parametric studies, evaluate the 
renewable energy potential and support the decision making process. This chapter 
describes the program with all its capabilities and the software architectural struc-
ture.  

The program is entitled ECO-Sol (Energy Calculation and Optimization of 
different buil

ngs’ energy demands and renewable systems energy potential. ECO-Sol has 
been developed under the informatic platform Microsoft Visual Studio BASIC 
[165][166]. The development of ECO-Sol was necessary from a number of reasons: 

1. The ELECTRE III decision support method which requires calculation o
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sensitive to the system’s parameters, the support tool was required to deal 
with this net of connections.  

3. In the PhD thesis are presented some examples of application of the pro-
posed methodology but are based on several assumptions and hypothesis and 
in order to allow the change of these variables (e.g. if the real price of the so-
lar panels is known) ECO-Sol is a good choice to analyze other information 
than those presented in the thesis. 
 

Moreover, this support tool is the mirror of the research work that has been 
realized in this thesis and can serve for further research work. ECO-Sol has been 
used to study a variety of different systems and the mix between them and finally to 
establish correlations between the energy demand and the supply one, not forgetting 
the economical criteria. ECO-Sol has been designed to be as flexible and standard as 
possible, so that it can be easily applied to size and study the financial and environ-
mental problems of different energy resources systems for divers’ climates.  

 
5.2. ECO-Sol architecture 

The ECO-Sol system has been developed as a multi-form application within 
linked windows that relate to the different aspects required to define the sizing proc-
ess: specification on the weather data, systems parameters (i.e. manufacture, surface 
of collectors, etc.). The software has a structure that could be evolved or where the 
models can be easily modified in an efficient way depending on the requirements of 
the engineer/researcher. Its structure is based on a modular approach where Forms 
(known as program visual windows) are linked inside an MDI-Form (multiple-
document interface).  

The Multiple-document interface (MDI) applications enable to display multi-
ple forms at the same time, with each form displayed in its own window. This modu-
lar approach facilitates the addition of new models through the incorporation of new 
forms and in some case by the reuse of the existing code. More than 14,000 lines of 
code have been programmed for the mathematical models, algorithms and all the 
other equations presented in the previous chapters. The code is reflected by a series 
of program components like Textboxes, Listboxes, Comboboxes, Listviews and 
Graphic diagrams, all representing the graphical interface of the tool. Figure 5.1 
illustrates the decision support tool architecture using a logical diagram of compo-
nents linked between them. 

The program was developed in a structural way and resembles with a pyrami-
dal configuration where the base is the weather data, then the building energy de-
mands, after that the fossil/renewable energy technologies and finally the multi-
criteria decision algorithm of hybrid systems with the final ranking of the solutions. 
In order to arrive to the last phase of the problem it is necessary to pass throw all 
the others.  

Furthermore, several "steps" are connected between them; i.e the weather data 
is linked with the building (heating demand, domestic hot water energy demand) but 
also with the solar systems (radiation processor, outdoor temperature) or with the 
geothermal heat pump system (soil temperature, amplitude, location altitude, etc). 
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Figure 5.1 ECO-Sol support tool informatic architecture structure system
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5.3. ECO-Sol from a user perspective 

The ECO-Sol follows a defined organization of the decision process from the 
weather data to the final ranking of the solutions. First of all, the climate where the 
project will be initiated is selected from a database. Figure 5.2 illustrates the main 
window where based on the weather climate selection, a series of corresponding val-
ues are obtained. Monthly values of the outdoor temperature, global solar radiation, 
cold water supply temperature or soil parameters are given at this level. A module 
calculates the climate coefficient automatically based on the weather choice. The 
database can be modified and new climates can be added in an easy way. Thus, if 
the values do not anymore correspond to actual values they can be rapidly changed. 
Moreover, the values can be analyzed and their repartition by  month can be seen  
through two graphical diagrams. On the left part of the same Figure it can be ob-
served the configuration of the ECO-Sol tool.            

 

 
Figure 5.2 Weather data window 

                                                                                                          
The next step in the decision process was to estimate the building energy de-

ands from heating to electric demands. Figure 5.3 shows a capture screen of the 
indow where essential information on the building structure and thermal insula-

tion. At this stage the external and internal components of the building must be 
eclared. A database of materials makes an easy way to create the walls, floors or 
of from different layer. Data on the layers’ thermal conductivity, thermal capacity 

r density are obtained from the database. The building structure element U-value is 
alculated and is compared to the actual French norms (RT2005) to check if is in-
ide/outside of the legal limits. A graphic chart shows the thermal resistance of all 

the layers which outline the wall/floor or roof. When calculating the shape factor 
(characteristic length of the building) it is important to know the heat loss surfaces 
and the heated volume of the building. This factor is the first input for our heating 
emand prediction models. The surface of each element can be calculated separately 
r a s

m
w

d
ro
o
c
s

d
o mall calculator in the window calculates this surface from the external dimen-
sions and height of the building. Same procedure is made for windows, floors, roof, 
thermal bridges and internal walls (see the toolbox in the upper part of the Figure 
5.3). 
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Figure 5.3 Building structure and thermal insulation window 

At this stage it is also possible to define if the building is adjancent to a non-
eatd space like attic or garage. A reduction coefficient b is calculated and taken into 
ccount later on when using the prediction models. After defining all the 
nstruction elements the next step was to calculate the building time constant of 
e building which is an input of the estimation models. In the right part of the 
igure 5.4 it can be observed the time constant calculation which depends on the 
hysical proprieties of the materials and their surfaces, but also on the ventilation 

rate which in our case ned to the impact of 

 and  
 

Moreover at this stage it is possible to have different heat gains profiles by 
month. The internal gains are calculated based on the method proposed in the 
second chapter of the thesis where a comparison with the actual norms showed that 
the proposed method gives more precise results, from where the motive of its use at 
this level. A figure chart resumes the final indoor heat gains that could imply a re-
duction in the heating demand of the building.  

 

h
a
co
th
F
p

 is 0.7 ach. A certain interest was assig
internal gains on the heating demand; the heat gains were divided in two parts: 
radiative and convective sources and a recovery factor is calculated for each of these 
heat gains. For each of the month it must be precised the convective/radiative heat 
gains and the number of use-hours. 
 
 
 
 
 
 
 
 
 

 

 
 
 

 
Figure 5.4 Building time constant and internal gains calculation
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Figure 5.5 Domestic hot water demand 

 
The domestic hot water energy demand can be an important source of con-

sumption. Figure 5.5 represents the DHW calculation module where the energy de-
mand are calculated from the volume of water consumed (consumption per day, 
number of persons), the water temperature and a use-scenario that can be changed. 
On the right part ion are calculated 
for every month. The electrical demand of the project (building) is calculated from a 
datab

Figure 5.6 Electrical appliances database 
 
shows if it is recommended, standard or not recommended for the use. The number 
of use-hours is inserted as a calculation from the number of the same equipment, 
number of hours per day or per week. Thus, the total consumption of all the appli-
ances is calculated and later used in the photovoltaic solar energy calculation mod-
ule. The energy demands for the heating, DHW and electricity are resumed in a 
single window (see Figure 5.7).The specification of the construction elements and 
thermal proprieties of the materials provide the means to calculate the building insu-
lation envelope mean value Ubui (W/m2K). This input is represented along with the 
window to floor area ratio (%) also calculated based on the data inserted previously. 
Figure 5.7 shows the summary of the monthly heating demand calculated using the 
estimation models that have been developed and described in Chapter 2. Further-
more, 

e 

of the Figure 5.5 the energy and water consumpt

ase of electrical appliances that represents the best a typical house. The data-
base includes lighting, cool storage; audio-video and heating-ventilation equipments 
(see Figure 5.6). Each of the appliances has a specific electric power and a class that  
 
 
 
 
 
 
 
 
 
 
 
 

using graphic charts the heating and electric demands are represented in a 
form of horizontals bars. 

Further on, the process is continued with the fossil/ renewable energy systems 
sizing and analysis. The first technology studied is the solar thermal heating system 
used to heat/pre-heat the domestic hot water. In this module (see Figure 5.8) w
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followed the modeling principle presented in the previous chapters, from the tilted 
radiation calculations to the environmental benefits of these systems.  

 
Figure 5.7 Results on the building energy demands 

 
Monthly efficiency and renewable energy production of the solar panels are 

own in a form of a table. Moreover, a supply-demand match is calculated and 
lustrated in the same table. A number of panels manufactures where introduced in 

module (surfac The computations 
erence and 5 alternatives) with the aim to have a 

ect to a change in an easy way based on real, 
precise data if these are known. In the righ  image of the Figure 5.8 is illustrated the 
window which resume nd graphical charts. 

sh
il
this 
a

e, model, optical and thermal characteristics). 
re realized for six solutions (1 ref

comparison for different solutions in terms of surface, slope, proprieties, costs, etc.  
In order to calculate the payback time of the installation, data on the price of the 
system, its maintenance, circulation pump and financial support are required. For 
the systems’ price the cost function presented in Chapter 3 is used in this module 
but like all the other inputs are subj

t
s the six alternatives in form of a table a

The payback time, the CO2 reduction and supply-demand match ratio are presented 
at this stage, allowing quick comparison between the solutions. 
 

Figure 5.8 Solar water heating system and results 
 

 
 
 

The second renewable energy system studied is the photovoltaic installation 
which modeling technique was programmed under ECO-Sol structure. A high num-
ber of parameters are taken into account from slope, azimuth to South and arriving 
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to nominal temperature of the cells, inverter efficiency and losses. A database of PV 
panels with their power of module, surface and efficiency was added to this module. 
Like for the solar thermal systems a series of assumptions need to be introduced, like 
for the price of a kWp of PV or price of the energy to be sold to the urban electric 
network. The supply/demand match ratio is calculated for each month based on the 
renewable energy produced by the modules area. A reference and five alternatives 
are studied and compared in terms of payback time, supplied energy and CO2 reduc-
tion. The default assumptions proposed can be easily changed to the desired values 
and the calculations are automatically rebuilt. Another important technology that is 
analyzed using the ECO-Sol tool 
are the geothermal 

he modeling and mathematical 
model

 
The module window is shown in Figure 5.10 where the system parameters are di-
vided separately sub mal resistance of loop 
fields, GHP system costs, soil proprieties, the electric energy reference). Some of the 
parameters are already linked with the previous selections (e.g. soil temperature or 
the reference energy costs per year).  
 

heat pumps. 
T

s described in Chapter 3 were 
programmed under the  ECO-Sol 
informatic platform.  
 
 
 
 
 
 
 
 

Figure 5.9 Solar photovoltaic system and results 

 
in -forms (GHP system configuration, ther

 
Fig w ure 5.10 Geothermal heat pump windo

 

Most of the economical inputs are based on the equations presented previ-
ously in the thesis and are automatically calculated based on the input parameters 
(i.e. the heat pump price as a function of the heating capacity). The calculations of 
this module are connected with the heating energy demand obtained with the esti-
mation models. Even the smallest change in the building structure, elements’ layers 
or other data will induce an automatic recalculation. The results are illustrated in 
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the form of a table and several textboxes which resumes the main aspects of the 
system like on the required heat exchanger length, one of the most important ele-
ments of the sizing process (see Figure 5.11). The geothermal heat pump is linked 
with the solar thermal panels which have the role  to cover a part of the  DHW en-

systems are also studied and make part of the 
rate window was programmed with the general data for 

all th

ergy demand. Wood and gas boiler 
final decision process. A sepa

e technologies like conversion coefficients to primary energy, electricity sub-
scription, wood chips or pellets price, etc. After studying all the systems, the next 
stage is to make connection between them and to obtain the performance matrix to 
be used in the decision process.   

 

 
Figure 5.11 Geothermal heat pump results 

 
 Chapter 4 it was described the multi-criteria decision aid methodology 

ELECTRE III and it was seen that this method is complex and an iterative process-
ing of the data is necessary.  Figure 5.12 illustrates the main window of the ELEC-
TRE method. At this level the thresholds and weights of the criteria are inserted. 
The performance matrix is automatically obtained from all the previous modules. In 
the right part of the Figure 5.12 it can be seen the table of performance of all the 
144 alternatives. Based on this table and the thresholds/weight of the criteria, the 
multi-criteria study is launched and the solutions are ranked like in Figure 5.13. The 
time of iteration is around 6 seconds but when doing sensitivity studies the time 
could arrive to 30 seconds. This process can then be repeated to examine the effects 
of changing the climate or any other parameter of the building.   

 

In

III 

 
Figure 5.12 Multi-criteria decision support 
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Figure 5.13 Alternatives outranking 

 
nd other systems (i.e. geothermal heat 

pumps, wood boilers) are held in different databases, along with various auxiliary 
systems such as batteries, pumps, pipes, inverters and the smallest change in any of 
the parameters induce a rebuilt of the decision making process.  We can carry out 

 investigate the potential of renewable energy technologies and 
s not long so the results are obtained in a quick and easy way. 

global, are pre-
 of the alterna-

tives.  

A range of PV, flat plate collectors a

parametric studies to
the processing time i
In the left part of the Figure 5.13 the two matrix, credibility and 
sented and the table in their right part is the outranking classification

 
 

5.4. Conclusions 

 

This chapter described a decision support tool, ECO-Sol, which has been de-
veloped to support in the assessment of renewable energy systems by focusing from 
the modeling of the systems to their economical/ecological aspects and by concluding 
with an algorithm of multi-criteria decision support methodology. ECO-Sol has been 
designed to help the process of finding the balance between the available demands 
and supplies, but also to be a support in the decisional process of multi-source sys-
tems. A variety of different supply mixes have been highlighted, and the final solu-
tion is obtained throw a decision-aid method. Another aim in the creation of ECO-
Sol was to make sure that its use was not limited to a specific group with profes-
sional knowledge and could be used by individuals to precede calculations and stud-
ies. Clearly, this support tool is best suited for engineers, private power developers, 
energy consultants, energy managers, architects or researchers in their early stages 
when they try to find, by using parametric studies, a solution that is a compromise 
between economic and energetically aspects. 
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Chapte

Application on a case study 
 
 

6.1. Objectives 
The aim  this chapter the applicability of the proposed 

methodologie cribed in the s. In the beginning, a comparison 
between the monthly heating de
the dynamic simulations will be tudy. The comparison is fol-
lowed by a si alysis on t ent building de-
sign paramet  domestic h ll be further on 
estimated. After acquiring all the energy emands of the case study, the modeling 
and financial analysis o e systems will be car-
ried out. A reference case and five supplementary scenarios will be studied and com-
pared for solar thermal and photovolta F nu multi-
source systems will be analyzed at this e next fter ob ll the 
data on the performances of all the 144 pos
decision aid application. A ranking of th ution will chieved precious 
inform ion maker will be . A sensitivity analysis o  weights 
and thresholds will end this application case study. 

6.2. Case study description 
e study we have analyzed “Maison M rt”, which is a 99.8 m2 

single-family house of single floor area rep ted like in Figure 6.1. T is a test 
house used in numerous studies as a reference case. The plan, building features, 
schedul s of the building construction ele-
ments were defined by EDF (Electricité de France), CSTB (Centre Scientifique et 
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Technique du Bâtiment) and GDF (Gaz de France) in 1994. It will be considered 
that the dwelling is divided in three zones: 

• Building zone S=99.8m2, V=250m3 
• Garage S=15.39m2, V=38.47m3 
• House attic S=99.8m2, V=233m3 

 

W C

Salle de
bains

Cuisine Chambre 1 Chambre 2

Chambre 3

Séjour

Entrée

450 235 270 275

40
5

28
0

13
5

57
0

25
0

270 450 140 205 37560  
Figure 6.1 Mozart dwelling architectural plan 

 

he buildinT g elements have been chosen to correspond to the actual norm of 
the French thermal directive RT2005 [51]. Table 6.1 and Table 6.2 summarize the 
dwelling elements and the corresponding cal characteristics of the material lay-
ers. 

Table 6.1 Building material structure 

ing element Fro rior to interior

physi

Build m exte   
Holl crete block sand alled, e=20 cm ow con thick-w
Exp ne, e=8
Plasterboard, e=1.3 cm 

Concrete, e=15cm 

anded polystyre  cm 
External wall 

Extruded polystyrene, e=8 cm 
floor 

Floor tile, e=1.3 cm 
Mineral wool, e=10 cm 

Ground 

Attic floor 
Concrete, e=10cm 
Plasterboard, e=1.3 cm 
Hollow concrete block sand thick-walled, e=20 cm 

Internal structure wall 

Plasterboard, e=1.3 cm 
Plasterboard, e=1.3 cm 
Air layer, e=3 cm 

Room internal wall 

Plasterboard, e=1.3 cm 
Roof slate, e=1.2cm 
Air layer, e=1.5cm 
RoofMate70 STD-SL, e=7cm 

Roof 

Plasterboard, e=1.3 cm 
Windows Double-glazed windows 4/10/4, U=2.43 W/m2K 

 
Table 6.2 Building material’s proprieties 

Material 
Thermal 

conductivity 
(W/mK) 

Material density 
(kg/m3) 

Thermal 
capacity 
(J/kg.K) 

Hollow concrete block sand thick-walled 2000 920 1.05 
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Concrete 1.75  2300 920
Expanded po 0.040 1200 
Extruded pol 0. 120
Mineral wool 0.0 840 
Floor tile 1.3 850 
Plasterboard 0.35 50 800 

Mate70 STD-SL 0. 1191

lystyrene 
ys

16 
tyrene 033 35 

 
0 

47 12
800 
8

Roof  03 35  

 
6.3. ting d and e at  

able 6. obtain s l info tion t e nee r th tima-
tion m

ts between them. Contrary, when the coefficient is equal to 
1 that means the heated volume is directly values 
of b expla c the exte-
ri , with di  the buil value o a 
reduction on the heating demand will be observed.  The e is calculated as 
function of D h is define h  lo ic o n ed e 
to outdoor a s he c t  t e e
no  sp

e 6 o ldi  su ary

Material Surface (m2 U e ( K) 

 Hea em stim ion
From T 3 we evera rma hat ar ded fo e es
odels, like the window to floor area ratio (WFR) which is equal to 15.04 % 

calculated from the total glazing area of the building which is 15.02 m2 and the oc-
cupied floor area of 99.82 m2. The total heat loss area of the building is 299.75 m2 

with a heated volume of 250 m3 so a shape factor (building characteristic length) of 
0.834 m. At this stage we didn’t yet take into account the impact of the non-heated 
spaces (the garage and the building attic). It is clear that these zones will react as 
buffer zones and the Mozart dwelling heating demand will be decreased. As was 
presented in Chapter 2, in our estimation methodology we can use the b-coefficient 
as is defined in the new French Thermal Reglementation [51].  It is reminded the 
basis: a b-value equal to 0 has the significance that the two spaces are both heated 
and no heat transfer exis 

 adjacent with the exterior. Lower 
in a redu ed area of heat transfer between the heated volume and 

or rect impact on ding shape which will be higher and s
b-valu

ue whic d as t
 the 

e heat ss coeff ient fr
 from

m the on-heat  spac
 to the nd Dui defined a at loss oefficien he heat d volum

n-heated ace. 
 

Tabl .3 M zart bui ng zone mm   

) -valu W/ m2

External walls 85.09 0.418 
Grou 99.82 0

ttic floor 9 0
Internal structu 2 2

nd floor .370 
A 9.82 .275 

ral wall 0.32 .395 
Glazing area 15.02 =100% 2.43 
        -North 2.42 (16.1%) - 
        -South 5.92 (39.4%) - 
        -East 3.88 (25.8%) - 
        -West 2.80 (18.6%) - 
Heated volume             250 m3

 
We will suppose a ventilation rate of 0.5 ach for the two non-heated spaces 

(garage and attic). The calculated Due and Dui are 84.89 W/K and 3.9 W/K for the 
garage and 254.1 W/K and 27.5 W/K for the roof attic. From these values the b-
coefficient is calculated to be equal to 0.9559 for the garage and 0.9024 for the roof 
attic. The building shape factor is recalculated and the final value is 0.864. From all 
the above data on the heat losses surfaces and elements U-values it is easily possible 
to calculate the mean building envelope U-value to be 0.461 W/m2K. Following the 
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calculation methodology for the building time constant as described in Chapter 2 it 
is obtained the value for the Mozart building to be 50.74 hours. The ventilation rate 
of the building zone is assumed to be 0.7 ach and for the first scenario estimation it 
is considered a constant set-point temperature of 19oC. No internal heat gains are 
considered at this stage. The test scenarios will be analyzed for three climatic zones: 
oceanic (La Rochelle), continental (Lyon) and Mediterranean (Nice). This series of 
evaluations will be considered as the reference cases. The climate coefficients (differ-
e e  
t ee climate in the fo wo set-

 
  a C  c nt th a im

 Set- oC Set- 1

nce betw en the heating set-point temperature and sol-air temperature) for the
hr s are resumed llowing table, for t point temperatures: 

      T ble 6.4 limate oefficie  for the ree an

point=

lyzed cl ates 

point=19 8.5oC 
Month Ly N La el yo NiceLa Rochelle on ice  Roch le L n  
January 15 8 7.92 11.73 .47 .42 11.24 14.97 
February 12 6 6.46 

arch 8.5 4. 3.54 
 5.1 1.70 .70 1.20 

 1.78 4. -1
e 10 4 4.11 

cember 14 7.74 10.21 14.19 7.25 

9.51 .60 .95 9.01 12.10 
M 5.81 4 03 5.32 8.04 
April 4.29 9 3.80 4  
October 02 .17 1.28 3.53 -1.67 
Novemb r 7.47 .99 .61 6.97 10.49 
De  10.71 .69 
 

 

Due to the glazing distribution on the facades of the Mozart house, the first 
series of prediction models were chosen (RT2005 glazing distribution models - see 
Appendix A). The data results from the models and the Trnsys dynamic simulations 
results are compared.  It can be seen that the models evaluations are accurate and 
small errors are detected when compared to the hourly simulations (see Table 6.5). 
The relative error may be in some cases higher (i.e. Nice/October/error=-12.9%) but 
the absolute error is almost insignificant (i.e. less than 30 kWh/month). Further-
more, when checking the annual balance the maximum errors are less than ±3%, 
which proves again the good accuracy and applicability of the prediction models 
described in Chapter 2.  

 
Table 6.5 Mozart building heating demand evaluation (reference case) 

 Oceanic climate 
La Rochelle 

Continental climate 
Lyon 

Mediterranean climate
Nice 

Month Model 
(kWh) 

Trnsys 
(kWh) 

Error 
(%) 

Model 
(kWh) 

Trnsys 
(kWh) 

Error 
(%) 

Model 
(kWh)

Trnsys 
(kWh) 

Error 
(%) 

January 1658.5 1638.0 1.2 2079.9 2094.0 -0.7 1245.5 1204.0 3.3 
February 1312.2 1279.0 2.5 1610.4 1625.0 -0.9 1052.6 1010.0 4.0 
March 1017.1 972.2 4.4 1301.0 1297.0 0.3 842.8 852.3 -1.1 
April 729.0 699.9 510.1 528.4 -3.6 
October 416.5 445.9 169.7 191.7 -12.9 

er .9 .  .0 1474.0   
1532.9 1502.0 2.0 1991.2 2024.0 -1.6 1153.1 1121.0 2.8 

.2 . 2.1 6.5 087.0  .5 .9 

 4.0 805.3 868.3 -7.8 
-7.0 635.7 705.6 -11.0

Novemb 1049 1018 0 3.0 1433 -2.9 745.8 723.5 3.0 
December 
Total 7716 7555 0 985  10 -2.3 5719 5630 1.5 

 
A sec eri t ns  in cing ria t gim C 

g 9h to 21h and 16oC for the other hours). In order to take into account this 
variable heating regime it will be calculated a mean daily set-point temperature 
which in this case is 18.5oC. The climate coefficient is recalculated and the values are 

ond s es f o est co ists of trodu  a va ble hea ing re e (2 o1
durin
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presen

emands even for variable heating set-points. The maximum errors 
were f

ut of the proposed range. 
For ake 
high a mic 
s ns a

 
Table 6.6  building he mand 

Oce ate 
La R  

ontinenta te 
yon 

iterranean c
 

ted in Table 6.4. With the new climate coefficients the prediction models 
evaluate the heating demand and a comparison with Trnsys is being conducted 
again (see Table 6.6). The results show that the errors are higher but this can be 
explained like for the reference case scenario by the fact that the heating demands 
are lower, and even the absolute error is low, the relative error is high. Furthermore, 
in some case the climate coefficient is out of the range of the propose models. Never-
theless it can be concluded that the prediction models are still a good way to esti-
mate the heating d

ound to be around ±10.9% in the worst case (e.g. Nice climate, hot and humid 
with low values of heating demand) but with low errors (e.g. ±1.5%) for continental 
climates. We must precise that these cases are one of the worst possible for the mod-
els due to low heating demand which is mainly due to the good insulation level of 
the building and the climate coefficient in some cases is o

lower insulated buildings or renovating houses the heating demand will t
er values nd the relative errors between the prediction models and the dyna

imulatio  will be even sm ller.   

 Mozart ating de evaluation (variable heating regime scenario) 
 anic clim

ochelle
C l clima
L

Med limate 
Nice

Month Mod
(kW

rnsys 
Wh)

Err
(%

s Error 
(%) 

el 
h) 

Trnsys
(kWh)

ror 
) 

el T
h) (k

or Model 
) (kWh) 

Trnsy
(kWh)

Mod
(kW

 Er
 (%

January 1598 539.0 3.72 026.2 0 1.34 .7 1085.0 03 .4 1 2 1999. 1179  8.
February 
March 

1262 80.0 6.5 563.3 0 1.55 .4 891.3 
967 30.0 14.1 247.2 0 4.67 4 696.2 .48 
686 55.1 19. 63.0  3.63 1 380.4 .73 

October 371.5 336.9 9.31 584.6 594.5 -1.70 132.7 107.4 19.05 
Nov 8 
December 1471.2 1412.0 1 .0  
Total 7353.8 6768.2 9499.2 65.8 1.40 5355.4  

.4 11 2 1 1539. 1000 10.91 
12.3 8 9 1 1189. 795.

April .7 5 17 7 735.3 468. 18

ember 996.3 915.2 8.14 1378.1 1377.0 0.08 693.3 598.4 13.6
4.03 
7.96 

936.8 1932  0.25 1085.9 1010.0 6.99 
93 4768.7 10.96

 
A third series of validation/evaluations is further analyzed, this time by 

ch he infl e of in  heat on the energy consumption. At this 
lev  will chec e valid of the ssion models that they we tained 
fo internal h ains u on coef t. It is re d that thes ression 
m ere obta  for co e and tive heat  and are th  to be 
m e tha  actua  EN83 ich tends erestimate tiliza-
tion coefficients. The utilization factor percentag the heat hat is 
,,useful,, for the h ing demand by a re n. The i l heat gain ulated 
scenar

 

ecking t uenc ternal gains 
el we k th ation regre re ob

r the eat g tilizati ficien minde e reg
odels w ined nvectiv radia gains ought
ore precis n the l norm 2 wh  to ov  the u

is a e of gain t
eat ductio nterna s sim

io is shown in Table 6.7, where the radiative part is supposed to be 45% of the 
total amount of internal gains. We will further test the validity of the prediction 
models for the reference case (heating set-point =19oC and Lyon climate). The heat 
energy gains will reduce the heating demand obtained previously with the prediction 
models (see Table 6.8-column 2). The 3rd and 4th column of Table 6.8 represents the 
heat gains from the convective and radiative sources if the utilization factor is 1. 
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Table 6.7 Internal heat gains scenario 

Hour (h) 0-7h 7-8h 8-12h 12-13h 13-18h 18-19h 19-20h 20-23h 23-24h 

Heat gains (W) 
Radiative  134,8 269,6 89,9 444,8 89,8 269,6 808,7 269,6 134,8 
Convective 164,7 329,5 109,8 543,6 109,8 329,5 988,4 329,5 164,7 
Total 299,5 599 199,7 988,4 199,6 599 1797,1 599,1 299,5 
 

These columns were necessary to be later used to calculate the ratio between 
the heat gains and the heating demand without heat gains (see column 5 and 6 from 
Table 6.8). We remind that in Chapter 2  two regression models have been devel-
oped (for convective and radiative heat sources) that could estimate the utilization 
factor based on three inputs (building time constant τ, building envelope U-value 
and ratio between heat gains and heating demand).  For our case the τ is 50.74h, 
the Ubui is 0.461 W/m2K and the ratios are the ones presented in the columns 5 and 
6 (see Table 6.8).  

Columns 2 and 3 from Table 6.9 resumes the utilization factors and the total 
final ,,useful,, heat gain is found in column 4 of the same table. Further on, the heat-
ing demand is reduced with this quantity of energy and the data results are com-
pared to the ones from Trnsys simulations. It can be observed that the data values 
are similar and the annual heating balance error is 0.91%. 

 

Table 6.8 Calculation of the utilization coefficient of internal heat gains – part 1 

Month 

(kWh) 
heat gains 
(kWh) (kWh) demand (-) demand (-) 

Heating demand 
no heat gains 

Convective Radiative 
heat gains 

Ratio 
conv./heating 

Ratio 
rad./heating 

January 2079.9 170.0 139.1 0.082 0.067 
February 1610.4 153.5 125.6 0.095 0.078 
March 1301.0 170.0 139.1 0.131 0.107 
April 805.3 164.5 134.6 0.204 0.167 
October 635.7 170.0 139.1 0.267 0.219 
November 1433.0 164.5 134.6 0.115 0.094 
December 1991.2 170.0 139.1 0.085 0.070 
Total 9856.5 1162.9 951.5 0.118 0.097 

 
Table 6.9 Calculation of the utilization coefficient of internal heat gains – part 2 

Month Utilization 
coefficient 
(convection) 

Utilization 
coefficient 
(radiation) 

Final,,useful,,
heat gains 
(kWh) 

Heating demand 
with heat gains 
(kWh)-models 

Heating demand 
with heat gains 
(kWh)-Trnsys 

January 1.00 0.8448 287.6 1792.3 1770.0 
February 1.00 0.8424 259.5 1350.9 1338.0 

983.5 
583.0 

October 1.00 0.8124 283.1 352.6 426.7 
Nove

March 1.00 0.8362 286.4 1014.6 
April 1.00 0.8233 275.4 529.9 

mber 1.00 0.8389 277.5 1155.5 1165.0 
December 1.00 0.8441 287.5 1703.7 1706.0 
Total - - 1956.9 7899.1 7972.2 

For this case the convection utilization factors were 1 for all the months but it 
must be pointed out that in cases where the ratios (heat gain/heating demand) are 
higher or the building envelope is not insulated these coefficients will take lower 
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values. The conclusions for this series of tests show first that the evaluation models 
for the heating demand are accurate and the errors compared to the dynamic simu-
lations are acceptable. Moreover it was seen than for variable heating set-point tem-
perature the models still react good in most of the cases, however the errors are 
higher (around ±10 d  higher errors can 
be e y the low energy demand ith te e high 
relat urthermore, the developed  es  util ctors 
of internal heat gains were found to be a prec
the heating demand evaluation models. methodologies described in the thesis 
required a large number of calculations in 
in support tools (our case – the ECO-Sol), then the calculations are quickly and 
prec With the ot inten  to substitute the simulations software 
tools ut to giv ise support to conduct parametric studies in the 
early stages of a project. From the heating 
ously 

%) for hot an  humid climates (i.e. Nice). These
xplained b
ive ones. F

 values w
 models to

 and 

low absolu
timate the

rrors but 
ization fa

good ise way and can be linked to 
The 
some cases but once they are programmed 

ise. se models it is n ded
, b e a fast and prec

demand validation series presented previ-
it will be chosen the reference case (Lyon, heating set-point temperature =19oC 

- see column 5 Table 6.5 ). The values on the heating demand will be used in the 
next stage of the study case analysis where the fossil/renewable energy sources will 
be sized. The domestic hot water demand it is calculated for three persons with a 
consumption rate of 45 liters/day at 50oC. 
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              Figure 6.2 Heating and DHW energy demand monthly values 

 
 
 
 
 
 
 

 
Figure 6.2 illustrates the energy demand values for the heating and DHW 

production, values that will ne later used to size the systems. A maximum value of 
2080 kWh is observed for January month and which represents 21.1% of the total 
heating demand. The minimum value corresponds to the month of October with 636 
kWh (6.34%). As concerns the electric energy consumption the data presented on 
Chapter 3 when the photovoltaic system was sized for a typical house electric loads. 
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6.4. Renewable and fossil systems sizing 
 
Based on the weather data for Lyon on the global horizontal solar radiation 

and external air temperature the solar radiation on the tilt surface is obtained by a 
series of calculations. The calculation method of the solar radiation on a tilt surface 
was described in Chapter 3. In the first stage the sizing of the six solar thermal sys-
tems alternatives (1 reference and 5 complementary solutions) will be conducted. 
The solar system is chosen in order to obtain a supply-demand match ratio between 
50% to 70% of the domestic hot water energy demand. Table 6.10 resumes the pro-
posed alternatives for the solar thermal systems. For the different solutions it is pre-
sented the system model and its characteristics (panels’ surface, optical efficiency 
and heat losses).  

Alternative Manufacture model Collector Optical effi- Heat losses 

     Table 6.10 Solar thermal system alternatives 

surface (m2) ciency (%) (W/m2K) 
STref Buderus Logasol SKS 2.22 0.79 4.89 
ST1 De Dietrich Dietrisol Pro 2.3 2.13 0.72 4.80 
ST2 Greennone Tec FK 7300 2.29 0.75 3.43 
ST3 Schucko Schucosol S 2.51 0.73 4.00 
ST4 Velux CLI 2000 S08 2.7 0.75 4.34 
ST5 Viessmann Vitosol 2.5 2.5 0.76 4.33 

 

For all the cases the panels’ slope is 45o and they are orientated full-South; the 
renewable energy delivered by the six solutions is shown in Table 6.11, values com-
puted by the ECO-Sol support tool. A maximum value of 1546 kWh is observed for 
the ST4 scenario and the corresponding supply-demand match is 71.9%. In the same 
table 6.11 are also summarized the payback time on the investment and the envi-
ronmental benefit of the solar systems translated by the kg/10years of CO2 avoided 
compared to an electric energy. For all the cases the financial subsidy is considered 
to be 50% of the investment and in the payback time calculations the costs for the 
system maintenance and the electric costs for the recirculation pump were taken into 
account.  

      Table 6.11 Solar thermal alternatives results  

Alternative Renewable energy 
received (kWh) 

Supply-demand 
match (%) 

Payback time 
(years) 

CO2 avoided 
(kg/10years) 

STref 1339 62.52 9.09 4286 
ST1 1118.5 52.28 10.75 3579 
ST2 1529.3 71.15 8.04 4895 
ST3 1478.7 68.88 9.03 4731 
ST4 1546.3 71.92 9.15 4948 
ST5 1489.6 69.37 8.93 4766 

 

For validation purpose of the ECO-Sol tool we will further compare the results 
obtained with the data from Cal-Sol (website tool of the National Institute of Solar 
Energy ) and with Solo2000 support tool developed by the Scientific and Technical 
Centre for Building (CSTB). The comparison presented in Figure 6.3 between the 
results from the three tools shows that a variation in the values is detected but is 
not high (see Figure 6.3). The differences are low with maximum errors of 6-7% be-
tween the two calculation methodologies. The differences on the supplied renewable 
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energy by the solar panels can be explained by the dissimilarity in the monthly air 
tem raperature or solar diation on the tilted surface. 
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     Figure 6.3 Monthly supplied renewable energy – comparison  

 
The total radiation on tilted surface obtained with the equations described din 

Chapter 3 and which were implemented in ECO-Sol support tool are compared with 
the data from Trnsys simulation tool and Cal-Sol weather data. From Figure 6.4 it 
can be seen that the ECO-Sol performs good and the differences with the Cal-Sol 
and Trnsys are relatively low. The total annual solar radiation was found to be 1355 
kWh/year (+1.27% compared to Trnsys) for ECO-Sol, 1338 kWh/year for Trnsys 
and 1302 kWh/year (-2.72%) for Cal-Sol. 
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 Figure 6.4 Comparison of the total radiation on tilted surface 

 
After analyzing the solar thermal energy systems, the next step will be the 

modeling and sizing of the geothermal heat pump. It is considered as hypothesis that 
the ground heat exchanger is a vertical borehole.  The same assumptions on the soil 
proprieties and borehole characteristics as the ones from the example presented in 
Chapter 2 will be used (see Table 3.14). The thermal conductivity of the ground is 
2.4 W/mK, the annual amplitude is 17.36 oC and the annual average ground surface 
temperature is 10.1oC. The borehole diameter is considered to be 16 cm and the 
grout thermal conductivity to be 2.6 W/mK. It is supposed that the ground heat 
exchanger (GHX) length is calculated to fulfill the heating demand of the Mozart 
house. The peak heating demand is obtained with a design outdoor temperature of -
10oC (for Lyon) and the calculated value is 6.2 kW. Table 6.12 summarizes the 
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building monthly heating demands obtained with the prediction models and the 
energy to be extracted from the soil to cover the building loads.  

 
        Table 6.12 Summary of Mozart building heating demand and ground loads  

Month Lyon 

  

 B-load ou o1 E-gr nd2 Av-p wer3

January 2079.9 1429.9 1921.9  
February 1610.4 1107.2 1590.8 

0 894.5 1202.3 
805.3 553.6 768.9 
635.7 438.1 588.8 
1433.0 985.3 1368.5 

December 1991.2 1369.0 1840.1 

 
March 1301.  
April 
October  
November  

1. B-load- building heating loads (kWh); 2. E-ground- Energy rejected in the ground during  the 
month (kWh);  3. Av-power- Average power rejection during the month (W) 

 
Table 6.13 shows the results from the calculations on the energy extracted 

from the soil and the required length of the GHX in order to fulfill the requirement 
for the heating load. For the economical assessment of the proposed system a num-
ber of computations were necessary. The heat pump price is calculated to be 6781 € 
and the system costs including earth moving, drilling, pipes, heated floor and the 
circulation pump were found to be 5443 € (11€/m for the drilling, 1.7 €/m for the 
pipes, etc). The costs for the annual maintenance of the system is assumed to be 150 
€ and the annual costs of function were calculated to be 498.8 €/year. A 35% initial 
investment subsidy will be considered for the payback time calculations. As concerns 
the electric energy reference system, the investment is found to be 1117 € (electric 
convectors 102€/kW, wires etc) and the exploit costs to 1069 €/year. From these 
data, the simple payback time was calculated and the corresponding value was found 
to be 12.79 years.  If using the geothermal heat pump instead of the electric energy 
an amount of 387 kg/year of CO2 are avoided.  

 

    Table 6.13 Results on the heat exchanger length 

Parameter Lyon 

q1 (heat extraction for 10 years) (W) 773.7 
q2 (heat extraction for 1 month) (W) 1921.9 
q3 (heat extraction for 6 hours) (W) 4400.5 
GHX length (m) 131.8 

 
To the geothermal system will add the six solar thermal system alternatives 

and the payback time on the investment (PTI) and CO2 reduction are recalculated. 
The PTI is calculated as the ratio between the total investment of the two systems 
combined (i.e. for the GHP combined with the STref the investment is 8453 €) and 
the fin

is known. The next systems added to the multi-criteria 
study are the pho or the PV array 
systems is that poly-Si modules are used where NOCT (Nominal Operating Cell 

ancial savings per year are calculated as the difference between the use costs 
of the electric reference energy system and the use costs of the multi-source system 
(e.g. GHP and STref). For this calculation, it is taken into account the maintenance 
costs for both of the systems and the circulation pump function costs.  The kilo-
grams of CO2 avoided are easier to calculate because the quantity of renewable en-
ergy from both systems 

tovoltaic (PV) array systems. The assumption f
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Temperature , the tempe ffici du y is 0.4%/oC 
and the PV module nominal power and efficiency at reference temperature depends 
on the manufacture. The slope angle is supposed to be 45o and the azimuth to the 
South to be 0. Table 6.14 resumes the reference case and the five supplementary 
scenarios of the PV system.  

 
able 6.14 r photovol lternative

Alternative Manufacture model 
surface (m2) 

ominal 
power (kWp)

ominal efficiency 
of module(%) 

) is 45oC rature coe ent for mo le efficienc

T  Sola taic a s 

Collector N N

STref Sharp NE-80EJE 6.34 0.8 12.6 
ST1 Sharp ND-L3EJE 9.91 1.23 12.4 
ST2 Photowatt PW1000-100W 10.81 1.20 11.1 
ST3 BPSolar BP 380H,S,U 13.01 1.59 12.3 
ST4 Shell IRS 75 MA 12.58 1.46 11.6 
ST5 Sharp NE-80EJE 10.15 1.28 12.6 

 
After the PV array technology the next system analyzed was the gas heating 

system used to replace the electric heating and DHW. If coupled with the solar sys-
tem the gas boiler assures the needed energy that is not satisfied by the solar energy. 
We will use as hypothesis a standard gas boiler with an annual average efficiency of 
87.9%.  As concerns the financial calculations a number of data were used when 
computing the payback time: the boiler price of 1903€, the heating accessories (ra-
diators, pipes, etc) costs of 2048 €, a yearly maintenance of 80 € and an installing 
cost of 960 €. The payback time on the investment is calculated compared to the 
electric reference system and a value of 6.04 years is obtained. A total of 1061 kgCO2 
per year could be avoided if using this type of heating system compared to the elec-
tric reference.  The last system to be studied was the wood heating system. It is 
supposed that automatic wood pellets boiler is used with an annual efficiency of 
85%, a boiler cost of 9246€, an investment subsidy of 20% and an installing cost of 
around 2560€. The heating pipes and radiators are supposed to have a price of 320 
€/kW installed. The final economic computation on the payback time gave a value 
of 9.62 years. The last step in the decisional process is the application of the Electre 
III algorithm to outrank these alternatives. 

 
6.5. Multi-criteria decision aid 

 
The c ortant task 

and for this application study it will be ex
hoice of the weights and thresholds of the criteria is an imp

emplified with two scenarios of weighting. 
The three criteria are: the first one represents the primary energy reduction in 
MWh/year, the second criteria is the payback time on the investment in number of 
years and finally the third criteria is the CO2 reduction in kg/year. The two scenar-
ios on the weighting suppose that first is assumed that the second criterion is the 
most important among the three criteria and secondly the criterion 3 is assumed to 
have the highest weight. 

On a scale of 100 (sum of all the weights), the weights for the three scenarios 
are distributed like is shown in Table 6.15. The performances of alternatives on the 
criteria are compared to an electric energy reference system. These performances are 
the efficiency of the actions on each of the criteria, their number in our case being of 
144. A performance matrix is computed from this data with 144 lines (alternatives) 
and 3 columns (criteria). 
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         Table 6.15 Criteria weight and thresholds  

Solution Criterion 1 Criterion 2 
 

Criterion 3 

Weight_Scenario1 25 50 25 
Weight_Scenario2 25 25 50 
Thresholds    
Preference 13.5 2.28 1771 
Indifference  6.78 1.14 885 
Veto 20.3 3.42 2656 

 
The steps to be followed in the multi-criteria decision algorithm are the calcu-

lation of the concordance index matrix (144 x 144) for each criterion, where the al-
ternatives are compared one by one and all the couplings are analyzed. Then the 
discordance index matrix is computed to measure the degree to which an action is 
worse than another. Based on the discordance matrix, the concordance index is slide 
down in function of the importance of this discordance. Using the credibility index 
(degree of c e assertion 
that “

redibility of an outranking) it is estimated the strength of th
a is at least as good as b”, where a and b are one of the alternatives. Finally in 

the outranking classification is to proceed to the downward and upward distillation. 
The two preorders are obtained by an iterative process where the actions are elimi-
nated one by one.  The decision process follows the iterative algorithm described in 
chapter 4. The final ranking of the alternatives is presented in Figure 6.5 and Figure 
6.6. 
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Figure 6.5 Outranking of the alternatives (weighting scenario 1) 

 
The 144 alternatives are divided in four parts corresponding to the type of 

heating system. For the first scenario (see Figure 6.5) the first position in the rank-
ing is occupied by the alternatives A76 (Wood+STref+SP3), A88 
(Wood+ST2+SP3), A94 (Wood+ST3+SP3) and A106 (Wood ST5+SPref). The first 
four positions are occupied by the wood fifth 
posit mal 
heat pump sy  system. The 
solutio

heating system solutions but on the
ion the al ernatives A46 and A16 are found. A46 corresponds to a geother

 
t
stem combined with ST1 and SP3 for the photovoltaic

n A16 represents a gas heating system coupled with ST2 and SP3. If we de-
cide to keep the reference electric energy as a heating technology then the solutions 
A109, A121, A127, A133 and A139 are recommended.  The conclusion from the 
multi-criteria decision analysis is that from the entire 144 alternatives the optimal 

146                                              PhD. Thesis – Tiberiu CATALINA  

 



 
Chapter 6. Application on a case study

 

choice based on the weights and thresholds that were introduced are the alternatives 
A76, A88, A94 or A106. In most of the cases the solution SP3 (BPSolar BP 380 
H,S,U) was recommended. 
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Figure 6.6 Outranking of the alternatives (weighting scenario 2) 

 

For the second scenario the analysis shows that some of the alternatives 
changed their ranking, like for example solution A46 which was classified on the 6th 
position in the first scenario, now it is positioned on the 2nd place. Nevertheless, the 
solutions A76, A88, A94 or A106 still remains on the first place, but other alterna-
tives have joined this position. From the electrical system solutions the A121 is de-
tached and is ranked on the 12th place. It was concluded in chapter 4 that the rank-
ing values of the alternatives using the multi-criteria decision-aid algorithm is sensi-
tive to the changes of the inputs paramete
th -
nario 1 will be further realized. First it is considered a range of ±15% on the weight-

a maximum value for the criteria 2 of 57.5 and a mini-
s the outranking of the alternatives for three scenarios 

where the weighting value of the criteria 2 passes from a minimum to a maximum. 

rs (weighting values and thresholds)
e decision model. To analyze this side a sensitivity analysis for the weighting sce

 on 

ing value thus it is obtained 
mum of 42.5. Figure 6.7 show
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Figure 6.7 Final ranking of the alternatives when criteria weights corresponds to 

 three scenarios of values (min=42.5, mean=50, max=57.5) 
 

It can be observed that the alternative A76, A88 and A94 continues to rank in 
the first position while action A46 is oscillating between the fourth, fifth and sixth 
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position, the same like A16 between fifth and sixth rank. It is concluded that the 
ranking of the alternatives is sensitive to the weighting values but in most of the 
cases the alternatives keep their places.   

urther on, we tested the sensitivity of the outranking to a change in the 
thresholds of the criteria 2 which is considered to have the highest weight. It is as-
sumed a range of ±20% to the actual values defined. Figure 6.8 illustrates the sensi-
tivity of the alternatives outranking when the criterion 2 thresholds values were 
changed. It can be observed that the ranking pattern was changed, however the 
solution A88, A96 and A106 still remains on the first position but most of the other 
alternatives have oscillating ± 1 rank or even more. Solution A16 was found to be 
severely affected by the changes in the threshold values its ranking passing from 
second position to fifth position. It is concluded that for this application the ranking 
is more sensitive to thresholds than the weighting.  
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Figure 6.8 Sensitivity of the final ranking of the alternatives on a change in criteria 2 
thresholds 

6.6. Conclusions 
 

he Mozart project was a good support to exemplify the use of the method-
ologies and algorithms developed in the thesis. The regression energy equations de-
scribed in the second chapter were a good way to estimate the building heating de-
mands. The prediction models results have been examined for several weather files 
(La Rochelle, Lyon, Nice)  and were found to be accurate and in agreement with 
TRNSYS simulation. If initially the energy models were created for single–zone 
buildings it is demonstrated that the building energy demand could be forecast even 
for more complex situations, when the construction is adjacent to non-heated spaces, 
garages or roof attics, like the case of the Mozart dwelling. It is also shown the prac-
tical use of the regression models developed for the internal heat gains by estimating 
the utilization factor and small errors being noticed between the models results and 
the dynamic simulations. 

fter estimating the Mozart energy demands the next step was the modeling 
of different technologies like solar thermal, photovoltaic or geothermal energies. A 
high number of possible solutions were computed and the ELECTRE III algorithm 
turned out to be an appropriate approach for these kinds of situations, suggesting 
the alternative with the better balance on the criteria. The multi-criteria decision aid 
analysis indicated that the 144 solutions can be ranked and a recommendation to the 

 

T

A
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decision-maker was given. Clearly other applications with different inputs and analy-
sis rest to be discovered and the premises for an interesting research field are de-
tached. 
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 to the modeling and economical analysis of fossil/renewable 
energy

ind out the influence of certain ele-
ments on the energy consumption. The developed energy equations were structured 
in five

 

 
 
 
 
 
 
 
 
 
 
 
 
 

Chapter 7 

Conclusions and future work 
 
 

The main goal of the thesis was an extended analysis of multi-energy systems 
in buildings and the decision on the most appropriate alternative that could respond 
to the expectations in terms of energy, economical and environmental criteria.  The 
thesis was divided in four parts: first part was dedicated to the building energy de-
mands; the second one

 systems, the third part described the multi-criteria decision aid algorithm 
based on the data from the previous two parts and finally the fourth part reviewed a 
complete case study applying the methodology proposed.  

  
In the first part we analyzed the energy consumptions of residential buildings 

in terms of heating demand, domestic hot water demand and electrical demand. In 
this part they were presented the developed regression models obtained from a data-
base of simulations with the objective to evaluate the heating demand of residential 
buildings. It can be concluded that the proposed prediction models showed promising 
features to be easy and efficient forecast tools for comparing heating demand of resi-
dential buildings.  The goals of these models are quick parametric studies in the 
design stage of a building project in order to f

 inputs (building shape factor, building envelope mean insulation value, ratio 
of glazing surface to the occupied floor, building time constant and climate coeffi-
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cient) and one output (yearly or monthly heating demand).  The analyses pointed 
out that there is a strong relationship between the inputs and some of them (i.e. 
building shape factor, envelope insulation) have a strong influence on the building 
energy consumption and major reduction can be achieved.  The models were ob-
tained using a multiple regression of second order polynomial functions and the final 
results showed that the curve fitting is accurate. The interdependency of the inputs 
was shown and the correlated impact on the heating demand was illustrated for 
different cases. 

  
The climate coefficient that was introduced in the models as an input has 

been proved to be an efficient way to characterize the outdoor conditions for differ-
ent climates by covering the two essential outdoor parameters, solar radiation and 
external temperature. The validation of the models was an important step and more 
than 270 validation scenarios were compared with the TRNSYS software simula-
tions. The results were in good agreement in most of the cases and the errors were 
found to be in the range -7% to +7%. Although our investigation of the regression 
model

two regression models (for radiative and convective heat 
gains) ere obtained with the aim to estimate the utilization factor of internal gains. 
The n

 the second part of the manuscript a number of renewable energy systems 
were s

ances for each energy technology (solar thermal energy, photo-
voltaic energy, etc.) that are needed later on in the multi-criteria decision analysis. A 
numb

lly, energetically, and environmentally) could be a 

s sensitivity to different data change showed that the results are accurate, the 
inputs should not be extended outside of the valid range proposed for each of the 
parameter. The methodology that we have proposed could be the start point of other 
models for summer period, for colder climates or for the commercial or multi-family 
buildings. A series of tests demonstrated that the building energy demand could be 
forecast even for more complex situations, when the construction is adjacent to non-
heated spaces, basements or roof attics.  

 
The influence of the heat gains on the energy consumption was studied in this 

first part of the thesis and 
w
eed of such development came from the inconvenient that was found on the 

actual European norm EN832 which do no account the radiative/convective part of 
the heat gains with a tendency to over evaluate these utilization factors. A compari-
son with this norm showed that the radiative internal loads are better considered 
using the proposed regression models and the utilization factor obtained is more 
accurate with closer values with those obtained from the dynamic simulations.  
These results were obtained on the basis of TRNSYS modeling of the radiative and 
convective exchanges. 

 
In
tudied from modeling techniques through economical and ecological points of 

view. At this level it took place the sizing of the system along with the ecologi-
cal/financial study of the different sources. Based on literature review we have ap-
plied mathematical models in order to obtain the main characteristics of renew-
able/fossil energy systems and to analyze different case projects. In this part were 
obtained the perform

er of assumptions on the economic costs of systems were done based on differ-
ent references or research on the actual market. Furthermore, at this level we have 
developed cost functions and ecologic analysis.  

 
 
The choice of a solution that is the most suited for a certain project based on 

a number of criterias (economica
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difficu
n the process. To answer to this decision problem in the third part of the 

thesis a m
process in ma
MCDA for as
ing the soluti ria supposed by the 
decision-m  of the deci-
sional pro

 
The des I turned out to 

be an app
ommending t
methodology s
as it allows co  analyzed (in our 
case 144 s

The use of this method improves the quality of the decision by making it more 
explicit, rational and efficient. The main inconvenient of the ELECTRE III method 
which is fuzziness in the criteria weighting and thresholds values was solved by per-
forming a sensitivity analysis and visualization of the outcome impacts. In conclu-
sion, using multi-criteria decision aid could be a key component for improving the 
development of renewable energy systems and especially to facilitate the choice of a 
technology. The MCDA algorithm was based on iterative processing so the need of 
an informatic tool was mandatory. Furthermore, to obtain the performance matrix 
of all the system couples is a task of a high level of complexity and the need of a 
support tool was needed.   

 
The ECO-Sol decision support tool has been created to support in the assess-

ment of renewable energy systems by focusing from the modeling of the systems to 
their economical/ecological aspects and finishing with the iterative algorithm of 
multi-criteria decision support methodology. ECO-Sol has been designed to help the 
process of finding the balance between the available demands and supplies, but also 
to be a support in the decisional process of multi-source systems. In ECO-Sol tool, 
the developed functions costs or other data input parameters can easily be changed 
according to the economic fluctuations along time, precise data from the manufac-
turers or the concerned country.  

 
A variety of different supply mixes has been highlighted, and the final solution 

was obtained throw the decision-aid method. With a friendly interface, this support 
tool is best suited for engineers, private power developers, energy consultants, energy 
managers, architects or researchers in their early stages when they try to find by 
using parametric studies a solution that is a compromise between economic and en-
ergetically aspects. 

 
The last part of the thesis was an application of the proposed methodologies 

for a study case called Maison MOZART project. Firstly it was proved the accu-
rateness of the prediction models on the heating demand and then different fos-
sil/renewable energy systems were modeled and an economical analysis was con-
ducted. The ELECTRE III algorithm was applied for this project scenario and the 
alternatives were ranked. Furthermore, the ECO-Sol support tool was found to be an 
efficient tool for all this analysis. 

lt or even an impossible task due to the high number of alternatives and un-
certainties i

ulti-criteria decision-aid (MCDA) algorithm was used to assist decision 
king appropriate decision by ranking the alternatives. The use of 

sessing the multi-source systems showed encouraging results, by rank-
ons based on the thresholds and weights of crite

aker. There were obtained interesting insights and better view
cess was allowed.  

cribed algorithm in the third part called ELECTRE II
ropriate approach for these kinds of situations, by pointing out and rec-

he alternative with better concession on the criteria. The proposed 
hould improve the integration and the choice of multi source systems 
nsideration for a large number of alternatives to be

olutions).  
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As concerns the perspectives from this research work these can be summarized 
follows: 

1. An interesting perspective would be the development of models for the 
summer season but also a more detailed research study on the build-
ing shape optimization in terms of daylighting potential and energy 
reduction can be seen as a good research project. 

2. The implementation of other renewable energy systems.  
3. A further research would be to apply this approach with a larger 

number of criteria like the difficulty to be implemented (qualitative 
criterion), mean life time (quantitative criterion), etc.  

4. A more informed aid of the tool developed, like libraries of shape fac-
tors, U values of the buildings, helping the designers in the first stages 
of the conception. This work could be developed by informatics engi-
neers in the perspective of a commercial software.   

5. The comparison with other approaches, like the energy hub technique. 
 

as 
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Appendix A 
 
RT2005 Models (Glazing distribution: 40% South, 20% North, 20% East, 
20% est) - on coeffic n  fit statist

Reg. coeff. Jan. Mar. Annual 

 W regressi ients a d data ic 
 

Feb. Apr. Oct. Nov. Dec. 
β0 2.351 3.334 4.665 3.723 2.368 2.689 1.913 34.480 

β1 -7.842 -7.712 -8.300 -6.716 -4.613 -5.432 

13.292 12.753 9.838 

-3.8E-03 3.7E-04  

β4 -4.978 -7.204 -44.748 

0.268 0.252 2.140 

β6 -7.420 -5.831 -5.949 

β7 1.4E-03 -5.7E-04 -1.3E-03 -1.8E-03 -7.9E-04 -5.3E-04 -1E-04 -1.4E-04 

38 -0.023 -1.161 

β10 -0.010 -0.003 -0.002 -0.002 -0.005 -0.005 -0.004 -0.086 

-2.747 0.413 

 -1.7E-02   -4.8E-02 

1.2E-04   2.0E-04 

β15 0.184 1.932 

3.871 2.787 3.423 

-1.406 

2.0E-05 

-4.775 

-6.8E-03      -7.3E-03 

0.998 0.9952 0.9981 

Min residual 
Max. residual 

-6.846 -58.877 

β2 15.288 7.947 11.069 14.056 116.423 

β3 6.2E-04 -9.5E-04 -5.3E-03 -6.1E-03 -1.9E-03 -2.7E-02

-9.842 -6.575 -6.867 -4.285 -9.151 

β5 0.389 0.137 0.218 0.171 0.388 

-8.070 -7.441 -4.505 -7.47 -58.234 

β8 -0.742 0.168 1.668 2.858 3.053 -0.112 -0.965 24.303 

β9 -0.023 -0.034 -0.066 -0.088 -0.150 -0.0

β11 1.205 -0.804 -3.133 -3.931 1.500 -21.679 

β12 0.341 0.313 0.354 0.320 0.377 0.341 0.352 3.589 

β13 3.3E-03 -2E-03 -1.1E-02 -1.5E-02 -4.9E-03 7.6E-04 

β14 -2.8E-05 3.4E-04 3.8E-04 4.3E-04 6.5E-05 -2.6E-04 

0.745 0.510 0.551 0.059 0.677 0.763 

β16 3.847 4.223 3.437 2.462 30.113 

β17 -0.689 -0.062 0.293 -0.020 -0.877 -1.392 -3.754 

β18 8.2E-08 6.6E-06 3.6E-05 3.7E-05 1.0E-05 6.9E-07 2.7E-04 

β19 -12.615 -12.488 -13.045 -9.405 -10.529 -11.463 -63.026 

β20 -3.6E-03 5.1E-03 2.4E-04 1.0E-02 1.5E-03 0.117 

R2 0.9984 0.9986 0.9952 0.9983 0.9952 

-0.785 -0.658 -0.645 -0.691 -0.577 -0.627 -0.732 -6.320 

0.566 0.443 0.827 0.807 0.824 0.633 0.535 7.718 
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RT2000 Models (Glazing u 5% h So 5% , 
25% est) - sio ffic an a f st

Reg. coeff.  

distrib tion: 2  Nort , 25% uth, 2  East
 W regres n coe ients d dat it stati ic 

 

Jan. Feb. Mar. Apr. Oct. Nov. Dec. Annual
β0 2.859 3.575 4.714 3.737 2.503 2.744 2.351 35.033 
β1 -7.903 -7.778 -8.390 -6.753 -4.760 -5.480 -6.867 -59.493 
β2 15.556 13.543 12.959 9.852 8.023 11.313 14.310 116.922 

-5.E-03 
-39.263 

β5 0.316 0.226 0.130 0.215 0.237 0.162 0.317 2.050 
β6 -8.051 -7.399 -7.412 -5.812 -4.479 -5.930 -7.458 -57.925 

30 -0.018 -1.103 
β10 -0.010 -0.003 -0.002 -0.002 -0.005 -0.005 -0.004 -0.087 
β11 1.688 -0.229 -2.506 -3.611 -2.167 0.952 1.937 -17.906 

12 0.334 0.307 0.345 0.318 0.367 0.333 0.346 3.548 
5.E-03 8.E-04 -6.E-03 -1.E-02 -1.E-02 -1.E-03 3.E-03 -2.E-02 

14 -7.E-05 6.E-05 2.E-04 3.E-04 4.E-04 1.E-04 1.E-05 -
0.668 0.495 0.550 0.217 0.163 0.626 0.683 1.786 
3.838 3.860 4.223 3.444 2.494 2.764 3.394 30.229 
-1.544 -0.827 -0.172 0.276 -0.079 -1.005 -1.519 -4.260 
-3.E-06 2.E-06 1.E-05 3.E-05 3.E-05 4.E-06 -2.E-06 2
-11.793 -12.346 - -10.540 -6 -10.129 -10.757 -66.967 
-4.E-03 -2.E-03 5.E-03 1.E-04 9.E-03 2.E-03 -5.E-03 0.123 

2 0 0 0 0 0 0 0.9986 0.9957 
Min residual -0.758 -0.618 -0.618 -0.629 -0.525 -0.599 -0.689 -6.013 
Max. residual 0.531 0.416 0.690 0.762 0.765 0.486 0.499 7.147 

β3 2.E-03 4.E-04 -2.E-03 -4.E-03 -2.E-04 1.E-03 -2.E-02 
β4 -8.371 -5.822 -6.115 -4.607 -3.747 -6.211 -7.736 

β7 2.E-03 -3.E-04 -1.E-03 -2.E-03 -7.E-04 -3.E-04 3.E-05 2.E-03 
β8 -0.992 -0.200 1.130 2.430 2.348 -0.470 -1.180 20.408 
β9 -0.018 -0.027 -0.055 -0.083 -0.129 -0.0

β
β13

β 6.E-04 
β15

β16

β17

β18 .E-04 
β19 13.718 .164 
β20

R .9987 .9988 .9984 .9966 .9964 .9984

 
SO H Mo d ti , o %
10% est) -re n cie d it ic

Reg. coeff. J F M A Oct. N D A

UT dels (Glazing istribu on: 60% South 20% N rth, 10  East, 
 W gressio  coeffi nts an  data f  statist  

 

an. eb. ar. pr. ov. ec. nnual 
β0 1.836 3.077 4.525 3.627 2.160 2.612 1.462 33.946 
β1 -7.694 -7.559 -8.116 -6.620 -4.359 -5.258 -6.707 -58.134 

14.878 12.976 1 9 7.849 1 1 115.521 
-1.E-03 -3.E-03 - -6.E-03 -7.E-03 -4.E-03 -1.E-03 -4.E-02 
-1 - - -4 -4 - -1 -
0.467 0.308 0.146 0.215 0.265 0.179 0.463 2.224 
-8.040 -7.414 -7.449 -5.834 -4.499 -5.931 -7.438 -58.250 

β7 1.E-03 -1.E-03 -2.E-03 -2.E-03 -9.E-04 -1.E-03 -7.E-04 -3.E-03 
β8 0.388 1.144 2.398 2.925 3.733 0.865 0.128 29.069 
β9 -0.030 -0.040 -0.075 -0.086 -0.168 -0.047 -0.029 -1.206 
β10 -0.009 -0.002 -0.001 -0.002 -0.006 -0.004 -0.003 -0.085 
β11 0.562 -1.508 -3.777 -4.042 -3.309 -0.278 0.890 -25.002 
β12 0.349 0.321 0.363 0.318 0.387 0.351 0.361 3.638 

β2 2.561 .902 0.738 3.663 
β3 6.E-03
β4 1.771 7.335 7.081 .521 .421 8.373 1.036 47.857 
β5

β6
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β13 1.E-03 -6.E-03 -2.E-02 -2.E-02 -2.E-02 -1.E-02 -2.E-03 -8.E-02 
β 5.E-05 2.E-04 5.E-04 4.E-04 4.E-04 3.E-04 2.E-04 2.E-04 
β15 0.811 0.510 0.534 0.156 -0.057 0.713 0.834 2.033 
β16 3.759 3.797 4.161 3.401 2.362 2.707 3.334 29.707 
β17 -1.233 -0.538 0.029 0.261 0.033 -0.729 -1.228 -3.192 
β18 5.E-06 1.E-05 3.E-05 4.E-05 5.E-05 2.E-05 6.E-06 3.E-04 
β19 -14.259 -13.645 -13.664 -9.583 -4.404 -11.583 -13.124 -70.379 
β20 -9.E-03 -5.E-03 5.E-03 2.E-04 1.E-02 1.E-03 -1.E-02 1.E-01 
R2 0.9981 0.9983 0.9974 0.9953 0.9935 0.9975 0.9979 0.9948

Min residual -0.840 -0.700 -0.685 -0.741 -0.635 -0.655 -0.795 -6.744 
Max. residual 0.663 0.601 0.979 0.854 0.874 0.814 0.698 8.425 

14

 
 

NORTH Models (Glazing distribution: 40% North, 20% South, 20% East, 
20% West) -regression coefficients and data fit statistic 

 

Reg. coeff. Jan. Feb. Mar. Apr. Oct. Nov. Dec. Annual 
β0 8.041 6.419 4.872 1.867 2.031 5.407 7.452 43.334 
β1 -7.673 -7.584 -8.204 -6.567 -4.639 -5.349 -6.697 -57.200 
β2 16.361 14.247 13.620 10.283 8.364 11.952 15.066 121.534 
β3 2.E-03 7.E-04 -2.E-03 -5.E-03 -6.E-03 1.E-05 2.E-03 -3.E-02 
β4 -76.227 -45.080 -13.786 14.607 0.043 -44.490 -74.610 -170.486 
β5 56 2.469 
β6 -8.017 -7.364 -7.374 .793 -4.476 -5.904 -7.428 -58.019 
β7 2.E-03 -3.E-04 -9.E-04 -2.E-03 -8.E-04 -2.E-04 8.E-06 1.E-03 
β8 -1.988 -1.229 -0.279 0.729 0.740 -1.395 -2.095 3.789 
β9 -0.016 -0.023 -0.048 -0.075 -0.114 -0.026 -0.016 -1.059 
β10 -0.010 -0.004 -0.002 -0.002 -0.004 -0.005 -0.004 -0.083 
β11 -2.609 -3.564 -5.078 -5.081 -3.316 -2.080 -2.126 -37.205 
β12 0.331 0.303 0.338 0.313 0.360 0.329 0.342 3.514 
β13 9.E-03 5.E-03 1.E-03 -3.E-03 -2.E-03 4.E-03 7.E-03 4.E-02 
β14 -9.E-05 3.E-05 2.E-04 3.E-04 4.E-04 6.E-05 -1.E-05 -7.E-04 
β15 0.154 0.094 0.099 -0.043 -0.084 0.140 0.157 -0.916 
β16 3.787 3.815 4.190 3.444 2.520 2.745 3.368 30.333 
β17  -4.709 
β18 -5.E-06 -9.E-07 9.E-06 3.E-05 3.E-05 1.E-06 -4.E-06 2.E-04 
β19 211.841 122.556 28.992 -52.212 -7.094 120.922 208.470 423.960 
β20 -3.E-03 -6.E-04 5.E-03 -2.E-05 7.E-03 2.E-03 -3.E-03 1.E-01 
R2 0.9973 0.9975 0.9974 0.9961 0.9957 0.9969 0.9971 0.9948 

Min residual -0.890 -0.674 -0.611 -0.538 -0.527 -0.719 -0.856 -6.925 
Max. residual 0.723 0.579 0.611 0.735 0.744 0.534 0.692 7.306 

0.347 0.256 0.197 0.256 0.278 0.233 0.3
-5

-1.564 -0.877 -0.253 0.209 -0.127 -1.045 -1.534
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RT2005 Model - goodness of fit 
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Figure A.1 Goodness of fit for the January and February models 
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Figure A.2 Goodness of fit for the March and April models 
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Figure A.3 Goodness of fit for the October and November models 
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Figure A.4 Goodness of fit for the December and Annual models 
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SOUTH Models - goodness of fit 
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Figure A.5 Goodness of fit for the January and February models 
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Figure A.6 Goodness of fit for the March and April models 
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Figure A.7 Goodness of fit for the October and November models 
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Figure A.8 Goodness of fit for the December and Annual models 
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NORTH Models - goodness of fit 
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Figure A.9 Goodness of fit for the January and February models 
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Figure A.10 Goodness of fit for the March and April models 
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Figure A.11 Goodness of fit for the October and November models 
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Figure A.12 Goodness of fit for the December and Annual models 
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RT2000 Models - goodness of fit 
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RT2005 Model – relative error distribution (number of cases) 

Error Jan. Feb. Mar. Apr. Oct. Nov. Dec. Annual 
 

(<-5) 51 39 141 349 446 78 36 319 
(-5:-4) 48 43 69 102 104 74 46 123 

 124   
171 

(0:1) 
233 

195 200 
99 89 

(-4:-3) 102 115 127 140 126 131 174 
(-3:-2) 193 204 194 171 201 218 197 
(-2:-1) 300 348 310 210 184 343 319 225 
(-1:0) 542 490 436 290 199 464 520 241 

596 578 470 297 260 452 517 283 
(1:2) 417 433 344 245 247 414 425 
(2:3) 185 220 205 203 217 184 
(3:4) 87 67 155 141 109 173 
(4:5) 25 34 73 133 104 47 34 151 
(>5) 46 46 112 308 387 84 40 289 

 
SOUTH Models– relative error distribution (number of cases) 

Oct. Nov. Dec. Annual
 

Error Jan. Feb. Mar. Apr. 
(<-5) 92 74 202 396 552 144 79 358 
(-5:-4) 47 7  6 2 89 70 13

113 6  5 110 11 138 153 
190 1 0 57 217 217 188 

1) 303 6 273 14 32 318 207 
484 3  390 446 234 
526 0  419 4 257 
411 6 8 361 3 219 

) 208 4  4 226 2 194 
 103   105 1 185 

40   28 29 71 52 130 
75   4 47 12 69 336 

6 83 9 1 6  1 
(-4:-3)  13  122 12 7 
(-3:-2)  18  19 1  139 
(-2:-  33 2  165 4 
(-1:0)  47  400 244 168 
(0:1)  49  431 282 225 66 
(1:2)  40  29 229 186 89 
(2:3  21  205 21  166 36 
(3:4)  98 142 153 142 12 
(4:5) 45 84 1  1  
(>5) 72 162 35 2 9 

 
NORTH Models– ti ro tr on m of )

 

 Error Jan b r Nov. Dec. A

 rela ve er r dis ibuti  (nu ber cases  

. Fe . Ma . Apr. Oct. nnual
(<-5) 86   1 95 12 79 331 76 154 33  3  8 
(-5:-4) 87   95 92 127 
(-4:-3) 127 174 199 149 134 174 153 175 
(-3:-2) 279 284 220 170 178 287 287 214 
(-2:-1) 363 301 303 256 209 313 352 226 
(-1:0) 379 386 334 267 236 333 359 227 
(0:1) 431 430 397 245 230 346 413 238 
(1:2) 382 414 357 286 252 370 387 254 
(2:3) 215 229 234 238 243 255 221 213 
(3:4) 82 71 123 159 159 114 86 142 
(4:5) 39 34 48 112 108 47 42 137 
(>5) 122 112 142 261 326 130 121 308 

81 81 118 122 
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RT2000 Models– relative error distribution (number of cases) 

 

 Error Feb. pr. nnual Jan. Mar. A  Oct. Nov. Dec. A
(<-5) 22 293 47 49 14 279 19 83 3
(-5:-4) 18 114 87 43 31 122

:-3) 106 123  118 115 192
:-2) 201 179  203 209 202 
:-1) 304 354 240 37 343 336 231

(-1:0) 592 547 282 48 517 553 279
1) 624 341  516 580 260
2) 435 257  442 445 258
)  175 217  195 201 196
) 54 176 149 73 66 168
) 24 104  37 16 152
) 32 266 84 56 26 253

30 67  
(-4 103 121 127  
(-3 200 183 192
(-2 327 2  

519 2  
(0: 635 491 301  
(1: 419 371 302  
(2:3
(3:4

183
58 

206 208  
91  

(4:5 23 59 109  
(>5 26 74 2  

 
 

Climate coefficient data values 
 

te Jan. Feb Oct. Nov. Dec. Annual Clima . Mar. Apr. 
Besancon 16.53 14. 6.02 12.34 16.01 5.24 10.05 6.42 55 
Bordeaux 11.83 9.62 6.78 4.27 2.23 8.23 11.39 2.

 13.53 12. 5.26 10.33 12.86 5.
bery 16.95 13. 5.41 12.10 15.94 5.
ble 16.24 13. 4.84 11.79 15.41 4.
chelle 11.74 9.51 5.82 4 1.78 7.47 10.71 2.

15.11 13. 0.10 7 5.93 11.58 14.25 5.
 15.47 12. 4.03 10.99 14.69 3.
ille 10.51 8.32 4.60 1 .45 6.22 9.58 -0

y 16.98 14. 0.94 7 6.90 12.88 15.96 6.
Nantes 12.71 11.08 7.95 5.45 3.73 9.32 11.99 3.66 

8.18 5.63 4.73 10.02 12.28 4.24 

47 
Caen 51 9.49 7.43 48 
Cham 86 9.57 6.05 07 
Greno 74 9.33 6.21 81 
La Ro .30 05 
Lille 91 1 .64 88 
Lyon 60 8.54 5.20 97 
Marse .48 -0 .39 
Nanc 97 1 .18 28 

Nice 8.43 6.96 4.04 1.70 -1.17 4.61 7.75 -0.67 
Paris 14.73 13.13 9.77 6.65 5.40 11.21 14.07 5.28 
Rennes 13.13 11.38
Strasbourg 17.35 15.05 10.59 6.90 6.84 12.99 16.39 5.95 
Toulouse 12.33 9.70 6.64 4.02 1.72 8.31 11.70 2.11 
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Validat

Case/Input Shape factor U-va
(W/

Building time 
constant (h) 

tion 
ing (%) 

Climate 

ion cases 
 

(m) 
lue 
m2K) 

Ra
glaz

Case1 0.795 1.18 7.68 Lyon 17 
Case2 0.795 0.54 14.34 Lyon 

0.30 20.19 Lyon 
1.14 20.05 Lyon 
0.545 38.5  Lyon 
0.298 55.6 Lyon 
1.17 58.23 Lyon 
0.545 110.09 17 Lyon 
0.307 153.55 Lyon 
1.207 8.6 Lyon 
0.566 16.91 Lyon 
0.314 25.6 Lyon 
1.166 22.09 Lyon 
0.56 44.13 Lyon 
0.309 68.84 Lyon 
1.206 63.53 Lyon 
0.57 126.1 Lyon 
0.31 184.2 Lyon 
1.27 7.86 Lyon 
0.59 15.53 Lyon 
0.32 24.14 Lyon 
1.24 20.9 Lyon 
0.59 42.27 Lyon 
0.32 65.54 Lyon 
1.27 59.5 Lyon 
0.596 119.06 Lyon 
0.33 178.2 Lyon 

17 
Case3 0.795 17 
Case4 0.795 17 
Case5 0.795 17
Case6 0.795 17 
Case7 0.795 17 
Case8 0.795 
Case9 0.795 17 
Case10 1.0 17 
Case11 1.0 17 
Case12 1.0 
Case13 1.0 

17 
17 

Case14 1.0  17 
Case15 1.0 17 
Case16 1.0 17 
Case17 1.0  17 
Case18 1.0 17 
Case19 1.1  17 
Case20 1.1 17 
Case21 1.1 17 
Case22 1.1  17 
Case23 1.1 17 
Case24 1.1 17 
Case25 1.1  17 
Case26 1.1 17 
Case27 1.1 17 

 
 
differe

The 27 cases were multiplied by 10 because the validation was done for 10 
nt climat is order: Lyon s, Limoges, Nice, Strasbourg, Lille, Paris, 
, Marseil La Rochelle. 

ation c  compariso  the dynam mulation

Model (kWh/year) Simulation (kWh/year)Differe kWh)Relative error (%) 

es in th , Nime
Rouen le and 
 
 

Valid ases - n with ic si s 
 

  nce (
Case1 15301.9 15476.0 -174.1 -1.12 
Case2 8278.8 7963.4 315.4 3.96 
Case3 5462.5 5419.8 42.7 0.79 
Case4 14780.3 15032.0 -251.7 -1.67 
Case5 8175.7 7899.0 276.7 3.50 
Case6 5296.2 5297.3 -1.1 -0.02 
Case7 14812.8 15223.0 -410.2 -2.69 
Case8 7972.0 7799.2 172.8 2.22 
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  Model (kWh/year)Simulation (kWh/year)Difference (kWh) Relative error (%)
Case9 5357.1 5353.2 3.9 0.07 
Case10 19036.3 18365.0 671.3 3.66 
Case11 10477.9 9741.8 736.1 7.56 
Case12 6878.7 6784.0 94.7 1.40 
Case13 18355.6 17806.0 549.6 3.09 
Case14 10331.4 9656.5 674.9 6.99 
Case15 6624.7 6616.2 8.5 0.13 
Case16 18412.7 18104.0 308.7 

9521.9 

9.04 
254.0 

Case22 26778.1 3.98 
Case23 15031.6 13866.5 

124.9 
26629.0 

130.0 
6167.1 

Case39 4456.4 4333.6 
13969.8 

13875.9 

1.71 
Case17 10032.0 510.1 5.36 
Case18 6808.7 6667.6 141.1 2.12 
Case19 27669.8 26472.0 1197.8 4.52 
Case20 15305.1 14035.8 1269.3 
Case21 10062.4 9808.4 2.59 

25752.0 1026.1 
1165.1 8.40 

Case24 9694.0 9569.1 1.31 
Case25 26021.0 608.0 2.34 
Case26 14530.1 13672.3 857.8 6.27 
Case27 9831.6 9617.3 214.3 2.23 
Case28 12167.4 12037.4 1.08 
Case29 5543.4 623.7 11.25 
Case30 3735.0 3585.8 149.2 4.16 
Case31 11698.7 11645.2 53.5 0.46 
Case32 6038.7 5498.0 540.7 9.83 
Case33 3542.1 3420.7 121.4 3.55 
Case34 11645.2 11649.1 -3.9 -0.03 
Case35 5764.9 5219.2 545.7 10.46 
Case36 3492.6 3424.2 68.4 2.00 
Case37 14574.6 13848.9 725.7 5.24 
Case38 7486.2 6987.0 499.2 7.14 

122.8 2.83 
Case40 13310.5 659.3 4.95 
Case41 7294.7 6296.9 997.8 15.85 
Case42 4154.3 4101.5 52.8 1.29 
Case43 13367.2 508.7 3.81 
Case44 6878.5 6392.0 486.5 7.61 
Case45 4149.6 4085.1 64.4 1.58 
Case46 20788.5 20044.0 744.5 3.71 
Case47 10779.1 9465.2 1313.9 13.88 
Case48 6445.2 6277.3 167.9 2.67 
Case49 20000.8 19312.0 688.8 3.57 
Case50 10446.1 10105.0 341.1 3.38 
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  Model (kWh/year) Simulation (kWh/year)Difference (kWh)Relative error (%) 
Case51 6006.6 5925.5 81.1 1.37 
Case52 19663.6 19274.0 389.6 2.02 
Case53 9783.7 8741.5 1042.2 

-1.5 

5440.8 

8151.6 

-1.92 

2.58 

4.79 
4.28 

10289.9 952.0 

Case70 18360.3 17880.0 
9996.5 545.5 

Case72 6782.7 6457.7 
26066.0 -1.25 

Case74 14218.0 13566.0 
-99.6 

24909.2 
13399.3 566.2 4.23 

Case78 8993.6 9204.4 
24773.2 25693.0 -3.58 

13255.9 

Case82 10666.5 10470.2 196.3 

10046.4 89.3 
Case89 4701.7 4185.7 

11.92 
Case54 5879.7 5881.2 -0.02 
Case55 15267.7 15290.0 -22.3 -0.15 
Case56 8253.6 7737.4 516.2 6.67 
Case57 5239.3 201.5 3.85 
Case58 14747.2 14862.0 -114.8 -0.77 
Case59 7681.8 469.8 6.12 
Case60 5276.3 5127.2 149.1 2.91 
Case61 14781.2 15070.0 -288.8 
Case62 7951.6 7607.7 343.9 4.52 
Case63 5342.2 5207.6 134.6 
Case64 18979.8 18087.0 892.8 4.94 
Case65 10434.5 9859.0 575.5 5.84 
Case66 6840.8 6528.3 312.5 
Case67 18300.9 17549.0 751.9 
Case68 9337.9 10.20 
Case69 6590.1 6368.8 221.3 3.47 

480.3 2.69 
Case71 9451.0 5.77 

325.0 5.03 
Case73 25739.1 -326.9 

652.0 4.81 
Case75 9333.1 9432.7 -1.06 
Case76 25377.0 -467.8 -1.84 
Case77 13965.5 

-210.8 -2.29 
Case79 -919.8 
Case80 13505.3 249.4 1.88 
Case81 9133.3 9302.1 -168.8 -1.81 

1.88 
Case83 5135.2 4895.0 240.2 4.91 
Case84 2879.7 2819.7 60.0 2.13 
Case85 10223.6 10131.7 91.9 0.91 
Case86 4998.3 4704.0 294.3 6.26 
Case87 2679.1 2668.4 10.7 0.40 
Case88 10135.7 0.89 

516.0 12.33 
Case90 2591.7 2668.3 -76.6 -2.87 
Case91 12431.5 11779.8 651.7 5.53 
Case92 6017.3 5191.3 826.0 15.91 
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  Model (kWh/year)Simulation (kWh/year)Difference (kWh) Relative error (%)
Case93 3249.7 3314.3 -64.6 -1.95 
Case94 11863.8 11305.3 558.5 4.94 
Case95 5810.2 

-164.2 

5032.0 

7980.0 573.0 7.18 
Case102 4637.3 4807.6 -170.3 -3.54 
Case103 16745.7 16442.0 303.7 

7856.0 
-295.2 

16333.0 
7485.1 690.8 

-455.1 -10.30 
-1.19 

1.35 
-1.65 

Case113 9328.0 
43.6 

16525.5 -2.87 
9033.2 1.47 

Case117 6367.8 1.23 
21439.7 3.96 

Case119 12084.1 11290.7 7.03 
Case120 8176.6 
Case121 20718.8 
Case122 11964.2 6.22 

11734.5 
311.0 

31373.4 
1475.2 

11996.4 
1485.7 5.13 

Case131 17493.2 16173.0 

29380.0 
16031.0 

 

5789.0 21.2 0.37 
Case96 2933.6 3097.8 -5.30 
Case97 11708.4 11261.2 447.2 3.97 
Case98 5355.6 323.6 6.43 
Case99 2864.6 3070.0 -205.5 -6.69 
Case100 17482.2 17098.7 383.5 2.24 
Case101 8553.0 

1.85 
Case104 8200.1 344.1 4.38 
Case105 4177.9 4473.1 -6.60 
Case106 16279.4 53.6 0.33 
Case107 6794.3 10.17 
Case108 3961.2 4416.2 
Case109 16994.0 17199.0 -205.0 
Case110 9416.1 9129.0 287.1 3.15 
Case111 6391.6 6306.3 85.3 
Case112 16444.3 16721.0 -276.7 

9110.8 217.2 2.38 
Case114 6241.6 6198.0 0.70 
Case115 17013.0 -487.5 
Case116 9166.3 133.1 

6290.3 77.5 
Case118 20624.0 815.7 

793.4 
7976.1 200.5 2.51 
20035.0 683.8 3.41 
11264.0 700.2 

Case123 7952.0 7829.4 122.6 1.57 
Case124 20861.2 20465.0 396.2 1.94 
Case125 11165.5 569.0 5.10 
Case126 8247.9 7936.9 3.92 
Case127 29688.0 1685.4 5.68 
Case128 17731.2 16256.0 9.07 
Case129 11532.4 464.0 4.02 
Case130 30426.7 28941.0 

1320.2 8.16 
Case132 11670.9 11327.1 343.8 3.04 
Case133 30384.4 1004.4 3.42 
Case134 17088.0 1057.0 6.59 
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  Model (kWh/year) Simulation (kWh/year)
11451.9 

Difference (kWh)Relative error (%) 
Case135 11965.2 513.3 4.48 
Case136 16074.9 16227.0 -152.1 

8525.0 

8.40 
2.45 

Case159 10565.9 10448.0 117.9 1.13 
Case160 28342.5 27527.0 815.5 2.96 
Case161 15697.0 831.0 5.59 
Case162 10818.6 2.52 

15676.6 
3.67 

5615.6 
Case166 15150.2 -218.8 

8427.2 237.0 
Case168 5501.4 5518.3 -0.31 
Case169 15200.0 15596.0 

8244.4 

-0.94 
Case137 8789.7 264.7 3.10 
Case138 5875.6 5848.9 26.7 0.46 
Case139 15541.9 15787.0 -245.1 -1.55 
Case140 8697.7 8495.6 202.1 2.38 
Case141 5723.0 5746.1 -23.1 -0.40 
Case142 15604.0 16017.0 -413.0 -2.58 
Case143 8526.0 8414.5 111.5 1.33 
Case144 5831.4 5826.3 5.1 0.09 
Case145 20123.9 19347.0 776.9 4.02 
Case146 11189.3 10484.0 705.3 6.73 
Case147 7445.9 7358.5 87.4 1.19 
Case148 19427.3 18800.0 627.3 3.34 
Case149 11062.0 10446.4 615.6 5.89 
Case150 7216.3 7220.1 -3.8 -0.05 
Case151 19534.9 19157.0 377.9 1.97 
Case152 10815.4 10345.6 469.8 4.54 
Case153 7482.4 7309.6 172.8 2.36 
Case154 29340.0 27873.0 1467.0 5.26 
Case155 16372.0 15103.0 1269.0 
Case156 10899.0 10638.5 260.5 
Case157 28426.9 27180.0 1246.9 4.59 
Case158 16125.1 15010.0 1115.1 7.43 

14866.0 
10552.4 266.2 

Case163 15789.0 -112.4 -0.71 
Case164 8523.2 8221.5 301.7 
Case165 5658.4 42.8 0.76 

15369.0 -1.42 
Case167 8190.2 2.89 

-16.9 
-396.0 -2.54 

Case170 8126.3 118.1 1.45 
Case171 5592.7 5606.9 -14.2 -0.25 
Case172 19559.0 18765.0 794.0 4.23 
Case173 10813.7 10080.7 733.0 7.27 
Case174 7143.4 7043.5 99.9 1.42 
Case175 18871.7 18248.0 623.7 3.42 
Case176 10679.4 10041.2 638.2 6.36 
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  Model (kWh/year)Simulation (kWh/year)Difference (kWh) Relative error (%)
Case177 6905.8 6910.8 -5.0 -0.07 
Case178 18958.0 18601.0 357.0 1.92 
Case179 10414.3 9959.6 454.7 4.57 
Case180 7142.4 7012.6 129.8 1.85 
Case181 28469.9 27040.0 1429.9 5.29 
Case182 15805.3 14521.0 1284.3 8.84 
Case183 10448.9 10185.1 263.8 2.59 
Case184 27569.4 26382.0 1187.4 4.50 
Case185 15548.9 14424.0 1124.9 7.80 
Case186 10104.2 9999.3 104.9 1.05 
Case187 27458.3 26729.0 729.3 2.73 
Case188 15095.2 14305.0 790.2 5.52 

Case191 8949.6 
131.4 

15768.0 

1661.2 

982.0 3.52 
14936.0 

Case216 11118.2 4.90 
2.26 

Case218 5824.1 

Case189 10315.6 10117.6 198.0 1.96 
Case190 16304.7 16409.0 -104.3 -0.64 

8569.4 380.2 4.44 
Case192 6009.2 5877.8 2.23 
Case193 15960.0 -192.0 -1.20 
Case194 8859.1 8545.4 313.7 3.67 
Case195 5857.9 5774.7 83.2 1.44 
Case196 15835.4 16212.0 -376.6 -2.32 
Case197 8691.2 8468.7 222.5 2.63 
Case198 5972.6 5861.5 111.1 1.90 
Case199 20451.3 19568.0 883.3 4.51 
Case200 11416.2 10534.6 881.6 8.37 
Case201 7633.8 7391.2 242.6 3.28 
Case202 19749.3 19015.0 734.3 3.86 
Case203 11291.5 10498.0 793.5 7.56 
Case204 7406.7 7249.7 157.0 2.17 
Case205 19866.5 19404.0 462.5 2.38 
Case206 11051.4 10404.4 647.0 6.22 
Case207 7683.4 7349.5 333.9 4.54 
Case208 29844.2 28183.0 5.89 
Case209 16715.3 15168.0 1547.3 10.20 
Case210 11180.0 10683.6 496.4 4.65 
Case211 28923.7 27483.0 1440.7 5.24 
Case212 16471.6 15073.0 1398.6 9.28 
Case213 10850.6 10484.4 366.2 3.49 
Case214 28851.0 27869.0 
Case215 16052.4 1116.4 7.47 

10599.2 519.0 
Case217 11658.9 11401.3 257.6 

5392.0 432.1 8.01 
     

PhD. Thesis – Tiberiu CATALINA                                                             179

 



 

Appendix A 
 

  Model (kWh/year) Simulation (kWh/year)Difference (kWh)Relative error (%) 
Case219 3454.2 3250.4 203.8 6.27 
Case220 11198.9 11019.8 179.1 1.62 
Case221 5691.9 5389.0 302.9 5.62 
Case222 3257.4 3089.5 167.9 5.44 
Case223 11132.0 10990.1 141.9 1.29 
Case224 5407.6 5245.0 162.6 3.10 
Case225 3191.2 3099.0 92.2 2.98 
Case226 13851.2 13006.0 845.2 6.50 
Case227 7000.6 6859.0 141.6 2.06 
Case228 4063.1 3889.2 
Case229 13258.8 12487.0 771.8 6.18 
Case230 6802.3 6450.0 352.3 5.46 
Case231 3753.9 3663.2 90.7 2.48 
Case232 13141.3 12501.2 640.1 5.12 
Case233 6368.6 6020.0 348.6 5.79 
Case234 3720.7 3650.1 70.7 1.94 
Case235 19673.0 18840.0 833.0 4.42 
Case236 10044.8 9890.0 154.8 1.57 
Case237 5858.0 5637.7 220.3 3.91 
Case238 18902.5 18131.5 771.0 4.25 
Case239 9702.9 8700.0 1002.9 11.53 
Case240 5409.1 5289.5 119.7 2.26 
Case241 18535.9 18041.4 494.5 2.74 
Case242 9016.3 8500.0 516.3 6.07 
Case243 5242.4 5251.1 -8.6 -0.16 
Case244 12903.5 12698.9 204.6 1.61 
Case245 6649.9 6017.3 632.6 10.51 
Case246 4123.0 3947.3 175.7 4.45 
Case247 12423.0 12328.6 94.4 0.77 
Case248 6530.6 5886.1 644.5 10.95 
Case249 3940.9 3815.7 125.2 3.28 
Case250 12395.5 12367.1 28.4 0.23 
Case251 6282.8 5774.2 508.6 8.81 
Case252 3930.5 3833.2 97.3 2.54 
Case253 15614.0 14690.0 924.0 6.29 
Case254 8161.9 7986.0 175.9 2.20 
Case255 4992.1 4804.3 187.8 3.91 
Case256 14992.6 14204.8 787.8 5.55 
Case257 7986.2 7852.0 134.2 1.71 
Case258 4709.4 4617.1 92.3 2.00 
Case259 14943.4 14320.0 623.4 4.35 
Case260 7613.0 6814.2 798.8 11.72 
     

173.8 4.47 
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  Model (kWh/year)Simulation (kWh/year)Difference (kWh) Relative error (%)
Case261 4772.0 4621.7 150.3 3.25 
Case262 22388.2 21236.0 1152.2 5.43 
Case263 11795.7 11256.0 539.7 4.80 
Case264 7238.3 6952.1 286.2 4.12 
Case265 21578.0 20595.0 983.0 4.77 
Case266 11484.4 11152.0 332.4 2.98 
Case267 6827.7 6672.7 155.0 2.32 
Case268 21297.5 20636.0 661.5 3.21 
Case269 10881.5 9782.3 1099.2 11.24 
Case270 6795.4 6659.9 135.5 2.03 
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Appendix B 
Multi-criteria decision alternatives 
 
CGH-classic g wood heating, EH- c he othermal 
heat pump heating  (reference case), SP
syste feren T5  solar thermal systems (scenario cases), SP1-SP5-
solar ovol na o cases). 
 
 

as heating, WH- electri ating, GHP-ge
, STr-solar thermal system

ce case), ST1-S
r-solar photovoltaic 

m (re  –
 phot taic systems (sce ri

A1 CGH+STr+PHr A73 WH+STr+PHr

A2 CGH+STr+PH1  A74 WH+STr+PH1 

A3 CGH+STr+PH2  A75 WH+STr+PH2 

A4 CGH+STr+PH3 

A7 CGH+ST1+PHr WH+ST1+PHr 

 

A81 

CGH+ST1+PH3 A82 

WH+ST2+PH5 

WH+ST3+PH2 

CGH+ST4+PH1 

WH+ST4+PH5 

A31 CGH+ST5+PHr  A103 WH+ST5+PHr 

A32 CGH+ST5+PH1  A104 WH+ST5+PH1 

A33 CGH+ST5+PH2  A105 WH+ST5+PH2 

A34 CGH+ST5+PH3  A106 WH+ST5+PH3 

 A76 WH+STr+PH3 

A5 CGH+STr+PH4  A77 WH+STr+PH4 

A6 CGH+STr+PH5  A78 WH+STr+PH5 

 A79 

A8 CGH+ST1+PH1 A80 WH+ST1+PH1 

A9 CGH+ST1+PH2  WH+ST1+PH2 

A10  WH+ST1+PH3 

A11 CGH+ST1+PH4  A83 WH+ST1+PH4 

A12 CGH+ST1+PH5  A84 WH+ST1+PH5 

A13 CGH+ST2+PHr  A85 WH+ST2+PHr 

A14 CGH+ST2+PH1  A86 WH+ST2+PH1 

A15 CGH+ST2+PH2  A87 WH+ST2+PH2 

A16 CGH+ST2+PH3  A88 WH+ST2+PH3 

A17 CGH+ST2+PH4  A89 WH+ST2+PH4 

A18 CGH+ST2+PH5  A90 

A19 CGH+ST3+PHr  A91 WH+ST3+PHr 

A20 CGH+ST3+PH1  A92 WH+ST3+PH1 

A21 CGH+ST3+PH2  A93 

A22 CGH+ST3+PH3  A94 WH+ST3+PH3 

A23 CGH+ST3+PH4  A95 WH+ST3+PH4 

A24 CGH+ST3+PH5  A96 WH+ST3+PH5 

A25 CGH+ST4+PHr  A97 WH+ST4+PHr 

A26  A98 WH+ST4+PH1 

A27 CGH+ST4+PH2  A99 WH+ST4+PH2 

A28 CGH+ST4+PH3  A100 WH+ST4+PH3 

A29 CGH+ST4+PH4  A101 WH+ST4+PH4 

A30 CGH+ST4+PH5  A102 
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A35 CGH+ST5+PH4 A107 WH+ST5+PH4

A36 CGH+ST5+PH5  A108 WH+ST5+PH5 

A37 GHP+STr+PHr  A109 EH+STr+PHr 

A38 GHP+STr+PH1  A110 EH+STr+PH1 

A39 GHP+STr+PH2  A111 EH+STr+PH2 

A40 GHP+STr+PH3  A112 EH+STr+PH3 

A41 GHP+STr+PH4  A113 EH+STr+PH4 

A42 GHP+STr+PH5  A114 EH+STr+PH5 

A43 GHP+ST1+PHr  A115 EH+ST1+PHr 

A44 GHP+ST1+PH1  A116 EH+ST1+PH1 

+ST1+PH2  A117 EH+ST1+PH2 

+ST1+PH3  A118 EH+ST1+PH3 

A47 GHP+ST1+PH4  A119 EH+ST1+PH4 

A48 GHP+ST1+PH5  A120 EH+ST1+PH5 

A130 EH+ST3+PH3 

A

A144 EH+ST5+PH5 

A45 GHP

A46 GHP

A49 GHP+ST2+PHr  A121 EH+ST2+PHr 

A50 GHP+ST2+PH1  A122 EH+ST2+PH1 

A51 GHP+ST2+PH2  A123 EH+ST2+PH2 

A52 GHP+ST2+PH3  A124 EH+ST2+PH3 

A53 GHP+ST2+PH4  A125 EH+ST2+PH4 

A54 GHP+ST2+PH5  A126 EH+ST2+PH5 

A55 GHP+ST3+PHr  A127 EH+ST3+PHr 

A56 GHP+ST3+PH1  A128 EH+ST3+PH1 

A57 GHP+ST3+PH2  A129 EH+ST3+PH2 

A58 GHP+ST3+PH3  

59 GHP+ST3+PH4  A131 EH+ST3+PH4 

A60 GHP+ST3+PH5  A132 EH+ST3+PH5 

A61 GHP+ST4+PHr  A133 EH+ST4+PHr 

A62 GHP+ST4+PH1  A134 EH+ST4+PH1 

A63 GHP+ST4+PH2  A135 EH+ST4+PH2 

A64 GHP+ST4+PH3  A136 EH+ST4+PH3 

A65 GHP+ST4+PH4  A137 EH+ST4+PH4 

A66 GHP+ST4+PH5  A138 EH+ST4+PH5 

A67 GHP+ST5+PHr  A139 EH+ST5+PHr 

A68 GHP+ST5+PH1  A140 EH+ST5+PH1 

A69 GHP+ST5+PH2  A141 EH+ST5+PH2 

A70 GHP+ST5+PH3  A142 EH+ST5+PH3 

A71 GHP+ST5+PH4  A143 EH+ST5+PH4 

A72 GHP+ST5+PH5  
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, la compétitivité et 
la sécurité énergétique, en réduisant les émissions de gaz à effet de serre par le biais 
d'une augm
d'énergie et
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mes, le choix parmi une grande variété de solutions vis-à-vis de plusieurs critères, et 
enfin le n
cohabiter av e orientée vers des 
solution u
respectueuses de l'environnement.  
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Résumé 
 

L’Union européenne (UE) a établi la prospective politique pour atteindre ses 
objectifs énergétiques fondamentaux pour le développent durable

entation de la part des énergies renouvelables dans la consommation 
 par l'amélioration de l'efficacité énergétique. Les principales questions 
ion à grande échelle des EnR sont liées au dimensionnement des systè-

co trôle de ces sources. Dans un proche avenir, de plus en plus les EnR vont 
ec les sources d'énergie fossiles et la recherche doit êtr

s q i sont efficaces du point de vue énergétique, économiquement viable et 

cette thèse, les travaux de recherche établissent une démarche en vue de 
s solutions qui pourraient être les réponses aux deux premières probléma-
sont le dimensionnement mais surtout la seconde, qui est le choix

ltiplicité d'alternatives et de solutions possibles exige la mise en œuvre d’une 
méthode d'aide à la décision. Les informations sur les variables économiques, la per-
formance énergétique et l'impact sur l'environnement des systèmes sont actuellemen
des données dont l’analyse et la quantification pose des difficultés.  Pour faire face à 
ce haut niveau de complexité et d'incertitude une approche évaluative est nécessaire. 
Pour les travaux de recherche de cette thèse, le principal objectif est de donner les 
moyens de prendre des décisions éclairées dans les stratégies relatives aux énergies 
renouvelables. Pour parvenir à cet objectif, des étapes intermédiaires sont dévelop-
pées dans le processus que l’on peut apparenter  à un enchaînement de différentes 
tâches nécessaires (de l’estimation des besoins énergétiques jusqu’à la modélisation 
des systèmes et enfin l’analyse multicritères).  

 
La première partie de la thèse traite des questions liées à l’estimation des be-

soins pour le chauffage, l’eau chaude sanitaire et l’énergie électrique, ainsi que sur 
l’estimation des facteurs d'influence. Cette estimation a été abordée par le dévelop-
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pement de modèles polynomiaux de régression permettant de prédire la demande 
mensuelle de chauffage pour les bâtiments du secteur résidentiel situés dans des cli-
mats tempérés.  

L’utilisa tiliser par les 
architectes ou les in quati im  p p  les consommations 
deviendraient dans ce cas les seuls outils nécessaires dans la première étape de 
conception, ce qui pourrait aider les architectes et les ingénieurs à trouver rapide-
ment des solutions tiques efficaces ur  pr . Ces modèles rendent éga-
lement possible une étude paramétrique très rapide afin d'optimiser le bâtiment et 
ses consommations par rapport aux critères environnementaux ou économiques. 

 

• Coefficient de climat (Cc) représenté par la différence entre la tempéra-
ture de consigne de chauffage et la température sol-air qui tient compte 

) et en ce qui concerne le taux de ventilation celui-ci à été 
pris égal à 0.7 vol/h, valeur qui est basée sur les normes en vigueur pour l’habitat. 
Le cho

tion de tels modèles se veut plus accessible et facile à u
génieurs. Des é ons s ples our rédire

énergé  po leur ojet

L’identification des entrées nécessaires pour les modèles implique, en premier, 
d’analyser les éléments de conception qui influencent le plus les besoins en chauffage. 
Les paramètres qui sont décisifs pour l’estimation des besoins de chauffage sont bien 
connus : surfaces de déperdition, niveau d’isolation, surface vitrée, inertie thermique, 
climat, …. Le seul problème était de représenter de la façon la mieux adaptée ces 
données et nous avons considéré pour cela les entrées suivantes : 

 
• Le coefficient de forme (Cf), qui est défini comme le rapport entre le vo-

lume chauffé du bâtiment (V) et la somme de toutes les surfaces qui 
sont en contact avec l'extérieur, le sol ou avec des espaces non chauffés 
(ΣAi).  

• Le coefficient moyen de déperdition par l’enveloppe du bâtiment (Ubat) 
défini dans la Réglementation Thermique Française.  

• La constante de temps du bâtiment (τ) qui définit l’inertie thermique de 
la structure. 

• Le ratio surface vitrée/surface habitable de plancher (Rsv). 

de l’irradiation solaire moyenne en plus de la température extérieure. 
 
En ce qui concerne les sorties des modèles de prédiction, nous avons considéré 

les besoins mensuels/annuels (kWh/m3) de chauffage pour la saison d'hiver (Octobre 
- Avril), en prenant en compte les pertes par transmission et ventilation du bâti-
ment. Les modèles ont été obtenus pour différentes distributions de la surface vitrée 
sur les façades (Tableau 1

ix des orientations dans le tableau ci-dessous est motivé par la réglementation 
thermique française qui propose des cas de référence que nous avons repris. Aussi, 
pour définir la géométrie des bâtiments (chaque bâtiment est unique) nous introdui-
sons comme première entrée le coefficient de forme. Un bâtiment est plus économe 
en énergie quand le coefficient de forme prend des valeurs plus élevées (chauffer le 
même volume mais avec moins de surfaces déperditives). Dans les simulations dyna-
miques, 6 coefficients de forme on été pris en compte pour obtenir la base de don-
nées. L'intégration de l'inertie thermique lors de la conception d'un bâtiment est une 
question délicate, les concepteurs étant obligés dans la plupart des cas, d'utiliser des 
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simulations dynamiques afin de mieux voir l'impact de l'inertie sur la consommation 
énergétique des bâtiments. 

 
Tableau 1: Distribution sur les façades de la surface vitrée  

Distribution (%) Nord Sud Est Ouest 
Cas1-RT2000 25 25 25 25 

Cas2-RT2005 40 20 20 20 

Cas3 20 40 20 20 

Cas4 20 60 10 10 

 
Comme deuxième entrée et pour exprimer l'inertie thermique des bâtiments 

analysés, on a utilisé la constante de temps (τ). L'enveloppe du bâtiment est un élé-
ment crucial, car elle joue un rôle principal dans la consommation d'énergie et sur la 
qualité de l'environnement intérieur. L’isolation de l’enveloppe est d’ailleurs la solu-
tion à envisager en premier pour obtenir une bonne efficacité énergétique. La régle-
mentation thermique française RT2005 définit le coefficient Ubat de  l'enveloppe du 
bâtiment qui se définit comme la moyenne de la perte de chaleur par transmission 
thermique à travers l’enveloppe du bâtiment y compris les ponts thermiques. Ubat 
constit e le troisième paramu ètre pour les futurs modèles, avec 3 cas d’étude (isola-
tion f

s qui en fait 
représentent la réalité du problème physique car les paramètres sont liés entre eux.  

orte, moyenne, faible). Le vitrage est un élément important de construction 
pour les architectes et les ingénieurs compte tenu de ses effets sur l'éclairage naturel 
et son potentiel sur la réduction de la demande d’énergie pour le chauffage en hiver. 
La RT2005 propose une valeur de référence de 16,5% (Rsv - pourcentage de la sur-
face vitrée par rapport à la surface habitable), mais cette valeur peut aller jusqu'à 
22%, mais des valeurs plus élevées augmenteraient les risques de surchauffe pendant 
la période estivale. Pour notre étude 3 cas de Rsv on été pris en compte (12%, 16%, 
22%). 

 
Le dernier paramètre utilisé dans les modèles est le coefficient de climat (Cc), 

que nous allons définir comme la différence de température entre la température de 
chauffage et une version modifiée de la température sol-air. L'effet combiné du 
rayonnement solaire et de la température de l'air extérieur sur l'enveloppe du bâti-
ment est indiqué par une température fictive appelée température sol-air.  Nous 
avons analysé 16 données climatiques (fichiers de TRNSYS) différentes répandues 
sur la carte de la France. 

 
Pour développer les modèles de prédiction la technique d'analyse de régression 

a été utilisée; les modèles de régression sont utilisés pour nous aider à prédire la va-
leur d'une variable de réaction ou de mesure (dans notre cas, la demande d'énergie 
de chauffage) en fonction d'une ou de plusieurs variables (également connues sous le 
nom de variables explicatives ou entrées) dont les valeurs peuvent être prédétermi-
née (pour nous les 5 paramètres définis précédemment). Ainsi, l'objectif final est de 
prédire l'unique variable dépendante (la consommation) par un ensemble de varia-
bles influentes (coefficient de forme, constante de temps, etc.).  Le caractère non-
linéaire de la fonction tient à l’introduction des couples de paramètre
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Il est 

ulations était dans la plage ±5-7%. De plus, nous avons observé que 
même pour des cas plus complexes où le

ment en énergie renouvelable : ces 
quantités d’énergie de l’offre sont 

éner
processu -
rents sy n-
tionne le solaire thermique, solaire 
que t 
idéale pour la production d'eau chaude 
un t 
utilisés.  
thermiques avec différentes caractéristiques thermiques. L'un des paramètres le plus 
important dans la conception du système est le rendement des panneaux et leur 
surface.  

en u
tème e comparaison est faite avec d'au-
tres sources d’énergie (gaz, électricité, charbon). Les mêmes aspects de modélisation 
et d’analyse de coût sont réalisés pour les systèmes photovoltaïques. En ce qui 
concerne les pompes géothermales, en utilisant une modélisation des tuyaux enterrés 
dans le sol, on a calculé la longueur nécessaire de tuyaux pour répondre aux besoins 
énergétiques obtenus précédemment par les modèles d’estimation. Une étude finan-
cière et environnementale complète ensuite cette étape de modélisation. 

déduit finalement que les polynômes d’ordre 2 s’avéré une excellente solution 
pour cette problème. La précision des modèles s’est prouvé très bonne avec des coef-
ficients de corrélation d’ordre de 0.998 et des résidus faible entre les résultats obte-
nus par les modèles et les simulations. 

i i i ij i j ii i
i i j i i

y X X X Xβ β β β
= = = + =

= + + +∑ ∑ ∑ ∑
5 5 5 5

2
0

1 1 1 1  
La validation est peut-être l'étape la plus importante lorsqu’on réalise un mo-

dèle. L’analyse de cas qui sont éloignés de la base de données créée nous a fourni une 
bonne indication sur la précision du modèle. La validation des modèles a été obtenue 
par une analyse de 270 cas différents sur la forme, et pour chacun de ces cas, cinq 
scénarios où on a fait varier la constante de temps, les Ubat et les données météoro-
logiques. Dans plus de 80% des cas de validation, l’erreur relative par rapport aux 
résultats des sim

 bâtiment est accolé à un garage, ou en 
contact avec un sous-sol il est toujours possible de prédire les consommations en 
prenant en considération le coefficient b, comme il est définit dans la Reglementation 
Francaise 2005. Les modèles obtenues pourront être utilisés par les architectes ou 
ingénieurs dans les phases de début d’un projet avec l’avantage de précision et sur-
tout de facilité et rapidité. 

 
La deuxième partie de la thèse examine les techniques de modélisation des sys-

tèmes afin d'obtenir les profils de l'approvisionne
nécessaires dans d'analyse décisionnelle. De plus, 

dans cette partie sont également étudiés les aspects économiques des systèmes à 
énergie fossile/renouvelable et leurs avantages environnementaux par rapport à une 

gie électrique considérée comme cas de référence. Des données détaillées sur le 
s de modélisation, les coûts et les paramètres environnementaux de diffé
stèmes d'énergie sont décrits à ce stade. Comme systèmes analysés on me

photovoltaïque, chauffage a gaz, chauffage électri-
 et système de chauffage par pompe a chaleur géothermale. L'énergie solaire es

sanitaire ou pour chauffer une maison avec 
plancher radiant. Pour récupérer l'énergie solaire, des panneaux solaires son

Actuellement, de nombreux producteurs fabriquent des panneaux solaires

Après le dimensionnement du/des système(s), un calcul financier est réalisé, 
tilisant des paramètres comme le coût d’investissement, la durée de vie du sys-

c. Concernant l'impact environnemental une t
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 méthode d'aide à la décision multicri-
tères (ELECTRE III) est décrite, puis appliquée à un exemple.  Sachant que le nom-
bre des alternatives et de combinaisons possibles entre différentes solutions (systè-
mes) devient prohibitif il est obligatoire de faire appel à une méthode d’aide à la 
décision. Cette méthode utilise des surclassements pourvus d’un indice de crédibilité, 
calculé sur la base d’un indice de concordance flou et d’un veto flou. Cela entraîne 
une certaine complexité, notamment au niveau du graphe des surclassements. L'ob-
jectif final de la méthode est d'aider le décideur dans le processus de décision. La 
technique consiste à  utiliser les règles obtenues à partir des modèles précédents et à 
réaliser un classement de solutions possibles envisagées. L'analyse multicritères four-
nit ainsi une technique intéressante d’aide dans le processus de décision et est capa-
ble de justifier les choix et de surclasser les alternatives dans le secteur des énergies 
renouv lables. 

les modèles qui ont été décrits dans ce 
travail été intégrées dans un outil d'aide à la décision (ECO-Sol) que nous avons 
développé visant spécifiquement l'intégration des technologies à énergie renouvelable 
par une analyse multicritères et de faire rapidement des études paramétriques sur les 
consommations d'énergie des bâtiments. Dans la dernière partie de la thèse une ana-
lyse complète d'une étude de cas (maison Mozart) est réalisée avec la mise en appli-
cation des méthodes proposées. Il est montré que les méthodologies que nous avons 
développées peuvent être appliquées avec succès. 

 
Les perspectives que se détache de ce travail sont nombreuses et parmi les 

plus intéressantes on énonce: 
1. Une perspective intéressante sera le développement des modèles pour pré-

dire les consommations pour le refroidissement des maisons et de prendre 
en compte l’impact d’optimisation de la forme du bâtiment au regard de 
l’éclairement naturel. 

2. Implémentation des autres systèmes a énergie renouvelable dans l’analyse 
multicritères. 

3. Une étude de recherche sur un nombre plus grand des critères comme la 
durée de vie du système, la difficulté d’implémentation pourra être envisa-
gée. 

4. Un développement plus précis sur l’outil de support avec des librairies pour 
le facteur de forme, sur l’isolation du bâtiment pour aider les concepteurs 
dans les phases de début d’un projet. 

5. Une comparaison de cette méthode d’aide à la décision avec une approche 
similaire, comme la technique energy hub. 

 
 
 
 
 
 
 

Dans la troisième partie de la thèse, une

e
 
Enfin, les théories, les algorithmes et 
ont 
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