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Abstract 

With an increasing awareness of energy consumption and CO2 emission in the population, several initiatives to 

reduce CO2 emissions have been presented all around the world. The main part of these initiatives is a 

reduction of the energy consumption for existing buildings, while the others concern the building of eco-

districts with low-energy infrastructures and even zero-energy infrastructures. In this idea of reducing the 

energy consumption and of developing new clean areas, this master thesis will deal with the high energy 

quality services for new urban districts. 

 

In the scope of this master thesis project, the new concept of sustainable cities and of clusters of buildings will 

be approached in order to clearly understand the future challenges that the world’s population is going to face 

during this century. Indeed, due to the current alarming environmental crisis, the need to reduce human 

impacts on the environment is growing more and more and is becoming inescapable. We will present a way to 

react to the current situation and to counteract it thanks to new clean technologies and to new analysis 

approaches, like the exergy concept. 

 

Through this report, we are going to analyze the concepts of sustainable cities and clusters of buildings as 

systems, and focus on their energy aspects in order to set indoor climate parameters and energy supply 

parameters to ensure high energy quality services supplies to high performance buildings. Thanks to the 

approach of the exergy concept, passive and active systems such as nocturnal ventilation or floor heating and 

cooling systems have been highlighted in order to realize the ‘energy saving’ opportunities that our close 

environment offers. This work will be summarized in a methodology that will present a way to optimize the 

energy use of all services aspects in a building and the environmental friendly characteristics of the energy 

resources mix, which will supply the buildings’ low energy demands. 

 

Keywords: Sustainable development, Built environment, CO2 emissions, Building energy performance, Energy 

system synergies, Exergy, Energy cycles, Energy utilization, Energy transformation, Low energy system, 

Renewable energy resources mix, Energy simulation. 
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I. Background 

In our current society, half of the world’s population lives in cities or in urban clusters of buildings. These 

inhabited urban areas represent an important challenge when facing the unprecedented global crisis, whether 

it is on an environmental, social or economical aspect. Indeed, these spaces are the theatre of all the people 

vagaries of life: work, leisure, family, unexpected encounter, social connections... 

 

In everyone’s mind, cities and clusters of buildings are often thought of as very polluting spaces due to their 

densities. Indeed, inside a city, every good or product comes from the outside and is not produced on-site, 

which leads to the constraints of importation and transportation. But density can also be seen as an advantage 

since global saving measures can be applied at a more important scale: recycling, communities equipments 

improvements, energy waste recovery ... Thus, the idea of renewing our old cities and clusters of buildings 

gives birth to the sustainable city concept, which relies on the suitable use of locally available resources in 

order to satisfy the occupants needs without compromising the further development of the city and the further 

supply of the future occupants. In other words, sustainable cities would be able to convert all renewable 

energies on-site to supply their needs, with a minimal impact on the surrounding communities and to meet its 

products requirements with an importation as  low as possible. 

A. Project objectives 

The objective of this Master Thesis project is directed towards the futurist vision of a sustainable city. This 

concept will be analysed through the sustainable development’s three pillars and through the approach of a 

system. 

 

These analyses will bring us to focus on the energy system of high performance buildings, in order to 

characterize the main design parameters. The application of the exergy concept to the energy system will 

provide paths and solutions to improve the buildings energy demand through passive and active systems. 

Thanks to all these information and solutions, a methodology to design a sustainable building will be done.  

 

Finally, this methodology will be applied to a case study, in order to ensure its relevance. For the case study, we 

will use an ordinary office building, which will be located in two various climates: in Stockholm and in Geneva. 

For this simulation part, energy simulation through the software IDA ICE 4 will be realised for all energy load 

aspects and then a simple financial analysis will be done to evaluate the best energy mix which will supply the 

building energy demand. 

B. Structure of the project report 

Chapter 1 gives a short introduction to what a sustainable city and a cluster of buildings are. The objectives of 

the master thesis and the report organization are also presented here. 

 

Chapter 2is a literature review on the master thesis topic. It is the introduction to the whole report; it covers 

the sustainable and environmental issues, the work done in the past in the field of sustainable districts, the 

current opportunities we have to build new clean areas, and examples of sustainable urban area projects. 

 

Chapter 3 presents the sustainable city as a system and describes its sub-systems. 
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Chapter 4 establishes the main characteristics of the energy management sub-system through the definition of 

the building energy parameters and through the available energy resources that could be implemented in a 

sustainable city to supply the energy demand.  

 

Chapter 5 presents the concept of exergy and applies it to the reduction of the building’s energy use and its 

energy peak load.  

 

Chapter 6 gathers all the research information from the previous chapters into a methodology, which gives an 

approach on how to design a sustainable building and the guidelines to optimize the energy services and 

systems in high performance buildings. 

 

Chapter 7 is devoted to the application of the methodology designed in Chapter 6 on a case study. Simulations 

on the energy demand and on the energy supply are realized on an office building located in Stockholm and 

one located in Geneva; the aim is to try to make both these buildings as sustainable as possible. 
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II. Introduction of the concept of sustainable city 

In this second chapter, we are going to try to approach the concept of sustainable development through its 

theoretical aspect, in order to correctly understand the origin of this concept and its goals. Moreover, it seems 

important to have a look at the challenges that the concept of sustainable development makes us face, and to 

see how people use this concept to move towards the future. 

Then, we will look at the perspectives that have been drawn by the governments and the worldwide 

organizations in order to try and change the ways of global development towards a sustainable state, like for 

instance, the political choice made regarding the reduction of CO2 emissions, or regarding the improvement of 

the global energy use. 

Afterwards, we will concentrate on the master thesis topic and focus on the sustainable development applied 

to sustainable cities, sustainable districts or sustainable clusters of buildings, through the definition of the 

energy system around those areas, and examples.  

A. Sustainable Development approach 

1. History 

The concept of sustainable development appeared for the first time in the report “The limits to Growth” done 

by the Club of Rome in 1972 (1). This report aroused a considerable attention of the public, since it weighted in 

the debate of environmental and development issues raised at the end of the “The Glorious Thirty" (which 

refers to the thirty years from 1945-1975 following the end of the Second World War in France). The Glory 

Thirty was a period of unprecedented growth in countries that qualified themselves developed and suggested 

that this growth was unlimited imaginable.  

 

So the Club of Rome, which describes itself as “a group of world citizens, sharing a common concern for the 

future of humanity” and which was made of politicians, diplomats, economists, scientists and business leaders 

from around the world, stated that its mission was “ to act as a global catalyst for change through the 

identification and analysis of the crucial problems facing humanity and the communication of such problems to 

the most important public and private decision makers as well as to the general public” (2). 

 

The concept of sustainable development was clearly stated and defined in the Brundtland report in 1981, as 

“the development that meets the needs of the present without jeopardizing the ability of the future 

generations to meet their own needs”. In order to maintain the main idea of the sustainable development in 

the global development, an organisation has been created: the United Nations World Commission on 

Environment and Development (WCED). The three main goals of this commission are: 

 Identify environment and development issues and make proposals for innovative concrete and 

realistic actions; 

 Consider new forms of international cooperation that can strengthen a global sustainable 

development and that can help to reach global changes; 

 Aim to awareness and mobilization of all stakeholders. 

 

The following figure (3) is a general representation of the concept of sustainable development, which focuses 

on three concerns known as "the three pillars of sustainable development»: the society, the environment and 

the economy and their confluences: 
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2. The environmental aspect 

Over the course of the last centuries, the world's population has quadrupled and has reached recently 7 billion 

inhabitants. According to the business as usual scenario, analyses show that the world’s population will 

increase by a factor of six in fifty years only. This is particularly worrying if we look more closely in details on 

the human impact on ecosystems and at the amount of energy and raw materials that everyone uses and 

wastes. Indeed, we must be very careful because until now, the Earth had the ability to renew itself and to 

absorb waste rejected by men, but there are limits that must not be exceeded. 

 

The essential role of ecosystems is to provide support to our society, they must be considered at any time, in all 

political, social and economic decisions. Thus it is necessary to maintain natural systems for our own 

generation and for the following ones. For this, various actions can be taken (1): 

 Preserving survival services: These are the ecological processes that support productivity, adaptability 

and renewal of soil, water, air and all life on Earth. These processes include: maintaining the chemical 

balance of the planet, climate stabilization, nutrient cycling, and purifying air and water, stabilize the 

flow of water, the formation and regeneration of the soil; providing with food and suitable habitat for 

all species. 

 Saving the genetic biodiversity as well as the species and the ecosystem’s biodiversity: i.e. the different 

species of plants, animals and other organisms, the different genetic strains in each species, different 

ecosystems. 

 Trying to anticipate and to avoid negative environmental impacts: It is always necessary to have a 

special concern for natural values and recognize that our understanding of nature is incomplete, when 

we make decisions about land and resources. 

 Acknowledging our responsibility to protect the global environment: We need to reduce our 

consumption down to sustainable levels, so as to be involved in the global sustainable challenge of 

renewing the sustainability of the humanity. 

3. The economic aspect 

Even if the environmental dimension is omnipresent in the concept of sustainable development, attention 

must also be paid to both the economic and social dimensions. Indeed, the damages created on the 

environment often have a direct connection with the economy of a country as well as with the large disparities 

in the society. Therefore it seems important to find an economic model that reflects the society we would like 

to reach though a sustainable development (4). 
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So regarding to the economic aspect, growth appears to be necessary and sufficient, since the only way for 

countries to have a decent environment is to have funds and to invest those funds in new technologies less 

polluting or in researches on the improvement of the current technologies efficiency (4). 

 

Another important point is the development of international trade. Indeed, the growth of international trade is 

consistent with the protection of the environment: the increase of the income of countries involved in the 

international trade leads to an increase in money spent on environmental protection and it also promotes the 

transfer of new technologies and knowledge through direct investment abroad. 

4. The social aspect 

As said previously, human and social dimensions have their own place in the issue of sustainable development. 

These dimensions are also not independent of the environmental dimension: sustainable development is based 

on an overall consideration of these different dimensions (social, economic and environmental). We can define 

the human and social aspect of the sustainable development as a development turned towards the 

improvement of the human well-being and its personal characteristics (like education, health, freedoms ...), as 

well as its collective characteristics (like social cohesion, level and distribution of wealth ...). The fundamental 

objective is to move towards an overall improvement in human and social conditions of people (1). 

 

In the current world, the persistence of poverty during the previous phases of global growth, the rise of social 

exclusion, the increase of inequality (including gender inequalities), as well as the social tensions, illustrate the 

need to include the social dimension in the concept of sustainable development. All this implies the search for 

solutions to enable the social development to be sustainable over time: in other words we can speak of a 

"socially sustainable" development (4). 

5. The main guideline of sustainable development 

As said in the definition of the sustainable development in the Brundtland report, there are two main ideas (5):  

 the idea of “needs”, especially regarding the poorest part of the world’s population, to which 

overriding priority should be given, 

 the idea of limitations imposed by the earth resources and by the available technologies. 

 

Thus we understand that the concept of sustainable development is focused on the global development of the 

world, taking into account the environmental, the economical and the social dimension. The main global of the 

sustainable development is to try to find a perfect system based on the current society, where those 

dimensions coexist in harmony and interact together to go towards a same future enhancing potential to meet 

human needs and aspirations.  

 

After this global approach, we will now focus on the environmental aspect of the sustainable development, and 

see how this concept has been and will be applied, over the past and future decades, on a macro scale (the 

world / the country) and on a micro scale (the city / the district). 
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B. The current situation 

The world in which we live is meeting an unprecedented environmental crisis. As we can see in the movies of Al 

Gore “An Inconvenient Truth” and of Yann Arthus-Bertrand “Home”, the earth is changing, and unintended 

modifications are occurring in the atmosphere, in the soil, in waters, among plants and animals, and in the 

relationships among all of these. That is the direct consequence of the industrial development and of the 

people’s passiveness after the warning of the Club of Rome through the report “The limits to Growth” (1). 

Many years ago, companies aimed at producing more in order to earn more money. But they didn’t pay 

attention to the environmental consequences of this way of developing the world. And now we are drawing an 

alarming assessment: augmentation of the global temperature, decrease of the unlimited energy resources 

(like gas, oil or coal), increase of the greenhouse gases, ...  

 

Aware of the urgent aspect of the situation, governments are working together to improve the efficiency of the 

actions. That is why they have arranged different world meetings, like for instance:  

 The World Commission on Environment and Development in 1983,  

 The conferences of The United Nations Framework Convention on Climate Change.  

On the third conference of the United Nations frameworks Convention on Climate Change, in 1997, ‘The Kyoto 

Protocol’ was established; it aims at fighting global warming, therefore, all industrialized nations who sign up to 

the treaty are legally bound to reduce worldwide emissions of greenhouse gases by an average of 5.2% below 

their 1990 levels by the period 2008-2012. Notice that the fifteenth conference was the Copenhagen Summit in 

2009. 

 

In addition to the goal of the Kyoto Protocol, the European Commission put forward a new energy proposal in 

2007 that addressed the issues of energy supply, climate change and industrial development. European Heads 

of States accepted the plan and agreed to a new Energy Policy for Europe. For the year 2020, the goals are: 

20% energy saving, 20% reduction in greenhouse gas emissions, 20% share of renewable energy in overall EU 

energy consumption and 10% renewable energy component in transport fuel (6). 

 

Everybody is aware of the catastrophic consequences of the climate change, like the raise of the global 

temperature, the ice melting, the modification of the ecosystem … Thus it is more interesting to focus on the 

origin of those consequences: the greenhouse gases emissions.  

 

Indeed, the greenhouse gases, like CO2 or SO2, are relatively good absorbers of long wave radiations and in the 

atmosphere they absorb the energy emitted by the earth’s surface. The absorbed radiation is then emitted 

downward towards the surface as long wave atmospheric counter-radiations keep temperatures near the 

surface warmer than they would be without this ’blanket’ of gases. The more we will emit those types of gases, 

the more dramatic the consequences will be on the earth’s surface. The priority is to decrease and to manage 

in a different way the CO2 emissions that we produce (7).  

Today the greenhouse gases level in the atmosphere is around 430 ppm, compared to only 280 ppm before the 

Industrial Revolution. And following a business as usual scenarios, analyses show that the level of greenhouse 

gases in the atmosphere in 2050 will be around 550 ppm, which is an extremely high value (7).  

 

The following table from Stern’s review of the Economics of Climate Change shows the sources of the 

greenhouse gas emission in 2000 (7): 
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As expected, all the greenhouse gas emissions are related to human action, either through energy production 

and consumption, or through deforestation, agriculture and livestock farming. 

 

However, we know that the earth itself can absorb an amount of CO2 of 5 Gt per year, without adding it to the 

concentration of greenhouse gases in the atmosphere, which is more than 80% below the level of current 

annual emission. So we could use this opportunity to stabilize the global amount of greenhouse gases present 

in the atmosphere in a short time scenario, and maybe even decrease this amount of gases if we reach a lower 

CO2 emission rate that what the earth can absorb in a long time scenario. Due to the current situation, the 

second goal is unimaginable and cannot be considered (7).  

 

As mentioned in the Kyoto protocol, countries have to be responsible for the emissions they produce and have 

to try to anticipate and reduce the future ones. Conventionally, the CO2 emissions from fossil energy are 

attributed to the country where the emissions are produced. However, in the report “the supply chain of CO2 

emissions” (8) our attention is drawn to the value chain of fossil fuels, i.e. the life cycle of the fossil fuels from 

their extraction to their burning. Indeed, the CO2 emissions can be separated in four categories (8):  

 the emissions due to the fossil fuels extraction in countries where there are resources like in Canada, 

Russia or Middle East;  

 the emissions created when these extracted fossil fuels are used to produce goods and services in a 

country, which will be then consumed in another country; 

 the emissions released when the fossil energy is burned in a country for its use (electricity, heating,...); 

 the emissions due to the transport of the fossil energy between the different protagonists involved in 

the chain. 

  

The report gives more concrete illustrations: 10,2 billion tons of CO2 or 37% of global emissions are from fossil 

fuels traded internationally whereas 6,4 billons tons of CO2 or 23% of global emissions are embodied in traded 

goods and services (8). 

  

The following figure (8) illustrates the additional CO2 emissions that have to be taken into account if we want to 

make a complete state of the art of the CO2 emissions for every country, in comparison to the conventional CO2 

emissions assessment: the emissions linked to the extraction and transportation of the fossil energy burned in 

one country (fig1: top) and the emissions connected to the goods and services consumed in one country which 

are produced in another country using fossil fuels extracted in a third country (fig1: middle).  
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It appears that the fossil energy resources are more geographically concentrated than the energy use demand. 

So, in view of this alarming situation and the current unlimited increase of the CO2 emissions, actions have to 

be done, in order to reduce and to limit as quickly as possible the damages that the population inflicts to the 

environment.  In this way, two actions have been mainly explored (8): 

 The reduction of the energy demand. Indeed, if the consumption of fossil fuels is reduced, the CO2 

released from the combustion of the fossil fuels will also be decreased. To optimize the end-use 

energy, attentions have to be paid to the energy wastes, to the end-use energy efficiency, to the 

efficiency of the energy supply systems, and to the user’s habits. 

 The development and the utilization of technologies using local energy resources in order to reduce 

the emissions related to the extraction and the transportation of the energy to the combustion 

location. Indeed the use of biomass, wind or solar energy, allows to minimize the transportation 

emissions, in parallel to the important reduction of the CO2 emission in operation in comparison to a 

carbon heat/electricity plant.  
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Thus those two aspects form the first main step of the global change that the world needs in order to minimize 

the increasing human impact on the environment. Moreover, the global change will touch all sectors, especially 

the building sector, which is one of the most energy using sectors.  

 

Indeed, European buildings currently account for 40% of the total energy use, which represents more than the 

energy use for high energy-consuming sectors such as industry and transport. Furthermore, buildings are 

responsible for more than 36% of CO2 emissions in Europe (9). These worrying statistics explain why the 

European Union is so willing to improve the energy efficiency of building systems. The common objective is to 

reach high performance building standards, taking in consideration the indoor environment quality, the energy 

cost, the energy efficiency and the environmental impact. The European Union government has created 

directives to supervise and ensure the beginning of the restructuration of the building sector in Europe: the 

European Energy Performance of buildings Directive, the Eco-Design Directive, and the Directive on the End 

Use Efficiency and Energy Services (6). 

 

So regarding the building sector, many strategies have been developed:   

 Low-energy building: a building which uses less energy than minimum standard defined by the 

national code due to the utilization of more efficient equipment keeping the same indoor comfort. 

 Zero-energy building: all the energy needed by the building is supplied by renewable energy 

technologies. 

 Green building: environmentally friendly building taking into account the entire life cycle of the 

materials used. 

 Passive house: ”A Passive House is a building for which thermal comfort (ISO 7730) can be achieved 

solely by post-heating or post-cooling of the fresh air mass, which is required to fulfill sufficient indoor 

air quality conditions (DIN 1946).”  

 

With the emergence of a new ideal of high performance buildings and the awareness of the CO2 emissions 

issues, new concepts of cities and districts have appeared: sustainable cities and eco-districts. Those concepts 

regroup the idea of environmental friendly clusters of buildings, using high efficiency technologies (for lighting, 

heating, cooling and air conditioning), and using as much clean energy as possible (with the installation of solar 

panels, biomass heating plants,…), as well as, the idea of re-locating and concentrating all life needs in a close 

area. 

C. Sustainable cities & Eco-districts 

Sustainable development imposes itself as new ideal in advanced societies, which are anxious to correct socio-

environmental imbalances that have been accumulated over the past centuries and which are worried about 

their future.  

 

The concept of sustainable cities and eco-districts are thus created in order to respect and to spread the 

sustainable development main values (10): 

 promote the natural resources management, 

 integrate itself into an existing city and its surroundings, 

 participate in the economic viability, 

 provide housing for all, by being involved in the “living together” idea and in the social diversity, 

 have a shared vision regarding the conception and the design planning in order to try to match the 

requirements of the stakeholders: the inhabitants, the builders, the city government and the 

investors. 
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1. Definition 

A sustainable city or an eco-district is an urban unit that respects the principle of the sustainable development 

and of the ecological urbanism, by trying to reach a high quality of life for all inside the urban unit and to find 

equilibrium between the economical growth of the area and its inhabitants, its activities and its leisure. It 

belongs to a process of “constant metamorphose”. The concept of sustainable city and eco-district deals also 

with the relationship between urban density and urban diversity, as well as, with the idea of redensification of 

the city without compromising the access to the nature (5). 

a) The energy objective 

The energy utilization in a city or a district is concentrated around two types of demands: 

 the first one for the production of industrial and farm needs as well as their transport, 

 the second one coming from the urban development needed for the well-functioning of a city  (like 

lighting, heating, people transport,…)  

 

The first type is necessary and difficult to optimize, except if special attention is paid to try to improve the 

efficiency of the technologies used in those sectors and to reduce the distance between the localisation of the 

industrial or farm areas and the city or the district, avoiding useless energy transport. 

 

The second type is more easily improvable. Indeed, in order to reach an energy-sober society various ways can 

be used to reduce the energy demand.  

The development of renewable energy technologies is an interesting opportunity to phase out of the fossil 

fuels utilization, and also to avoid the energy transport issues, since those technologies could use local 

resources and could be installed inside the urban unit (solar panels on the roof of the buildings, for instance) 

(6). 

 The other opportunity is the decrease of the HVAC (Heating, Ventilation and Air-Conditioning) needs of the 

inhabitants dwellings, using for example passive solar energies, natural ventilation, daily lighting and light 

surface colors, rain water for flushing,… However, this opportunity depends mainly on the geographical 

position of our urban unit, so the solutions are multiples and apply to the urban unit’s climate. 

b) The design  

The architects and the engineers in charge of the design of sustainable cities or eco-districts need to be aware 

of the issues of those urban units and need to implement a lot of ecological requirements in their design 

approach. For instance the life cycle of the sustainable buildings is very important (11): 

 the use of recycled and recyclable materials is preferable, 

 the implementation of building techniques that facilitate recycling and allow environmental friendly 

deconstruction instead of hard demolition, creating mixed waste materials. 

 the introduction of collected rain water into the water cycle for appliances that do not require drinking 

water, like watering. 

 

During the step of the building’s design, the requirements regarding the building envelope are extremely high 

in order to ensure a minimum energy demand. Thus a particularly attention is paid to thermal insulation, like 

(9):  

 the U-values of the walls and windows, the thermal bridges, thermal mass storage and the air leakage, 

on one hand, 

 and on the other hand, the orientation of the buildings and the shadow they create on each other in 

order to optimize the use of the sun’s radiation for daily lighting and passive solar heating. 
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The urban planners have also an important role in the design step, since they have to organize the city’s or 

district’s life around the buildings, and to create a pleasant atmosphere, using trees, vegetation, social meeting 

places, playgrounds for children, green walk ways, etc… 

c) The transport and accessibility issues 

Since the transport sector has an important impact on the environment due to the consumption of fossil fuels, 

it has to be rethought at the city’s or the district’s scale for the construction. The most important points are (5): 

 improving the public transportation,  

 designing the street roads with busses lines and making driving difficult, in order to convince people to 

use public transports rather than their cars, 

 limiting the number of parking places, in order to reduce the number of car per householders to one, 

 encouraging the pedestrianization and improving the cycle tracks network’s efficiency, 

 promoting the use of biofuels for cars. 

d) The cycle concept 

The main idea of the cycle city integrated concept is that, since life and nature are cycled and spotless, we 

could apply a similar concept to our city or district. 

Indeed, by using an integrated city system, the recycling of almost everything in the city or in the district 

becomes possible. This idea leads to a new management of flows of water, garbage and energy, so as to create 

a synergy between sewage, waste and energy production (10)(11). This concept can be illustrated with the idea 

of: 

 transforming the organic trash and sludge from sewage treatment plants into biogas, 

 recovering heat from used water, 

 cleaning domestic wastewater to use it for appliances that do not need drinking water or to irrigate 

agriculture. 

e) The social objective 

As described in the sustainable development theory, the social objective of sustainable city or eco-district is the 

social diversity and a social harmony (12).  

Social diversity can be developed through a plurality of the accommodations with diversified offers (in terms of 

prices, sizes and types), and also through the possibility to become an owner or a tenant. 

Social harmony is naturally promoted thanks to the healthy atmosphere of the urban units: utilization of non-

unhealthy materials, the introduction of green spaces and the low level of pollution. 

2. Examples 

Nowadays, the idea of sustainable cities and eco districts is starting to be more and more realistic and 

concrete. The following example will give a world overview of the sustainable city and eco district projects that 

have been done or that are planned for the next decade.  
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a) Christie Walk, Adelaide Eco-village, Australia (5) 

Adelaide Eco-village is an ecological cohousing project located in the south of Australia which was constructed 

between 2000 and 2002. This small village has been perfectly integrated in the center of the city. The main idea 

of this eco district was to develop itself around the sustainable concept of communal living.  

 

The project consists of 27 housing units, including free-standing cottages, townhouses and apartments. The 

idea of communal living is created thanks to shared spaces, such as gardens, laundry, kitchen, meeting room, 

library and toilets. 

 

The housing units are designed to reach a high energy efficiency standard. They use 60% less energy less than 

the average one-person all electric household and 50% less energy than the average two person household. 

The buildings are designed using passive solar design principles; they take advantage of high thermal mass, 

extensive insulation and a natural ventilation system. Storm water from roofs is collected and reused in toilet 

flushing and landscape irrigation. The district has its own sewage treatment and grey water recycling plant. The 

urban unit is free of cars in order to foster walking and cycling within the unit and beyond. 

 

The way of build this urban unit and the materials that were used, were chosen to construct buildings that 

could last longer than 100 years. 

b) Hammarby Sjöstad, Stockholm, Sweden (13) 

Hammarby Sjöstad, the “sea city” in Stockholm, is an environmental project which is quite out of the ordinary; 

it is a high class city district planned for a population of 20,000 and an awarded environmental urban planning 

project.  

 

Hammarby Sjöstad project was launched for Stockholm’s application for the 2004 Olympic Games, with the 

idea of developing an Olympic Village at the forefront of environmental innovation. Unfortunately the project 

was not selected. Nevertheless the Swedish government decided to maintain the project and to create a 

worldwide model of an eco-district, with Hammarby Sjöstad. 

 

The central idea of this project was to create a sustainable circular metabolism, which connects energy, waste 

and water. 

 The combustible wastes, from the recycling collection system, are burned before being returned to the 

dwellings in the form of electricity and hot water. Sludge from sewage treatment plants is converted into 

biogas, to provide flats equipped with biogas stoves and to fuel for buses that serve the area. The urban unit is 

equipped with a high frequency tramway and an extensive pedestrian and bicycle network that connect the 

unit with the metro and the city centre.  

 

The following figure shows more clearly this metabolism (13): 
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So this district is the perfect example of an harmony between the eco-district, its energy sobriety, its partly 

energy sufficiency and the environment. 

 

Hammarby Sjöstad district is now operating since few years, and is a huge success. The sustainable circular 

metabolism is operating correctly and the first results are encouraging. Unfortunately the first energy analyses 

have revealed that the buildings’ annual energy required is a bit higher than expected. This is due to the quality 

of the buildings’ materials (for example the U-value of the triple glazing window is lower than the one used for 

the preliminary energy simulation because high quality windows was too expensive), and due to the thermal 

bridge with the balcony which has been underestimated. Moreover in the idea of a sustainable district, the 

social diversity is one of the most important aspect, and here even if the apartment offer is diversified: single 

family with one, two or more kids apartments, student apartments, apartments for retired persons and old 

persons,..., the accessibility to these apartments is reserved for persons with a high incomes due to the high 

level of the rents or the purchase prices. For instance the rent for a student apartment there is around 5000-

6000 SEK (560 - 670 €), whereas it is around 2500-4000 SEK (280 - 450 €) in the other parts of the city.  

c) Dongtan Eco-city, China (5) 

Dongtan was considered as the world’s first truly ecologically sustainable new city. The eco-city construction, 

which is planned to be located on the island of Chongming in the north of Shanghai, is an ambitious vision of 

sustainable design and urban planning, including an entirely self sufficient energy system. Dongtan will be 

made of three villages that meet to form a city centre. The first demonstrator phase of Dongtan was supposed 

to be completed by 2010, in time for the World Expo in Shanghai, to accommodate a population of up to 5,000 

for the first step, but due to economical issues the project has been delayed. Later phases of the development 

will see the city grow to hold a population of around 80,000 by 2020 and up to 500,000 by 2050.  

 

The project aims at increasing the bio-diversity on Chongming Island. Its goals will be to create a city that runs 

entirely on renewable energy for its buildings, its infrastructure and its transports needs. Thanks to the good 

insulation and the highly energy efficient equipment installed, the building design aims at reaching an energy 

demand of 66% less than the city’s neighbor, Shanghai, and a global annual CO2 emission reduced by 350,000 

tones. Dongtan will recover, reuse and recycle 90% of all waste in the city thanks to a closed loop ecosystem, 

with the potential target of becoming a zero waste city.  
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The use of biomass in the energy system of the city will be very important. Indeed a combined heat and power 

plant will run on rice husks discarded by local rice mills and on some of the recycled organic waste. Rice husks 

and organic waste will be loaded into large bioreactors which will gasify the waste to produce electricity and 

heat. Moreover wind power plants will cover at least 20% of Dongtan's energy requirements, through a large 

wind turbine farm outside the city, and through micro wind turbines adapted to buildings and roads. Most 

buildings will also have solar PV cell arrays on their roofs. 

 

All the buildings in Dongtan will be designed according to passive technologies (like passive solar heating, daily 

lighting, building orientation,...), in order to reach zero-energy structures.. Natural ventilation will be provided 

by adapting to the local microclimate and by positioning individual buildings accordingly. Gardens or other 

types of green vegetation on the rooftops will provide insulation and will help to filter rainwater, thus helping 

to reduce energy consumption 

 

Due to the city disposition (three villages that meet at the city centre), Dongtan will feature a compact layout 

that will minimize the need to move within the city. All housings should be within a seven-minute walk of a 

public transport. Businesses, schools, hospitals and shops should also be easily accessible. Thus this urban 

organization will reduce travel distances, thereby lowering annually CO2 emissions by 400,000 tons. 

 

Visitors will need to park outside the city. Transportation options within the city will include cycling, walking, 

hydrogen fuel-cell buses and solar-powered water taxis. In Dongtan, all vehicles will run on batteries or 

hydrogen fuel cells. These energy-efficient vehicles won’t practically emit any greenhouse gases. 

 

Conserving and protecting the nature of the site is also a major priority, as only 40% of the space will be 

occupied by buildings, giving way to important pedestrian areas. The site is located adjacent to an important 

wetlands system, and the design seeks to be respectful and restorative of this existing natural ecosystem. A 

‘buffer zone’ (3.5km across at its narrowest point) will be created around the wetland, in the form of an organic 

farm.  

 

Unfortunately since the project has been accepted by the Chinese government, nothing constructive happened 

due to financial issues. The site has been cleared, the farmers and peasants moved off the land and large areas 

have been prepared, but no construction has occurred there yet: no buildings, no power plants, no roads, 

nothing. So it seems that on the paper the Dongtan project is impressive but everyone is wondering if this ideal 

city will come out of the ground one day, and become the first sustainable city as close to carbon neutral and 

zero waste as possible. 

d) Masdar City, United Arab Emirates (14) 

Masdar City is a new city project in Abu Dhabi (United Arab Emirates, UAE). The main idea of this project was to 

build a sustainable, zero-carbon and zero-waste city, which relies completely on renewable energy 

technologies. The city is located 17 km south-east of Abu Dhabi. It will cover 6 km², will accommodate up to 

45,000/50,000 people and will welcome 1,500 businesses, mostly shops and factories specializing in 

environmental friendly products. As a place where businesses can prosper and innovation can flourish, Masdar 

City is a modern Arabian city which is in harmony with its surroundings. As such, it is a model for sustainable 

urban development regionally and globally, looking at being an economically viable development that delivers 

the highest quality environment to live and to work, with the lowest possible ecological footprint. Masdar City 

is seen as “The Oasis of the Future”. 

 

Masdar City is a supporting pillar of the Abu Dhabi Economic Vision 2030, which tries to diversify the emirate’s 

economy as it goes from an economy based on natural resources to a new economy based on knowledge, 

innovation and the export of cutting edge technologies. Masdar will ensure that the renewable energy and 
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sustainable technology sector is an important part in this knowledge-based economic diversification and 

becomes a major source of high-value-added exports.  

Indeed, Abu Dhabi has traditionally played a leading role in the global energy market as a significant 

hydrocarbon producer. With Masdar, it will take advantage of its substantial resources and experience in this 

sector in order to maintain its leadership position in an evolving world energy market that is increasingly 

looking forward to using renewable energy. Through Masdar, Abu Dhabi aspires to be an international center 

for renewable energy and new energy technologies, thereby balancing its already important and negative 

hydrocarbon connection.  

 

Masdar City will welcome the headquarters of the International Renewable Energy Agency (IRENA). The city is 

designed to gather clean technology companies. Its first tenant, since 2010, is the Masdar Institute of Science 

and Technology, which is an independent, research-driven graduate institute developed with the ongoing 

support and cooperation of the Massachusetts Institute of Technology (MIT). Focused on the science and 

engineering of advanced alternative energy, environmental technologies and sustainability, the Masdar 

Institute will be at the heart of the home-grown research and development community at Masdar.  

 

The sustainability of Masdar City is reached by using the best and most cutting-edge technologies, equipment, 

systems and materials from around the world. Sustainability in Masdar City is described in 6 different areas: 

 

 Energy Generation and Management: As a sustainable city, the design of its energy system was 

focused on the optimization of the energy use, implementing highly efficient technologies for passive 

and active systems, such as high performance buildings envelopes, low-energy lighting, optimization 

of the natural light, utilization of highly efficient electrical appliances and smart building management 

systems. So, Masdar City’s objective is to achieve reductions in comparison to the UAE baseline of 55% 

in the cooling demand, of 54 % in the utilization of tap water and of 51% in the electrical demand. 

Regarding the energy supply, Masdar City will be entirely powered by renewable energies, through 

solar photovoltaic plants, solar thermal plants (which will provide hot water and heat for absorption 

chillers), geothermal power and heat plants,… 

 

 Water Generation and Management: In a desertic area where water is a precious element, the 

utilization of water has to be as low as possible, thus the main target of the Masdar City’s water 

management was to reduce the water demand. The city’s buildings will use low water use 

technologies and systems: highly efficient appliances, smart water meters that inform the consumers 

of their consumption, and smart meters that identify leakage across the network. The idea of 

implementing a special water tariff to promote water efficiencies is currently analyzed. Moreover, the 

city’s wastewater will be treated and recycled for landscaping usage; this measure will lead to a 

reduction of 60% in the water utilization. 

 

 Waste Management: The objective of Masdar City is to be a zero-waste city. The municipal solid 

wastes will be separated into three parts: dry-recyclables waste, which will be transferred to local or 

regional recycling facilities; compost wet recyclables waste, which will be used for the city 

landscaping; and the other types of waste, the residuals waste, which are non-recyclable and which 

will be managed offsite. 

 

 Planning, Engineering and Architecture: Designers and city planners of Masdar City paid attention to 

the utilization of the city and of its building themselves as energy savers. Indeed, the orientation of the 

buildings and the streets sizes can be combined in order to minimize the solar heat gain and to 

maximise the shadow areas in the streets and the cool breezes across the city. Moreover, the design 

of narrow streets enables the buildings to shade each other, and thus to reduce their cooling demand. 
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 Sustainable Building Materials: For the constrution, the city’s constructors have worked with both local 

and international companies in order to develop sustainable and high performance materials, like for 

instance:  green concrete composed of ground granulated blasted slag that will replace cement 

(this substitution results in a reduction of the concrete carbon footprint by 30-40% of CO2), 

  90% recycled content aluminum that will be used for the buildings’ façade  

  healthy water based paints without volatile organic compound. 

Moreover 96% of the construction waste generated during the building stage of the city is sent to an 

onsite Waste Recycling Centre that separates waste for reuse in the construction process or transfer 

to close recycling facilities in the region. 

 

 Transportation, Planning and Management: The city has been designed for pedestrians. It is easy to go 

through the whole city without private vehicles, using whether the green walkways or the dense and 

clean public transportation network. Clean transportation will involve electric busses and clean-energy 

vehicles. In its idea of developing a sustainable transportation system, Masdar City is piloting a 

Personal Rapid Transit (PRT) and Freight Rapid Transit (FRT) which is a system of electric-powered, 

automated vehicles that offer the comfort, the privacy and the non-stop travel of a taxi service. 

 

 

 
 

 

 

Initiated in 2006, the project was projected to cost 22 billion US $ (17 billion €) and its construction was 

planned to take around eight years. The first stage was supposed to be completed and habitable by 2009. The 

construction of this first stage began in 2008 and Masdar City’s first six buildings were completed and occupied 

in October 2010. However, due to the repercussion of the worldwide financial crisis, the stage 1 has been 

rescheduled and the initial 1 km² of this stage will be completed by 2015. According to the new project’s 

planning, the city’s construction will be completed between 2020 and 2025. The city’s preliminary budget has 

been revised downwards by 10 to 15 percent, putting the investment between 18.7 and 19.8 billion US dollars 

((14 - 15 billion €).  
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III. A sustainable city as a system 

This third chapter consists in a system approach of the topic, i.e. try to define correctly a sustainable 

city/district as a system, evaluating its boundaries, its actors ... This approach will help to understand more 

precisely the various functions that have to be taken into account to design a sustainable city/district. 

A. Definition of a system 

According to Churchman’s definition, a system is “a set of parts organised to accomplish a set of goals” (15). He 

considers thus, that a system is an assemblage of many sub-systems, whose interact with each other (16), in 

order to focus and reach a same main objective.   

 

Churchman describes five basics considerations that have to be kept in mind when man thinks about the 

meaning of a system: 

  the global system objective and how to measure the performance of the whole system, 

 the system’s environment, 

 the resources of the system, 

 the components of the system, theirs activities, goals and measures of performance, 

 the management of the system. 

 

The concept of system is very complex: it is recommended to start thinking of the system objectives before 

specifying the system in details. Indeed the mistake, that have to be avoided when man defines a system, is to 

look inside the system and search how it functions, and what its components and their interaction are. If the 

system is approached on this way, some part of the system will be missed or some sub-systems will be 

considered, whereas they belong to the environment of the system (15). The most important thing for a 

system, that needs to be understood, is the identification of its boundary:  the inside and the environment of 

the system. The boundary delimits the system, and helps to understand what have to be accounted into the 

system’s activities and which surroundings have to be taken into account in order to prevent them influence 

and impacts on the system. 

 

Another aspect is to identify the system managers, because he is the one who “have to be apt to lead the 

system to the objectives ensuring that nobody misleads in identifying the real as compared with the stated 

objectives of the system” (15). In other words, the system manager is a person who understands the system, 

knows its boundary, its resources, its environment and its components, and who can define sub-objectives to 

reach the main objective using stages (17). He also has to control the performance of all stages ensuring that 

the process he uses to achieve the main objectives is in order. The manager uses his own experience to avoid 

making mistakes and to improve the process of the system.   

B. Application of this definition to a sustainable city 

Thanks to Churchman approach, we will now try to characterize a sustainable city as a system. We will use the 

city instead of a district or a cluster of building in this part again, because it is easier to apply the concept of a 

system to a large urban area, in order to be very precise and clear.  
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1. Objectives of the system 

The main objective of a sustainable city’s system is to provide to the inhabitant a high life’s quality with the 

lowest possible carbon footprint. Indeed as described in the previous step, a sustainable city or an eco district 

try to apply the principles of the sustainable development and to create an ideal advanced society in harmony 

between the life’s quality of its inhabitants, its environment, its economical viability and its social diversity.  

 

Behind this global objective, are hidden secondary objectives that describe various ways and steps to reach the 

main objective: the sub-systems objectives. For instance, the development of the attractiveness of the city for 

the investors (industry and commerce sector) as well as for the inhabitants that are supposed to live inside the 

city; the education of the city users in order to aware them on the responsibilities they have to live within a 

sustainable city; the positive development of the relation and the impacts, that the city has on its neighbours 

cities or communities; or even the possibility for the inhabitants to develop themselves continuously through 

various activities (cultural, educational, physical,...) in order to develop a well being society, are part of the sub-

systems objectives.  

2. The system’s boundaries 

The boundaries of a system define the inside of the system, i.e. everything that is part of a sub-system and that 

have to be taken into account in order to reach the objectives, and the outside of the system, i.e. all other 

systems in the surrounding that will influence and impacts the system without be connected with the main 

objective (18). 

 

So for the sustainable city system, all the activities of the inhabitant and people working in the city are 

considered inside the system, as well as, all the public transport of the city. In fact, every activity that takes 

place inside the city or that is included within a traceable boundary of influence around the city, belong to the 

system. 

  

The transport sector is quite problematic. Except the public transport that is ,of course, considered inside the 

city, the question of the inhabitants cars, the national/regional transports (busses, trains and boats) or the 

companies transporters that will come in the city for daily deliveries (for shops), is more complex. 

 If we look at the example of the Chinese future eco-city Dongtan, only the zero emission cars are allowed 

inside the city, so the boundaries issues is simplified since all cars inside the city don’t participate to the city 

emissions, and all other cars have to be parked outside the city. But if we consider the general case, the more 

sustainable way will be to consider the inhabitants cars inside since they belong themselves to the system (17), 

as well as, the transporters of the city’s companies, whereas the transporters of companies outside the city and 

the national/regional transports will be consider as part of the environment. 

 

Regarding to the food production, the transport and all activities bound to the production in the surrounding 

exploitations, that have been implemented especially for the new city’s provision or economy will be 

considered inside; whereas all other utilities, linked to food and that are used not only for the city but also for 

the neighbour cities, are considered as outside.  

 

For the energy supply, considering that all energy is produced and generated inside the city, everything 

connected to this sector is considered inside the system (even the wood’s preparation and transportation for 

biomass plant, for instance).  

 

After all those points, we can define the general boundaries of a sustainable city system, as the activities that 

are related only with the city. For instance every building activity in the city is dedicated for the economical 

growth or the social development of the city and is considered as inside the system, whereas the transit 
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transport by taxi of someone coming in the city is considered as part of the environment because it impact the 

system, but also other system if the next taxi customer want to go to another city.  

3. The sub-systems 

As said previous, the system is constituted of many sub-systems, which are the components and the resources 

of the system. Those sub-systems are: 

 urban and landscape planning,  

 built space, 

 energy management,  

 water management,  

 waste management,  

 traffic and transport management, 

 food and services system, 

 inhabitants and workers. 

 

Those sub-systems arrive just after the global system in the hierarchy of the system. They are themselves 

constituted by ‘sub-sub-systems’ (19). All sub-systems and sub-sub-system have specific objectives, which need 

to be connected to the main objective of the system. 

 

For example, the objective of the built space sub-system could be to create sustainable building in harmony 

with the local environment and climate; and so the idea of “harmony” means to use recycled material or 

maybe temporary solar collector for the electricity needs during the construction phase in order to follow the 

main system’s objective of low carbon footprint. 

 

The following diagram shows some various “floors” of the system and the sub-systems: 
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4. Synergies between the sub-systems 

Since all sub-systems interact with each other, there are synergies (20) in-between sub-systems: 

 synergy between energy, waste and water management: non recyclable waste, like organic waste 

from household or restaurant and sludge from wastewater treatment plant, can be used to product 

biogas. 

 synergy between landscape management and water management: after filtration wastewater from 

drinking water appliance, such as shower or dishwasher, can be used to irrigate agriculture and 

garden. 

 synergy between built space and energy management: the selection of the materials of the building 

envelope are very important and is strongly connected with the assessment of the building’s energy 

needs. 

 synergy between public transport & traffic planning and the localisation of the urban functions (like 

offices, shops, dwellings): the development of the urban density and the reduction of the street 

accessible by car inside the city is a good way to motivate people to travel by public transport. 

 synergy between urban planning, surrounding landscape and energy management: the city’s 

organisation could be design in a way to optimize the access to the buildings to the solar energy and to 

reduce the wind exposure so as to minimise the energy demand. 

5. The system’s manager 

As Churchman (15) defines the system’s manager as one of the most important part of the system, he should 

be chosen careful and be involved in the city’s operation. The manager could be one person or a group of 

people. The system’s manger will be someone who takes part of the preliminary design of the city, who follows 

the construction’s steps and who is living or working inside the city. Those requirements are needed in order to 

be sure that the manager fully understands the challenge of a sustainable city and tries to motivate and involve 

everyone in the city to use everything they have at their disposal to reach the city objective. Thanks to his 

position, the system’s manager will have the opportunity to adapt the city’s installations or the city’s 

objectives, if the first results are not the one expected.  

6. The system’s economical and financial aspects 

In his definition of a system, Churchman does not take into account the economical and financial aspects of the 

system. But in our case, i.e. a sustainable city, it is really important to consider this aspect. Indeed, a 

sustainable city is a new city concept that lays on new high performance technologies, new efficient materials 

and new system organisations and synergies, which are still in a development and testing process, and which 

are thus more expensive. So, in our system, we consider that the financial solutions are supplied by the 

government, by the city and by regional authorities and industries involved in the development of 

technologies, materials, or synergies management. 



 
28 

IV. The energy management sub-system (EMSS) 

 

Since we have clearly defined the concept of a system and used it to characterize a sustainable city, we will 

now focus in this fourth chapter on the energetic aspect of the sustainable city.  

 

To be rated (21) as a sustainable building: 

 the building must be designed in a way so as to have an annual energy utilization as low as possible, 

 the technologies used in the building must be highly energy efficient in order to reduce the energy use 

by these installations, 

 the thermal comfort standard must not be neglected in order to reach the energy use labels, 

 the utilization of renewable energies could help to reduce the energy purchased as well as the carbon 

footprint of the building. 

 

Thus we can define the various elements of the sustainable city energy management sub-system. The two 

mains parts of this sub-system are:  

 ‘the energy utilization’: it characterizes the global energy demand of the building (electricity, heating 

and cooling), 

 ‘the energy transformation’: it corresponds to the energy resources used to supply the energy need of 

the building. 

 

The following figure shows the most specific elements of the energy management sub-system. These specific 

elements will be detailed in this part of the report. 
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A. The energy utilization 

The energy utilization is an important element of the energy management sub-system, because it defines the 

global energy use of the sustainable city or eco district. The goal of this part of the sub-system is to define the 

buildings characteristics according to its activities (office, shop or housing) in order to minimize the energy 

demand.  

1. The energy flow into a building 

In the building sector, the heating ventilation and air conditioning (HVAC) system is the building service that 

uses the most energy. It represents approximately 50% of the total energy use in the building (22). In addition 

to its important proportion in the total energy use and its impact on the carbon footprint of the building, the 

HVAC system leads the indoor climate of the building. That explains why this service design has to be done 

regarding the future building’s users’ expectations. 

 

In the current time of climate change and unlimited population growth, many studies try to explore their 

effects on the HVAC demand. An American study on the effect of climate change on the energy production and 

on the energy use (23), shows that the energy demand will be influenced by the climate change, and for the 

world’s regions where the heating degree days is more than 2200 HDD Celsius, the trend is that the reduction 

of the energy needed for heating will be greater than the increase of the electricity use for the air conditioning. 

In Europe, a research (24) shows that, until at least 2035, the raise of the cooling needed to match the global 

warming is likely overweighed by the decrease of the heating demand (24). Worldwide, the consequences of 

the increase of the global temperature will be signified by an decrease of the heating demand by 34% by 2100, 

whereas in another hand the air conditioning and cooling demand will increase by 72 % by 2100 (25).  

 

Thus the future global growth of the HVAC energy use seems alarming, which is why these systems that will be 

installed in the new buildings need to be as much efficient as possible. This is encouraged by all the labels’ and 

building’s certifications, which are intransigent on the type of HVAC’s elements and installations used. So, the 

principal objective of the HVAC design for a sustainable city is to use energy efficient equipments to reach the 

indoor climate need in terms of energy, and to reduce the global energy need. 

 

In this master thesis, the design of the HVAC will be done by assessing the different building’s energy need in 

order to have a comfortable indoor climate according to the building’s activities, and by analysing all the 

elements of the HVAC system in order to optimize their efficiencies. The following figure shows the global 

energy chain of a HVAC system (22): 

 

 
 

 

 

 



 
30 

2. The global HVAC’s energy chain (22) 

Now we will explain and define more clearly this energy chain, using the same logical order than during the 

design phase, i.e. from the right with the final service, to the left with energy resources.  

First, the thermal comfort, it corresponds to the final services expected by the users. Indeed, the role of the 

HVAC system is to provide a high quality and comfortable indoor climate defined by environmental 

parameters, such as air temperature, humidity, air velocity,… The HVAC system is associated with an air quality 

control system which is in charge of the air’s filtration to eliminate air pollutants contained in the fresh air. The 

definition of the indoor climate characteristics is complex due to the expectation of the occupant, and because 

all the other elements of the global HVAC’s energy chain depend on it (for instance for the sizing of the air duct 

or the boiler).  

 

The conditioned spaces aspect is the second step of the design phase. It is identified as the service that 

quantifies the thermal comfort demand in energy demand: the amount of energy that is theoretically needed 

to provide the defined indoor climate’s conditions. This energy demand is the result of the calculation of the 

thermal balance of the heat flow through the building (transmission, ventilation, infiltration, radiation, solar 

gain,…). This aspect is a simulation aspect that links the thermal comfort expectation to the building’s 

structure, design and materials. 

 

The third aspect of the energy chain is the HVAC facilities. The HVAC system is made up of equipments, like 

chillers, boilers, fan, pumps,.., and their connections, like air, water and refrigerants. So it has to be very 

carefully designed because the HVAC facilities are responsible for the global HVAC energy use and the HVAC 

system efficiency.  

 

Those facilities can be identified as four subgroups: heat conversion, cold conversion, water transport and air 

transport, as shown in the following figure (inspired from 22): 

 

 
 

Those four subgroups are inter-connected in order to supply useful energy to the conditioned spaces. Indeed, 

the water is used either to transfer the heat converted by the heat generation from an environment’s source, 

or to supply cold water after extraction of the excess of heat by the coolth generation rejected to the 

environment.  Then the energy in the form of warm or cold water is either used directly in the building trough 

radiators or chillers, or transferred to the air system through the ventilation system. 

 

In the context of sustainable building, there is a veritable expectation on the selection of the HVAC equipment 

and especially their efficiency, because it will influence the global energy use. 

 

The first point on the energy chain and the last, that we will analyze, is the energy resources. It corresponds to 

the supply of energy form the environment that will then be converted by the HVAC facilities to provide the 
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indoor climate expected in the building. This part will be treated later, when we will deal with the second main 

part of the energy management sub-system: the energy transformation. 

 

Since we have analyzed the different elements of the HVAC system and describe the process of its design, we 

will focus on the indoor climate’s and the building envelope‘s characteristics of a sustainable building.  

B. The indoor climate’s characteristics 

As said previously, the definition of the indoor climate’s characteristics is the first step of the energy chain 

sizing process, and influences all the other steps. So we will now define the occupant’s needs, such as the air 

quality parameters, the heating and cooling temperatures set, the hot water requirements, the lighting and the 

electrical appliances utilization. 

1. Air quality 

The air quality ensures healthy and comfortable conditions for the occupants. The indoor air quality‘s 

considerations correspond to the amount of fresh air required to control moisture, carbon dioxide as well as 

the other indoor pollutants, odours,… 

 

According to the ASHRAE Standard 62 (26), the minimum air flow per person for the ventilation system for any 

type of space is 8l/s. So the whole ventilation system will be sized with this value for all the activities of the 

building (shop, office or housing).  

However, the ventilation control system will not be designed based on the maximal ventilation flow rate and 

the space operating hours. In fact, in order to optimize the use of the ventilation system, its control will be 

based on the CO2 level in the space and the space occupancy.  Indeed, the air quality is evaluated by the level 

of pollutants that the air contains, for example carbon dioxide which is created by the people inside the space. 

That explains why it seems relevant to use these parameters to regulate the ventilation. So the combination of 

an occupancy censor and a CO2 level censor, set on the recommendation of the American Environmental 

Protection Agency (EPA) of a maximum CO2 level exposure of 1000ppm (1.8 g/m3) (26), can ensure an 

optimized use of the ventilation system, and maintain a comfortable air quality. 

 

Sometimes in order to reduce the energy use, all the heating and cooling needs are provided by the ventilation 

system instead of by radiators or chillers, avoiding the energy used by the water loops. The based idea seems 

interesting but refreshing the air of a room with air from outside heated at the same temperature as the 

room’s temperature can be felt by the occupants as uncomfortable and their first minds will be to open a 

window and to let fresh air goes inside the space. This will increase the heating or cooling load. So, for the 

comfort of the occupant and the energy equilibrium of the building, the ventilation system will be used here 

only for the refreshment of the building’s air and not for its heating and cooling. 

2. Heating and cooling 

A study on global residential sector energy demand (24) reveals that the most logical choice for the indoor set 

temperature is the temperature at which the use of energy is minimal. This temperature has been empirically 

evaluated for Europe and the USA around 18°C.  

 

The ASHRAE Standard 55 - ‘Thermal environmental Conditions for Human Occupancy’ is a standard which deals 

with thermal comfort issues. This document specifies condition and thermal zones, where 80% of persons with 

a very slightly activities define their environment as thermally comfortable. The following figure shows these 

thermal zones for winter and summer (27): 
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So we will use this standard to set the inside temperature in winter and in summer. For the heating 

temperature, we will use a temperature of 20-21°C. While for the cooling, the definition of the set temperature 

is more complex and depends mainly on the environment climate, but in our study we will use the value of 26-

27 °C. 

3. The building envelope 

The building envelope, which is a term used to describe the walls, the roofs, the windows, the doors and the 

floors of the building, acts as a barrier between the conditioned indoor environment and the outdoor 

environment. The characteristics of the building envelope are used to estimate the heating and cooling 

demand; so the more the thermal design of the building is efficient, the more the load on HVAC is reduced. The 

building envelope controls the heat gain in summer and the heat loss in winter 

 

For the design of a sustainable building we will use the building’s characteristics of passive houses, which are 

the current most efficient characteristics for the thermal design of a building envelope. Thus, in order to reach 

the required building performances, it is very important to ensure a global high standard of insulation, to 

decrease the air leakage and to eliminate the thermal bridges (28). 

 

The following table shows the U-values that have been selected for the design of a sustainable building (29): 

 

Part of the envelope Conductivity 

walls, floor, basement, slab on the 

ground, ceiling and roof 
0.1 - 0.15 W/(m².K) 

windows < 0.8 W/(m².K) 

linear conductivity (thermal bridge) 0.01 W/m.K) 

 

 

As said previously, a special attention on the airtight has to be paid when designing the building envelope, in 

order to reach an air leakage through the building envelope below 0.6 ACH (air change per hour) by a 

pressurisation of 50 Pa, corresponding to approximately 0.05 ACH infiltration rate under normal pressure 

conditions (28). 
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Obviously, the orientation of the building is also very important in order to take advantage as much as possible 

of the solar gain for the heating, but also for the lighting. Thus the amount of windows for a suitable glass area 

represents between 10 and 25 % of the floor area (28). 

4. Hot water 

In the concept of a sustainable city, the building’s activities like shops, office and housing will gather and 

organize in order to develop the idea of multi activities buildings. For instance, we could have shop on the 

ground floor, then two floors of offices and the other floors will be used for housing. So for the estimation of 

the hot water needs, we can evaluate the need for the housing and consider that the hot water required for 

the offices and shop will be provided by the same system that the housing hot water system since the 

operating hours of the office and shops correspond to the hours when the houses’ inhabitants are working and 

not at home. The following table shows the quantity and the temperature of hot water according to its use 

(30): 

 

 
 

Thanks to these values and the addition of the estimation of the hot water used when someone washes his 

hands or by a washing machine, for instance, we could estimate the daily consumption of hot water per person 

of about 100L. Thus the hot water for the whole building will be provided by a hot water system sized on the 

based consumption of 100L/person and the number of people living in the housing part of the building. 

 

According to the legionella regulation, the hot water temperature is set at 55°C (29).  

5. Electricity 

The electricity need corresponds to the lighting, the components of the HVAC system such as pumps and fans, 

and the equipments that are used in the building by the occupants. 

a) Lighting 

The lighting system of a building is an important issue when we talk about the minimization of the buildings 

general energy utilization. Indeed the lighting accounts for around 5 to 15 % of the total electricity use of a 

building (31), and this value can sometimes increase until 40% in commercial buildings (32). Many studies show 

that the existing lighting technology is clumsily implemented and if we used it better and more efficiently the 

electricity use could be reduced by 50% (33). 

  

In the context of this master thesis, the idea is to use as much as possible the passive technologies available to 

set the indoor comfort. So for the visual comfort and for the lighting system the mix between natural and 

artificial lighting have to be taken into account during the building’s design phase. The two following diagrams 

show the daily external gain irradiance in UK in winter and in summer (34): 
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The second key element to control the electricity performance and use of the building is the occupant’s 

behaviour (35). For instance, in an office, people usually tend to turn on the light when they arrived and keep 

the light turn on until they leave, so the lighting is switched on the whole day, regardless of the available indoor 

natural daylight. 

 

If we are very careful with all the aspects that can reduce the electric use for lighting, for instance by 

implementing daylight sensors, occupancy sensors, efficient light and adapted light (ambient/task light for 

offices for example); an energy saving of 40 % could be obtained (32). 

 

Thus, with theses ideas of how to minimize the electricity use for lighting, we will try to define specifically the 

lighting characteristics for the public lighting, the office lighting, the shop lighting and also the housing lighting 

 

 

 Public lighting is an important area that has to be accounted for since it increases the district/city’s 

mobility and security during the night hours. A recent American study (36) shows that the public 

lighting can sometimes represent 25 % of the electric daily load. Mostly, the lamps used for the public 

lighting are the high pressure sodium bulbs (150W), nevertheless, the study explains that at a given 

wattage, a low pressure sodium bulb (55W) has an efficiency higher:  

  55 W low pressure sodium bulb has an average efficiency of 140 lm/W 

  150 W high pressure sodium bulb has an average efficiency of 90 lm/W 

So the implementation of low pressure sodium bulbs instead of high pressure sodium bulbs would 

result in a decrease of the street floodlighting of 40 % (7700lm/lamp, which is agreed by the European 

Standard EN 13201), but also in a reduction of 65 % of the energy use. 

 

 

 Office lighting is also an important area because offices are the places where people spend their main 

time during the weekday. So the office lighting system is important to the people’s visual comfort and 

also for the minimization of the electricity use. For the office light, in order to optimize the use of 

daylight, the idea to use an ambient lighting mix between natural and artificial light for the circulation 

associated with task lighting, that could provide more localized illumination, is a good option so as to 

take into account passive lighting as much as possible. The European Standard (37) presents the light 

power density norm that must be installed in office buildings and some lower targets in order to reach 

an ideal global electricity utilization of around 10 kWh/m²/year. For the visual comfort, the lamps used 

must have a high efficiency to fit the illuminance levels standard (NF EN 12464-1). The following table 

represents the light power density recommended by the European Standard, as well as the Light 

Energy Numeric Indicator (LENI) which calculates the electricity used for a reference annual time of 

2500h with various light systems control (occupancy sensor or daylight sensor for instance) (32):  
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 Shop lighting is kind of similar to the office lighting since the daily operating hours are similar.  The use 

of daylight sensors could be also implemented for the circulation area. A study on the energy 

efficiency in shops realized in Sweden (38), shows the average installed lighting power according to 

the type of shop: 

 

Type of shop Installed lighting power (W/m²) 

Food store 20.3 

TV, computer and radio 22.0 

Home decoration 14.6 

Clothing 28.8 

Other retail trade 15.4 

Common areas 9.0 

Services areas 6.6 

Staff areas 12.5 

 

Thus, the average value of installed lighting power for shops is around 16 W/m². As said previously, 

with the correct utilization of the actual technologies (high efficient light) the electricity use could be 

reduced by 50%; so for our design, we will set an average light power density of 10 W/m² for shops. 

 

 

 Housing lighting is a more simple area since the lighting is globally more used for the ambience or for 

specific tasks like cooking, working or simply watching TV. A Study in the UK shows the average 

electricity demand for lighting on a sample of 100 houses (39): 
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This figure debriefs that the main needs are in the morning between 7:00 & 9:00, and in the evening between 

16:00 & 24:00. Thus except during the weekends, daylight could not be an important factor to decrease the 

electricity use; the minimization must be done with the occupant’s behaviour, by turning off the light when a 

room is empty, and with the selection of high efficient lamps. In order to limit the use we could set an average 

light power density of about 8 W/m² in the different rooms of the house. 

b) Appliances 

It is very difficult to control the appliances installed in the building’s space. Indeed, the designers are not in 

charge of the inside organisation, this is done by the occupants themselves. So the minimization of the 

electricity use by the electronic appliances depends on the occupant’s behaviour.  

C. The energy transformation 

The energy transformation is the second element of the energy management sub-system, since it defines how 

the energy demand will be supplied and which energy resources and technologies will be used. 

 

In the idea of sustainable cities or eco districts, the energy supply has to be done by clean technologies and 

green energy resources. Ideally a sustainable/green energy source is a source whose resources are 

inexhaustible and not debased by continued use, and that does not lead to significant pollutant emissions or 

other environmental issues. Actually, only a few energy sources really approach this ideal (40). Renewable 

energies can also be defined as energy flows which are restored at the same rhythm than the one at which they 

are utilized (41) (42).  

 

The most important energy source is the sun’s radiation. Indeed, solar radiation can be used directly as solar 

energy or indirectly via other energy forms like wind energy, bio energy, wave energy,...  

The solar radiation can be directly converted into useful energy through solar thermal panels in order to 

provide heat for heating or for domestic hot water, through solar PV panels in order to produce electricity, or 

through concentrated mirrors in order to provide high temperature heat which is then converted into 

electricity. But solar radiation also influences the global environment by being responsible for the wind, the 

rain, the waves and photosynthesis. Thus it can be converted indirectly into useful energy like electricity, 

thanks to wind energy, hydro energy, biomass/biofuels energy and wave energy, and like heat thanks to 

biomass/biofuels energy. 

 

After the sun, the second most important energy source is the heat from the earth's heart, that is, geothermal 

energy. This energy can be used at different scales, for instance with heat pumps in order to extract heat for 

heating or for domestic hot water and to release the inside extra heat for cooling, or with deep underground 

water recuperation pipes in order to gather high temperature water, which will be used to run a steam turbine 

and to create electricity. 

 

All the various types of energies presented here can be implemented in a city or in a district neighbourhood in 

order to supply the energy demand of the city or of the district. Some combinations can be done in order to 

optimize the space organisation, such as the implementation of PV panels on the buildings’ roofs for electricity 

and of a biomass plant for the heat production. The type of energy that is used also depends on the city or on 

the district's location, since all energy resources are not available everywhere (for instance, there are no forests 

for biomass energy in Saharan regions; the sun activity in Polar regions is too intermittent and useless during 

winter). This idea is in harmony with the concept of sustainable cities and eco districts that we presented in the 

previous Chapter and these urban areas will use as much local energy as possible to supply their needs and to 

become energy self sufficient. 



 
37 

V. Application of the exergy concept to the EMSS 

Regarding the buildings’ lifecycles, energy is used all the time for all steps: during the building’s development 

(the design phase followed by the construction phase), during its operation (for all aspects linked to the 

thermal and life comfort (space heating, space cooling or lighting) as defined in the previous part of the master 

thesis), and finally, during its destruction. (43) 

 

As in the previous chapters, we will focus on the energy use when the building operates. The idea presented in 

this fifth chapter is to reduce as much as possible the energy demand as well as the power peak load and to 

analyse the type of energy required in order to optimize the primary energy use to supply the building’s needs. 

For instance, the analysis of the type of energy that is required for heating, cooling and supplying hot water for 

the building’s demand, reveals that very low energy quality resources contain enough ‘energy’ to supply these 

demands (approximately a quality factor of 7%), due to their low temperature level requirements (44). So, we 

will go deeper into the analysis through this part of the master thesis. 

 

Generally, when such expressions as “energy consumption”, “energy saving”, and even “energy conservation” 

are used, people indirectly refer to “energy” as the intensive part of the energy that is contained in energy 

resources, such as fossil fuels, biomass… But using the term “energy” in these expressions is confusing and is 

not correct especially to mean ‘consumed’ and ‘conserved’ simultaneously. So, instead of the term “energy”, 

we have to use the thermodynamic concept of exergy, which comes from the second law of thermodynamics, 

to indicate what part of energy is consumed (45). 

A. Presentation of the exergy concept 

The building sector has a very high potential to improve the quality match between energy demand and energy 

supply, especially because high exergy resources are used to supply low temperature demands, and thus low 

exergy needs. So the potential improvements lay in the reduction of the exergy demand and in the 

optimization of the exergy‘s utilization contained in the energy resources.  

The addition of the exergy concept to the energy analysis will be helpful to better understand the nature of 

energy flows in systems. 

1. Definition of the exergy 

In general, exergy is associated to the work potential and the quality changes of energy and matter in 

relationship with to a preliminary environment stated. Nevertheless, many investigators choose to focus on 

specific aspects in their definitions, depending on the objective and scope of their analysis, as presented in the 

following table: 

 

Investigators / Sources 

Exergy definitions 

Rant (46) 
Exergy is defined as that part of energy that can be fully converted 

into any other kind of energy. 

Szargut et al. (47),(48)  

Exergy is a measure of a quality of various kinds of energy and is 

defined as the amount of work obtainable when some matter is 

brought to a state of thermodynamic equilibrium with the common 

components of the natural surroundings by means of reversible 

processes, involving interaction only with the abovementioned 

components of nature. 
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Kotas (49)  

The work equivalent of a given form of energy is a measure of its 

exergy, which is defined as the maximum work, which can be 

obtained from a given form of energy using the environmental 

parameters as the reference state. 

Shukuya (50)  

Exergy is defined as a measure of dispersion potential of energy and 

matter, while entropy is defined as a measure that indicates the 

dispersion of energy and matter. 

Bejan (51),(52)  

Exergy is the minimum theoretical useful work required to form a 

quantity of matter from substance present in the environment and 

to bring the matter to a specified state. Exergy is a measure of the 

departure of the state of the system from that of the environment, 

and is therefore an attribute of the system and environment 

together. 

Moran and Shapiro (51),(53)  

Exergy is the maximum theoretical work that can be extracted from 

a combined system consisting of the system under study and the 

environment as the system passes from a given state to equilibrium 

with the environment - that is, passes to the dead state at which the 

combined system possesses energy, but no exergy. 

Honerkamp (54) 

The maximum fraction of an energy form, which (in a reversible 

process) can be transformed into work is called exergy. The 

remaining part is called anergy, and this corresponds to the waste 

heat. 

Ala-Juusela (51),(55)  

Exergy is the concept, which quantifies the potential of energy and 

matter to disperse in the course of their diffusion into their 

environment, to articulate what is consumed within a system. 

Gunnewiek and Rosen (56),(57)  

Exergy can be viewed as a measure of the departure of a substance 

from equilibrium with a specified reference environment, which is 

often modelled as the actual environment. The exergy of an emission 

to the environment, therefore, is a measure of the potential of the 

emission to change or impact the environment. The greater is the 

exergy of an emission, the greater is its departure from equilibrium 

with the environment, and the greater may be its potential to 

change or impact the environment. 

Cengel and Boles (58)  

The exergy of a person in daily life can be viewed as the best job that 

person can do under the most favourable conditions. The exergy of a 

person at a given time and place can be viewed as the maximum 

amount of work he or she can do at that time and place. 

Wikipedia (59)  

In thermodynamics, the exergy of a system is the maximum useful 

work possible during a process that brings the system into 

equilibrium with a heat reservoir. 

Wiktionary (60)  
In thermodynamics, exergy is a measure of the actual potential of a 

system to do work, while in systems energetic, entropy-free energy. 

 

 

All macroscopic natural phenomena that occur around us are involved in the dispersion of energy and matter, 

which change their forms from one to another. However the total amount of energy and matter, that takes 

part in those phenomena is never consumed and necessarily conserved. This is clearly stated in the first law of 

thermodynamics, i.e., a certain amount of energy can neither be created nor destroyed although its form may 

be changed from one to another; it is the energy conservation law. This is the reason why we use the 

thermodynamic concept of exergy to articulate how much exergy is supplied to a specific system, where it is 
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consumed and how, and then how the generated entropy due to exergy consumption is discarded into the 

environmental space for the system (50)(51). 

 

Exergy is based on a combination of the energy balance of the first law of thermodynamics and the entropy 

balance of the second. The combination of the laws of thermodynamics helps define directly the potential of a 

system to generate a useful output while interacting with its surrounding environment. So, exergy reflects the 

net potential of a system’s work according to the influence of the available energy quantity, as well as of the 

temperature, or quality, available relative to the system’s surroundings.  

 

When a system is in the same thermodynamic state as its surrounding environment, it does not have potential 

to do work, thus it has zero exergy (61). 

 

 As a thermodynamic system always moves towards a more stable state in order to be closer to the equilibrium 

with its surroundings, a part of that change in state can be extracted as work, and the other part of the energy 

is dispersed. Indeed, the energy transfer from one state to another occurs (62): 

 either by dispersion due to convection, conduction or radiation, sometimes together with mass 

diffusion, it corresponds to the ‘heat’ part of the energy transfer, 

 or by a directional movement of molecules composing a substance that has a certain solid shape, it 

corresponds to the ‘work’ part of the energy transfer. 

 

We will take a microscopic view in order to ease the understanding of the concepts, with the example of the 

energy flow through a building envelope, as shown in the following figure (62): 

 
Fig. 1. Energy, exergy, and entropy flow in and out of building envelope system. The amounts of energy flowing 

in and out are the same under thermally steady-state condition according to the law of energy conservation; on 

the other hand, the amount of entropy flowing out is larger than that flowing in according to the second law of 

thermodynamics. The amount of exergy flowing out is smaller than that flowing in, since exergy is consumed 

within the system to produce entropy.  

 

We assume a steady-state condition where the right-hand side of the system is warmer than the left-hand side. 

The particles in the warmer side of the building envelope vibrate rather strongly; it represents the amount of 

exergy contained in the energy flowing into the building envelope. While going through the envelope, the 

vibrations of the particles are dispersed; it shows the part of the exergy that is consumed. As a result of the 

dispersion, the energy flowing out the building envelope is accompanied by a smaller amount of exergy. 

Moreover, since a part of the vibration is dispersed, the global state of dispersion within the building envelope 

system increases. This is the consequence of the consumption of exergy and the generation of entropy (45). 

The amount of increased entropy is proportional to that of consumed exergy. This process is called exergy-

entropy process (63). 
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Thus, now, we can distinguish the two parts of an energy flow:  the exergy and the anergy. We use the term 

anergy instead of entropy in order to have the same physical characteristics as exergy (cf. exergy-entropy 

process equations).  

“Exergy” represents “what is consumed”, whereas “anergy” represents “what is disposed of”. On the other way 

around, “exergy” is the concept which quantifies the potential of energy and matter to disperse in the course 

of their diffusion into their environment, and “anergy” is the concept which quantifies the extent to which 

energy and matter in question are dispersed. (45) 

 

Only the exergy part of any energy flow can be converted into some kind of high-grade energy, such as 

mechanical work or electricity. The different physical characteristics of a system’s exergy consist in (43):  

 physical exergy (due to the deviation of the system’s temperature and pressure from those of the 

environment),  

 chemical exergy (due to the deviation of the system’s chemical composition from that of the 

environment),  

 kinetic exergy (due to the system’s velocity measured relatively to the environment),  

 potential exergy (due to the system’s height measured relatively to the environment). 

Anergy, on the other hand, refers to the part of the energy flow which cannot be converted into high-grade 

energy, e.g. low-grade waste heat from a power plant. Exergy can be regarded as the valuable part of energy, 

while anergy designates the low-valued portion (61).  

 

Regarding the exergy flow through a building envelope, the thermal exergy will flow through walls, by a 

combination of convection, conduction, and radiation, either it is ‘warm’ exergy or ‘cool’ exergy. Unlike energy 

which changes its direction according to the environment’s temperature profile, the direction of the exergy 

flow is in the same direction at all times: from the inside to the outside. 

2. Exergy balance equation 

In this part, we will introduce the general expressions of the exergy balance, in order to illustrate the exergy 

concept previously presented. For this part we will assume that the system is in a steady state condition. 

 

The first law of thermodynamics states that energy is always conserved, i.e. energy flowing in a system must be 

the same as the energy flowing out this system, under the steady state condition. So the energy balance can be 

expressed as: 

Energy in = Energy out 

 

The second law of thermodynamics states that the entropy in an isolated system is either constant if the 

system is in equilibrium or increasing. As said previously, a part of the energy flowing into the system is heat, 

which corresponds to dispersed energy. Heat thus flows into the system trough the energy flow. Moreover, 

according to the second law of thermodynamics, entropy is generated inside the system due to irreversibility 

processes (dispersion of energy / consumption of exergy). So the entropy balance can be expressed as: 

Entropy in + Entropy generated = Entropy out 
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Combining the energy and entropy balance equations leads to the exergy balance equation. But to combine 

both equations we need to adjust the physical dimension; indeed, entropy has a dimension of J/K (or W/K) and 

energy has a dimension of J (or W). Therefore, we need to multiply the entropy equation by the reference 

temperature of the system’s environment to use the dimension of J (or W) for the exergy balance equation. 

Thus, we obtain the following equation: 

Entropy in* Tref + Entropy generated* Tref = Entropy out* Tref 

=> Anergy in + Anergy generated = Anergy out 

 

So the combination of the energy and entropy balance equation gives: 

Energy in - (Anergy in + Anergy generated) = Energy out - Anergy out 

 

And the reorganization of the equation leads to: 

(Energy in - Anergy in) - Anergy generated = (Energy out - Anergy out) 

=>     Incoming exergy - Result of the system process = Outgoing exergy 

 

 “Anergy generated” is energy that originally had the ability to disperse and that has just dispersed, it is the 

exergy consumed. Finally, we obtain the exergy balance equation: 

Exergy in - Exergy consumed = Exergy out 

 

This is the exergy balance equation for a system under a steady-state condition. Using this equation, we can 

define several exergy indicators, like for instance: 

 The irreversibility rate calculated from the Gouy-Stodola relation, which states that the irreversibility 

rate of a process is the product of the entropy generation for all systems participating in the process 

with the environment’s temperature (45): 

I = Entropy generated* Tref = Exergy consumed 

 

 The exergy efficiency, which is the ratio between the exergy flowing out the system and the exergy 

flowing into the system (64): 

ƞ= Exergy out  / Exergy in 

 

 The exergy factor, which correspond to the part of exergy contained in a energy flow (64): 

EF in = Exergy in / Energy in   &   EF out = Exergy out / Energy out 

 

3. Warm/cool exergy and wet/dry exergy 

As presented in the exergy balance equation, the amount of exergy contained in a system depends on the 

environment’s temperature, i.e. the reference temperature. But if we consider the air in a given space, the 

temperature of the system’s air will provide us with another characteristic of the exergy (65):  

 when the system’s air is at a higher temperature than its environment, it can disperse its thermal 

energy into its environment. The exergy contained in the system corresponds to ‘warm’ exergy. 

 when the system’s air is at a lower temperature than its environment, it can let the thermal energy of 

the environment flow into it, due to its initial lack of thermal energy in comparison with its 

environment. The exergy contained in the system corresponds to ‘cool’ exergy. 
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The following figure shows the exergy characteristics according to the temperature of the air contained in a 

room (45): 

 
 

Fig. 2. Thermal exergy contained in the air as a function of temperature, Tr. Environmental temperature, To, is 

288 K(=15°C). Air at a temperature higher than the environmental temperature has “cool” exergy and the air at 

a temperature lower than the environmental temperature has “warm” exergy.  

 

Space heating systems are systems that supply and consume exergy to keep “warm” exergy as a quantity of 

state contained by a room space in a certain desired level; while space cooling systems are systems that supply 

and consume exergy to keep “cool” exergy as a quantity of state contained by a room space in a certain desired 

level. As described previously, exergy consumption is always accompanied by entropy generation, thus the 

generated entropy must be discarded constantly from the room space to the outdoor environment to keep 

“warm” or “cool” exergy within a desired level (45). This need of entropy dispersion explains why the exergy 

flow through a building envelope is always from the inside to the outside. 

 

We can also take into account the humidity of a system in the exergy flow through ‘wet’ and ‘dry’ exergy, which 

ensure a certain indoor humidity level. ‘Wet’ exergy is the ability of a system’s air filled with water vapor to 

disperse into the environmental space filled with less humid air; and ‘‘dry’’ exergy is the ability to let water 

vapor in the environmental space disperse into a system with less humid air. The following figure presents the 

parallel between ‘warm’ and ‘cool’ exergy and ‘wet’ and ‘dry’ exergy (61): 
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4. Exergy analysis of the built environment 

The main principle of the exergy method applied to the design of energy systems in the built environment is to 

reach the required quality levels of supplied and demanded energy. So, exergy analysis provides useful 

information about the different processes involved in the energy chain of the built environment. It helps to 

understand and to improve the efficiency, the environmental and economic performance, as well as the 

sustainability of these processes, since exergy analysis identifies and quantifies the consumption of exergy used 

to drive all processes as well as the irreversibilities (exergy destructions) and the losses of exergy (48). 

Therefore, exergy analysis can reveal whether or not, and by how much, it is possible to design more efficient 

energy systems by reducing the inefficiencies in existing systems (66) (67). 

 

The exergy analysis of a system aims at defining how to: 

 increase the output exergy and to reduce the anergy produced by the power plant,  

 minimize the exergy input while maximizing the heat output instead of the exergy output, without 

compromising the indoor thermal comfort requirement, for heat production. 

(44) 

 

Benefits of exergy analysis are numerous, especially in comparison with energy analysis. Exergy analysis 

pinpoints magnitudes and locations of thermodynamic imperfections occurring through an energy supply’s 

chain, to realize improvements, and ultimately to reduce primary energy input, while it is based on the 

definition of a reference environment and suited to be used to express partly, the ecological component of 

sustainability. The main advantage of using exergy to analyse the losses is that exergy losses represent the true 

losses of potential to generate work of heat according to the process analysed. Exergy efficiency always 

provides a measure of approach to ideal (43) 

 

The following figure shows the different results of an energy analysis and an exergy analysis of the building’s 

energy chain (68): 
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Such exergy analysis could lead to a better understanding of the exergy need/consumption of the electrical, 

heating and cooling production systems, as well as their distribution systems and thereby allow us to come up 

with better solutions for sustainable built environment systems for the future (58). So, this exergy concept can 

be used to combine and compare all flows of energy according to their quantity and quality. The following 

figure shows the exergy quality of various available resources (44): 

 
 

So, exergy analysis brings a new lead to improve the efficiency of an energy chain, by matching the exergy 

demand quality and the exergy supply quality. The main part of the energy use in a building is to maintain the 

room temperature at a desired level. But in most cases, the heating and cooling energy demand is supplied by 

high quality energy sources, such as fossil fuel or electricity, in other words, high exergy sources are used to 

supply low temperature needs and low exergy needs (69) (70).  

Since the desired temperature of a room is between 21 and 26 °C, the exergy concept explains that providing a 

supply temperature close to the ambient temperature (in other words: low temperature heating and high 

temperature cooling) can easily maintain the desired temperature inside the room. So, the room’s exergy 

needs decrease, and can be supplied by low valued exergy resources like renewable energies (61). 

 

Thus, the exergy approach presents how to match the energy/exergy quality level with the energy/exergy 

demand and supply. Indeed, the various exergy demands in buildings correspond to different quality levels of 

exergy. For instance, the need of electricity for lighting and for electrical appliances is supplied by high quality 

exergy sources, and the need of hot water for heating and for domestic hot water (DHW) is provided by low 

quality energy sources. 
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The following figure presents the different of energy use between a conventional use and an utilization 

according to the exergy concept of low exergy supply (43): 

 
 

To illustrate this principle, we can have a look at the utilization of electricity from a PV system. On an exergy 

point of view, it is better to use the solar electricity, a highly valued energy, to power appliances or to heat 

pumps rather than for direct heating purposes (via an electrical boiler for instance), because for heating 

purposes, low quality resources are available and are able to meet the low exergy demands (for instance: low 

temperature ground source heat or solar thermal heat) (43). 

 

Another advantage of using a low exergy system is that lower supply temperatures increase the exergy 

efficiency of the heat supply, i.e., they lower the quality at which the heat flow is supplied to the heating 

system, allowing a better match between the energy supply and demand. Lower return temperatures also 

significantly increase the exergy efficiency of the heat supply (71).  

 

Finally the main objective to achieve an exergy efficient building supply is to reduce the quality of the source 

used and to find low exergy sources that can be exploited to provide building’s needs. The low exergy approach 

is one of these approaches that may be used in sustainable buildings design. The scope of this approach is what 

matters most to constitute a sustainable built environment. 

B. Utilization of the exergy concept to reduce the energy use and the 

peak load 

By using the concept of exergy, we will now have a look at two types of energy systems that can help optimize 

the energy use of a sustainable building: the ‘passive’ system and the ‘active’ system. 

 

Thus we will see how ‘active’ low temperature heating systems and ‘active’ high cooling systems could fit the 

indoor thermal requirements conditioned by the ‘passive’ systems. Moreover, we will understand how to use 

those ‘passive’ and ‘active’ systems to linearize the energy peak load of the building. 
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1. Passive system 

We are now going to focus on the presentation of the “passive systems”, which are systems that can be 

improved or that can use less energy by using their immediate environment (43). 

 

For instance, the installation of thermally well insulated materials for the building’s envelope could provide a 

good indoor thermal comfort and could allow the use of low temperature heating. It is the same idea in 

summer; the use of nocturnal ventilation and the implementation of shading devices could be used to decrease 

the solar heat gain and could allow the use of high temperature cooling (43). 

 

As explained in the previous example, the implementation of passive (bio-climatic) system is a prerequisite to 

then use low-exergy systems for heating and cooling (45). Thus we will describe more in details some passive 

systems from the exergy-entropy process point of view (72) (73).  

a) Building envelope 

The characteristics of the building envelope’s material heat capacity are very important for the energy and 

exergy performances. In the previous Chapter we have tried to optimize the building envelope by setting the 

value of passive houses to define its U-values. 

b) Occupant behaviour 

Just like the building envelope, the occupant’s behaviour has a significant influence on the energy and exergy 

consumption of the building and it is particularly affected by the outdoor temperature. 

A recent study has been conducted on nine identical low- energy social housing units to evaluate the influence 

of the occupant on the energy use and the results have shown variations in the electricity utilization in 

between the nine housing units of up to 600% (74).  

 

An experiment in Japan has been done on a community of one hundred people in order to evaluate the 

influence of the building envelope’s improvement and the occupants’ use of the AC-unit on the exergy 

consumption according to the outdoor temperature (75). Four cases have been studied using input values for 

the outdoor air temperature from -5 to 15°C in winter and 25 to 35 °C in summer: 

 Case 1 represents the standard building envelope with a frequent use of the AC-unit by the occupants,  

 Case 2 corresponds to the improvement of the building envelope, 

 Case 3 corresponds to the change in the occupants’ behaviour using the AC-unit occasionally 

 Case 4 represents the combination of the envelope improvement and the occupants’ behaviour 

change. 

All the results have been normalized to have the value of Case 1 at 100%. The two following figures show the 

relative reduction of the exergy consumption for the cases in winter and in summer (75): 
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Those figures clarify that the exergy consumption reduction due to the occupants’ behaviour is more affected 

by the outdoor conditions than due to the improvement of the building’s envelope. The combination of both 

changes (Case 4) leads to a reduction of 80 - 95% in the winter period and of 60 - 80 % in the summer period. 

Moreover, to compare Case 2 and Case3, we can see that the improvement of the building envelope system 

becomes more effective when the difference between indoor and outdoor air temperature is higher, whereas 

the change due to the occupant’s behaviour is the highest when the indoor air temperature is close to the 

outdoor air temperature. 

c) Daylighting  

This passive system has been explained in the previous Chapter of the report for the definition of the lighting in 

the building. In a more scientific way, daylighting corresponds to the consumption of solar exergy for indoor 

illumination, it occurs when the solar exergy is absorbed by the interior surfaces of building envelopes. “Warm” 

exergy is then produced as a result of solar exergy consumption for lighting; this may also be consumed for 

space heating. (45) 

d) Passive heating  

Passive heating corresponds to the control of solar exergy consumption during daytime and night-time by 

forming the built-environmental space with the appropriate materials that have low thermal conductivity and 

high thermal-exergy storage capacity. This passive system uses the thermal mass in the building envelope to 

release/consume during night-time the thermal exergy produced during daytime. The most important features 

of thermal mass are that it moderates internal temperatures by averaging day/night extremes, by stabilizing 

the indoor temperature and by delaying the peak temperature, as represented in the following figure (76). 

Since the internal temperature depends on the variation of the outdoor temperature, the thermal mass is 

particularly beneficial where there is a big difference between day and night outdoor temperatures 

 

 
Large thermal mass can be advantageous both in winter, by storing the warm exergy from sunlight or from 

heaters during the day in order to release it throughout the night, and in summer, by absorbing the warm 

exergy released inside during the day and by releasing it during the night in order to take it away thanks to the 

nocturnal ventilation. 

 

Most of the entropy generated is discarded spontaneously through the building’s envelope into the 

atmosphere (45). 

e) Ventilation cooling & nocturnal ventilation 

The principle of the ventilation cooling is to remove the entropy generated within the built environment from 

the lights, the occupants, the electric appliance, by consuming the kinetic exergy contained in the atmospheric 

air (45). 
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The nocturnal ventilation is used in combination with the thermal mass of the building to disperse the excess of 

warm exergy stored in the thermal mass during the day, and to substitute it by cool exergy caught from the 

night outdoor temperature. 

A numerical simulation of the exergy balance has been done on a single room for two cases: one with nocturnal 

ventilation and the other one without nocturnal ventilation (77): 

 Case 1 assumes that the room is naturally ventilated during daytime and that the windows are kept 

closed during night-time (18:00 to 06:00), 

 Case 2 assumes that the room is naturally ventilated all the time.  

 
 

In this figure, positive values in exergy storage rate indicate "storage" and negative values indicate "release" 

into the room space. The orange values correspond to ‘warm’ exergy and the blue ones correspond to ‘cool’ 

exergy. 

 

In Case 1, warm exergy is stored during day time and is then released into the room space during night time, 

but since the windows are kept closed during the night, the warm exergy stays inside the room and is stored 

again due to the exergy balance. In Case 2, warm exergy stored during the day is taken away by the nocturnal 

ventilation and the cool exergy stored during the night is released during the day (negative values between 

9.00 and 16.00). 

 

So the nocturnal ventilation allows to store cool exergy and to use it during the following day. This leads to a 

reduction of the daily cooling demand. 

f) Shading 

Shading systems let the excess of solar exergy (i.e. the solar exergy that is not necessary for daylighting) be 

consumed before entering the build environment, especially in summer. Thus the amount of entropy 

generated in the building will be reduced, so that the cooling equipment will consume less exergy to remove 

the inside generated entropy. 

 

However, a special attention has to be paid to the type of shading that is used. Indeed if internal shading is 

used, it will absorb the excess of solar exergy and will then be considered as a radiant heating panel, so entropy 

will be released inside the building, which is the opposite of the role of a shading system. So, external shading 

systems are much better, since the entropy generated is directly discarded into the atmosphere by convection 

from the shading devices (78). 

2. Active system 

With this overview of passive (bio-climatic) systems designs as exergy-entropy processes, we can understand 

how important the implementation of passive systems in the energy sub-system is. Indeed, these systems 

design a model in which the exergy available from our immediate surrounding is rationally consumed and the 

generated entropy is rationally discarded into the atmosphere (45).  
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However, it does not mean that active systems are no longer required, especially in extreme climates. So 

passive systems help only to reduce as much as possible the energy and exergy demand of the building, then 

active systems are needed to supply the lower demand of energy and exergy, by working in harmony with 

those advanced passive systems 

 

We will now introduce some examples of ‘active systems’ that use low exergy technologies in order to reduce 

the exergy needed to supply the space demand. 

a) Floor heating and cooling 

Heating and cooling systems through radiant floor systems are becoming common in the building sector. These 

systems are more and more popular due to the comfort advantages and the energy saving opportunities they 

provide. 

 

Radiant floor heating and cooling systems differ from conventional systems like radiant radiators. Indeed, 

conventional systems mainly transfer thermal energy into indoor air by contact surfaces, while radiant floor 

systems transmit thermal energy to the building structure. So the heat or the cool contained in the thermal 

energy delivered by the radiant floor system, is stored by the thermal mass of the walls and floors, and is then 

released into the indoor space by air convection and heat/cool radiation, in order to maintain a stable indoor 

environment. Radiant floor systems present the advantage of being 3 dimensional diffusion systems, which 

results in a larger energy supply surface area and a more stable indoor environment temperature. (79) 

A thermal analysis has been done by Myhren and Holmberg about the thermal comfort aspect of low 

temperature floor heating and wall heating (80). Their general conclusion was that the use of low temperature 

systems for heating may improve the room’s indoor climate by lowering the air speed/flow and by reducing the 

vertical temperature difference. 

 

Moreover, radiant floor systems fulfil the thermal criteria sated by the Ashrae Standard 55 - 2004 (81), which 

presents the allowable limits on drifts and ramps of the operative temperatures and the allowable vertical 

temperature difference, that avoid thermal discomfort of a conditioned space. 

 

The design of these systems is very important in order to avoid floor condensation in summer and for the 

occupant’s discomfort due to too high or too cool feelings when they are bare-feet.  

For the first point, the floor’s water supply temperature has to be in the scope of 7 to 25°C, because during 

summer, the floor’s surface temperature has to be higher than the corresponding dew point temperature of 

the indoor air to avoid condensation (82).  

For the second one, since cool or high heat coming from the bottom could be not accepted by the occupant, 

the idea presented in a Chinese paper, to bury the tube for the radiant floor system in the corner area, as 

shown in the following figure, seems interesting (79): 
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With the implementation of this radiant floor heating and cooling system, the direct contact between the 

cool/hot floor surface and the occupant’s bare feet is reduced and is more reasonable. Moreover, this location 

of the radiant floor system helps to decrease the thermal bridges that occur at the connection between walls 

and floors. 

 

If we make a comparison with other heating and cooling systems, radiant floor systems are able to reach the 

same room’s operative temperature with a lower supply temperature. This means that the high thermal 

comfort of the occupant is exactly the same, while the energy need is reduced. Indeed, low temperature 

systems use low exergy sources, which leads to a more efficient use of the exergy available in the source and a 

more flexible choice in the selection of the energy source (lake, sun, ground,…) (83). In addition, the utilization 

of low temperature systems has a real impact on the energy savings, since the ventilation heat gains in the 

summer and the ventilation heat losses in winter, as well as the losses or gains through the building’s envelope, 

are reduced (84). 

b) Heat and cool waste recovery 

Some industrial processes require very high temperature heating, but also sometimes very low temperature 

cooling. In these heating and cooling systems, the efficiency of the boiler and of the chiller depends on the 

return temperature of these heating or cooling systems. For the heating system, the return temperature has to 

be as low as possible, whereas the return temperature has to be as high as possible for the cooling system. 

Thus, the idea of installing a heat recovery on the return system could help to improve the efficiency of the 

boiler or the chiller, and to provide low temperature for the building’s heating system or high temperature for 

the building’s cooling.  

The building that can benefit from this energy recovery system has to be located close to an industrial area in 

order to make the implementation of the system possible regarding the costs of connection pipelines (85). 

c) Combined Heat and Power (CHP) plants 

CHP plants use the concept of wasted heat recovery, as presented below. Indeed, the concept of CHP, which is 

also called cogeneration, is to associate a heat engine and a power plant to simultaneously convert both 

electricity and useful heat from a primary energy resource (86) 

 

If we make an energy analysis and an exergy analysis of a power plant, we will realize that more than half of 

the energy is lost as excess heat (48), which is released into the natural environment through cooling towers, 

flue gas,… (Second law of thermodynamics & Carnot’s theorem). So, by capturing the excess heat, CHP uses 

heat that would be wasted in a conventional power plant. This allows the power plant to increase its global 

efficiency up to 80% for the best conventional plants (87). This means that less primary energy is needed to 

convert the same amount of useful energy (electricity + heat) (88). 

 

The recovery of the wasted heat can be used to provide hot water to a cluster of buildings, space heating or 

heat needed to run an absorption chiller or a liquid desiccant system in summer (89). Moreover, the thermal 

energy produced by a CHP can be easily stored and delivered later to meet the demand, allowing a certain 

flexible and responsive heat supply. CHP is a process in which high quality renewable energy like biomass or 

biogas can be used as fuel (90). 

 

Combined Cycle Power Plants (CCPPs) have recently received considerable attention due to their relatively high 

energy efficiencies, low pollutant and greenhouse gas emissions, and operational flexibility. CHP is foremost an 

energy efficiency technology. It provides a means to substantially reduce primary energy use without 

compromising the quality and the reliability of the energy supply to consumers (91). Consequently it provides a 

cost-effective means of renewable energy and low-carbon technologies. 

http://en.wikipedia.org/wiki/Power_plant
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d) Heat Pump 

As said previously, the main idea of low exergy systems is to maximize the exploitation of the free available 

energy dispersed into the close environment. The exergy concept focuses on the optimization of the match 

between the source energy quality and the type of energy demand, but also on the use of all parts of the 

energy flows: exergy and anergy. So, the exploitation of anergy sources for heat pump systems can help to 

reduce global exergy use and primary energy demand. 

Heat pumps are considered as low exergy systems since they use both anergy sources as warm exergy sources 

or cool exergy sources, and high exergy factor sources to provide electricity for the installations. The following 

figure shows the heat pumps mechanism in heating mode (61): 

 

 
 

 

When a heat pump is in heating mode, it transfers heat from what we define as an anergy source to the 

building. The efficiency of a heat pump is defined by the coefficient of performance (COP), i.e. how much heat 

can be provided per input unit of work (exergy): 

COP= Q max / W in = T hot / (T hot - T cold) (Carnot) 

 

Thus to improve the COP of a heat pump, two solutions are available: to minimize the work input or to reduce 

the temperature difference between the anergy source and the building. Therefore, the main objective is to 

provide a maximum amount of heat with a minimal amount of exergy input and with a low temperature-lift 

between the cold and heat sources. This results in the increase of the COP, and consequently the fraction of 

heat coming from anergy sources increases as well. Thus, we must find anergy sources of sufficient quality, as 

well as in large enough quantities (86), like for instance a lake, the ground or sometimes solar thermal panels. 

 

The combination of the supply system exergy analysis and of the anergy source evaluation results in a system 

with a low temperature-lift and a very high COP, which has the potential to provide a large amount of heating 

with little exergy input. So, the use of a heat pump in low temperature heating systems or in high temperature 

cooling systems is, from an energetic and exegetic point of view, very interesting due to the high efficiency of 

the heat pump in these systems, as presented in the following graph (61): 
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The simulation shows that the heat pump performance with a low exergy system can increase compared to the 

typical COP range of 3-6 to 6-13. We can notice that the use of heat pumps helps also to decrease the heat load 

or the cool load thanks to the heat pumps’ COP. 

e) Electricity issues 

When we talk about peak load issues, most of the time it is the electricity use that is targeted. This is because 

electricity is used for electrical appliances as well as for all equipments through the energy chain inside a 

building, whether it is for heating or for cooling (92). 

 

The main problem of power peak load issues is that it occurs only for a very short amount of every time each 

day, week or even every year. A study on a sample of buildings in Sidney has shown that an average of 15% of 

the installed equipments’ load capacity is required for just 1% of the time (93). There are not so many solutions 

to face this problem.  

 

One solution of them is to inform and teach the building’s occupants how to reduce and how to optimize the 

use of electricity, especially during the daily peak-hours. The impact of the people’s behavior on the electricity 

use is very surprising; it can vary from simple to triple from a household to another, according to the number of 

electrical devices installed in the dwelling and their electrical efficiencies (93).  

A second solution corresponds to the improvement of the energy efficiency of the devices used inside the 

building. A Brazilian study on the impact of the efficiency of electrical appliances used in the building sector has 

shown that the implementation of today’s most efficient appliances in a building can result in a reduction of 

the global electricity consumption of 28% and a reduction of the peak demand of 21% (94). So, the utilization of 

efficient appliances for the space comfort is very important, but we have to underline that the utilization of 

highly efficient equipments for the heating ventilation and for air conditioning is as much important, regarding 

the global reduction of the electricity consumption and of the peak load. 

 

Another solution is the use of external electricity production, like PV roof integrated systems, that can produce 

on-site green electricity. This reduces the building’s grid dependence and can help to decrease the grid peak 

load according to the system’s regulation. For instance, if we consider a hot climate region, the electrical peak 

load occurs between 10:00 and 17:00, when the cooling demand is at its maximum. This period of the day also 

corresponds to the sun peak radiation, so PV can be used to provide electricity to chillers or to heat pumps. An 

American investigation on the influence of the PV systems’ installation has been done on a 200 homes project 
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in Las Vegas (95). During this investigation, the electrical load variation has been studied. The following figure 

shows the results of the electrical consumption analysis for a house design according to the standard code, an 

energy efficient house (highly efficient devices, utilization of passive systems,...), and energy efficient houses 

equipped with PV panels (variation of the panel’s orientation) (95). The simulation shows that the 

implementation of roof integrated PV systems can allow a reduction of the peak load by 49%. 

 

 
 

In case the peak load is delayed from the sun irradiation peak, the PV system can be connected to batteries 

which can store the green electricity produced by the PV system and which can release it during the peak hours 

in order to reduce the grid peak demand during these hours (96). 
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VI. Methodology to optimize energy services and systems 

in high performance buildings 

Through this master thesis report we have tried to characterize how to provide high quality services to a 

sustainable city, approaching the global concept of sustainable cities trough the three pillars of the sustainable 

development concept, considering a sustainable city’s energy system and analysing the energy characteristics 

of a sustainable building on the demand side and on the supply side. 

 

The objective of this master thesis was to approach the concept of high energy performance services applied at 

various scales: at a micro scale through sustainable cities and at a nano scale through sustainable buildings. 

With the literature review presented in the previous chapters (Chapter 2, 3, 4 and 5), we approached the 

energy performance services and systems at the micro scale of a sustainable city or a cluster of buildings.  

 

Unfortunately, at the scale of a master thesis and for a time issue, I had to concentrate my personal work on 

energy services of sustainable buildings that could be implemented in sustainable cities or clusters of buildings, 

instead of, on global energy services at the scale of sustainable cities. But further work could be done based on 

my work on sustainable buildings and to extend it to the larger scale of sustainable clusters of buildings and 

cities.  

 

So for my personal work, I will focus on the nano scale through sustainable buildings and I will try to adapt all 

the systems and services we described earlier at a larger scale to the characterisation of sustainable buildings. 

For that, we are going to try to design a methodology in order to optimize energy services and systems in high 

performance buildings. 

 

For the realization of this methodology we will use the Rational Exergy Management Model (REMM) developed 

by Şiir Kilkiş in her Doctoral Thesis and in the papers she wrote (89) (97 - 105). 

A. The presentation of the Methodology 

The following figure shows the way to approach a sustainable building, trough four steps that we have defined: 

the occupant’s comfort, the energy / exergy demand, the energy / exergy supply and the building certification. 

 

Notice that in the methodology the terms energy and exergy are used to characterize the thermal as well as the 

electric aspects of the demand and of the supply. 
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B. Explanation of the Methodology step by step 

1. The Occupant’s comfort 

The first step will be to consider the expectation of the building’s occupants and owners. Indeed, it is important 

to know what kind of building we are working on and to what type of activities the building will be dedicated.  

 

This step is very important because it is the only step that cares about the occupants’ requirements since the 

following steps will pay attention to how to reach these requirements. These requirements clearly define the 

expected indoor climate quality. Thus, all parameters like the indoor temperature, the level of humidity, the 

ventilation flow rate, and so on ... are settled. 

 

The inside organisation of the building can be treated in this part. Indeed, a high comfort is expected inside all 

apartments or offices, but the corridors or the open spaces between them are also important so that people 

feel good and live in a pleasant global atmosphere.   

2. The Demand Side 

After setting the comfort requirements, the designers will focus on the building’s specific parameters like the 

building envelope, the windows, the building’s orientation, the materials used for the inside walls, floors and 

ceilings (thermal mass issues).  

 

The HVAC system is also sized in this step of the global design process. For example, the end-use devices like 

radiators, chilled beams, and air inlet and outlet location in the conditioned spaces are selected and situated 

according to the noise and visual comfort requirements; the boiler, chiller or district heat exchanger are 

selected and situated in the building in a way to simplify as much as possible the global installation, the access 

for the equipments care, and the building’s life organisation.  

All networks like hot water, heating and cooling, electricity... are also specifically implemented in the building 

structure during this design step. 

 

Then a preliminary estimation of the building load has to be done, in order to get a first idea of the building’s 

energy perspective. So, an energy analysis and an exergy analysis are done on the global energy system.  These 

analyses reveal the building’s aspects that have to be improved, pointing out for instance the losses in a duct 

system, the oversizing of a pump, or the overconsumption of cooling during summer due to a low solar gains 

protection. Thus, the designers can study the passive possibilities as well as the low exergy possibilities that 

could be implemented in the building in order to reduce the building loads and the losses of the energy system. 

The possible improvement of the efficiency of the networks’ devices like pumps, electrical appliances, and 

system controllers... is also studied. 

 

After the improvements resulting from the preliminary analyses, final energy and exergy analyses are done to 

have an estimation of the energy and exergy building’s demand. These loads will be divided into two groups 

the electrical load and the thermal load. They will be used to size the supply system of the building.  

 

It is sometimes hard to do the exergy analysis of an energy system. In her doctoral thesis, Şiir Kilkiş gives a 

simple exergy approach to estimate the building’s thermal exergy demand. She uses the following figure to 

explain the main variations of the thermodynamic flows vis-à-vis a building in order to be counteracted to 

maintain a given indoor air temperature (105): 
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In this figure, Ta corresponds to the indoor temperature and To to the outdoor temperature. The ground 

temperature, Tg, provides a stable thermal environment for the building exergy analysis and represents the 

average outdoor temperature To*.  The black arrows show the heat flow from the outside to the inside and the 

opposite according to the season. 

 

To characterize the most basic exergy demand of a building, εdem, Şiir Kilkiş uses an equation based on a Carnot 

cycle that is defined between Ta as demanded at dry bulb and Tg. The exergy demand is provided as a function 

of Pi, the energy load of the system. The exergy equation is the following (100): 

  

 
 

She also gives a special equation for the cooling season, with the outdoor temperature as a additional 

parameter (101): 

 

3. The Supply Side 

Knowing the thermal exergy / energy demand and the electrical energy demand, the target of the supply 

design step is based on the link between energy / exergy resources and the thermal and electrical energy / 

exergy demand. Indeed, as presented in the exergy concept Chapter, all resources available in the environment 

have a different exergy quality. So, for an optimum use of these resources, they have to be used to provide a 

certain type of energy / exergy according to their quality. 

 

First, the designers need to know what kind of energy is available in order to produce energy on site. After 

identifying the available energy resources, they are split into two categories according to their quality: the one 

that can supply electricity (high quality, and in this case, the resource’s amount of energy is equal to the 

resource’s amount of exergy) and the other that can supply heat or cold (low quality, according to the exergy 

concept).  

 

For high quality resources like wind, gas, biomass, sun (PV or solar thermal power plant), a carbon emission 

analysis and a cost analysis have to be done in order to help for the final selection of the resources that could 

be implemented. 

Some of these resources, like biomass or solar power plant, can be used trough the concept of combined heat 

and power plant, which allows producing electricity and heat from the energy waste, so that the resource use is 

optimized. All perspectives are interesting and have to be explored in order to find the best way to satisfy the 

exergy demand. 
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For low quality resources, like lakes, ground sources, sun (thermal), an energy analysis and an exergy analysis 

have to be done to characterize every resource. Then, the various technologies available to provide thermal 

energy from each resource are also analysed in order to get an overview of the possible technologies that could 

be implemented and of their global exergy efficiency. This exergy efficiency is defined by the following 

equations (94).  The second equation introduces the terms of exergy destruction εdst which correspond to the 

system’s exergy losses (εdst= εsup- εdem (97)). 

 

                     
 

This efficiency reveals the level of exergy match between the energy resource and the building’s exergy 

demand. This is very important in order to avoid exergy mismatch.  

 

The following figure shows the results of an energy analysis and an exergy analysis of four energy systems (a 

ground source heat pump (case 1), a condensing boiler (case 2), a conventional boiler (case 3) and a solar 

collector system (case4)) (106). These analyses reveal the various losses in each system, which allow 

characterising the efficiency of each system: the lower the system’s losses, the higher the system’s efficiency. 

 

 

 
 

The assessment of the system’s efficiency joined to a carbon emission analysis and a cost analysis will help to 

select the resources that will provide thermal energy to the building.  

 

The last part of this step is the constitution of the global energy mix in order to provide electrical energy and 

thermal energy to supply the building’s needs. We can make comparisons between analyses done for all high 

and low quality resources, and then design the energy mix to reach the building’s demand requirements. 

 

In her doctoral thesis, Şiir Kilkiş uses a multi-path approach to match as much as possible the diversified 

building’s exergy demand. This approach consists in using several energy resources in order to improve the 

exergy match between the supply and the demand and to improve the global exergy efficiency of the total 

energy supply system. Thus, instead of selecting only one resource for the thermal energy production and one 
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for the electricity production, this approach is based for example on a combined heat and power biomass plant 

that can provide electricity and high temperature thermal energy (for hot water production or for absorption 

chiller) associated with wind turbines that can provide electricity to run a ground source heat pump which will 

generate low temperature thermal energy (for heating). So, the objective of this approach is to maximize the 

global value of ΨRI, the exergy efficiency of the system. 

 

The multi-path approach is presented in the following figure (104): 

 

4. Building Certification 

Once the energy mix is defined, the design of the global energy system is done. The designers can now pay 

attention to the relation between the building, its environment and its dependence to the grid (for electricity 

and thermal energy supply). The building could thus get some labels like Net Positive Energy Building (NPEB), 

Net Positive Exergy Building (NPEXB) and Net Positive Carbon Building (NPCB). These labels are established 

regarding the energy, exergy and ‘carbon emission’ exchanges between the building and the grid to which it is 

connected. 

 

The definitions of the different labels are given in Şiir Kilkiş paper 6 (101): 

 An NPEB is a building which, on an annual basis, does not use more energy than what is provided by 

the building’s on-site renewable energy resources. 

 An NPEXB is a building which has a total annual sum of zero exergy transfer across the building-grid 

boundary in a grid energy system, during all electric and any other energy transfer that is taking place 

in a certain period of time. 
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 An NPCB is a building which counteracts the carbon emission by the production of the energy that is 

supplied to the building by the grid with the implementation of on-site renewable energy technologies 

(which are taken into account as avoidable carbon emission). 

 

It could be surprising that buildings with these labels need to be connected to the grid to reach their energy 

demand, but it is due to the intermittence of the renewable energy resources. If all these labels are reached by 

a building, the building can be described as a Net Positive Impact Building (NPIB) and it will be considered as a 

sustainable building. 

 

To be able to give these labels to a building, designers need to compare the energy, the exergy and the carbon 

emission of the on-site energy used, the energy used which is imported from the grid and the on-side energy 

not used which is exported to the grid. For example, the following figure illustrates the different information 

that is needed for the exergy label (105): 

 

 
 

In this figure we also get the equations to calculate the amount of exergy consumed in a year and the 

conditions required in order to characterize the building as an NPEXB.  

 

 

 



 
61 

 

 

So, for all levels, there are equations that have to be satisfied (101): 

 for the NPEB: 

 

The indicator k corresponds to a summation of all energy resources involved in the on-site energy production 

or in the grid energy production. Here, Ef is the electrical energy received from the grid, while Et is the electrical 

energy produced on-site and exported to the grid. Hf and Ht represent the import and export of thermal energy 

between the building and the grid. If the energy balance (EB) is equal to or smaller than zero, the building is 

considered as an NPEB. 

 

 for the NPEXB as shown on the previous figure: 

 

The indicator k has the same meaning than in the previous equation. Here, εEf, εEt, εHf,and εHt represent the 

exergy values of the electrical energy and the thermal energy introduced in the equation of EB. If the exergy 

balance (EXB) is equal to or smaller than zero, the building is considered as an NPEXB. 

 

 for the NPCB: 

 

The indicator k has the same meaning than in the previous equations, as well as Ef, Et, Hf and Ht. Here, the 

indicator ci corresponds to the net calorific CO2 content of the energy resources that provide the electrical or 

thermal energy produced on-site or imported from the grid. The indicator zc corresponds to the identification 

of the primary energy resource’s origin, it is assigned to be either positive or negative. For instance, if the on-

site electrical energy production that is exported to the grid is provided by a gas combined heat and power 

plant (CHP), zc is set negative to have a positive carbon emission in the previous equation, while if it is provided 

by a renewable energy like wind, zc is set positive, in order to account for the carbon emission avoided by the 

utilization of renewable energy instead of fossil fuels. If the carbon balance (CB) is equal to or smaller than 

zero, the building is considered as an NPCB. 

 

So, using all these equations, the designers can characterize the building that has been designed, and assign 

environmental labels to it. After that, if the results of the label process are not satisfying, for example the 

building is an NPEB and not an NPEXB, the designers can return to ‘the Demand Side’ stage, especially to the 

reduction of the load aspect in order to decrease the building’s demand, and / or to ‘the Supply Side’ stage, 

especially to the design of the energy mix in order to rearrange the energy mix with the target of enhancing its 

exergy efficiency; these improvements in the building’s energy system could allow the building to become an 

NPEXB. 
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VII. Simulations   

The final chapter is devoted to the simulation aspect of the master thesis. Through these simulations, we will 

test the methodology we designed in the previous chapter and apply it to the construction of an office building. 

We will concretely see how to design high energy quality services for an office building, how to improve the 

building’s efficiency before its construction and how to supply the building energy demand with clean 

technologies. 

 

For the energy demand simulation, we will use the software IDA ICE 4.0, which is a dynamic multizone 

simulation application for accurate studies of thermal indoor climates of individual zones, as well as for the 

energy consumption of the entire building. Thanks to this software, we will be able to analyse the building’s 

energy load and to lower it in order to reduce as much as possible the energy that will be provided to the 

building.  

 

For the analysis of the energy supply of the building, we will use a simple economical approach of the various 

energy production options that could be implemented. 

A. Introduction 

We are going to simulate and analyse the energy system of an ordinary office building. The shape of the 

building is presented in the following picture, which is extracted from the software IDA ICE 4.0: 

 

The building’s lengths are: 28.5m*10.5m*8m. The building has two floors. The floor area represents 

approximately 300 m². The average height of the ceiling is 3m. In the middle of the building, we can see a large 

area, which corresponds to the entrance and to the reception hall. We consider that 50 people are working in 

this building. 
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On the ground floor there are eight office rooms, one big office, one open space, one bathroom, one rest 

room, one kitchen and one meeting room, as we can see in the following picture: 

 

 

 
 

 

The first floor is quite similar to the ground floor, except that the bathroom and the rest room/kitchen are 

replaced by an office room and by the boss office: 

 

 

 
 

 

In order to make the simulations and the methodology’s tests more relevant, we are going to use two different 

locations and two different climates for the simulations: Stockholm and Geneva. 

 

So, we are going to follow the methodology in order to make this office building as much sustainable as 

possible whether it is located in Stockholm or Geneva, and to provide to it high energy quality services. 

Unfortunately we will be able to do only the energy aspect of the methodology because the exergy analyses 

are not yet developed in energy software. 
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B. The Occupant’s Comfort  

For this office building, we consider that 50 people are working from 8am to 5pm every weekday, with one 

hour for the lunch break. The indoor climate parameters, like air motion, winter and summer inside 

temperature scales, and the ventilation rate are set according to the values we defined in the Chapter 4 and 

according to the Indoor Climate European standard for low-energy buildings (107). 

C. The Demand Side 

Once the occupant’s requirements are clearly defined, we can focus on the energy demand of the building. The 

following figure shows the Demand Side stages defined in the methodology: 

 

 

1. Preliminary building’s design 

For the preliminary estimation of the building’s load, we designed the HVAC’s system as well as the building’s 

passive systems so as to provide an indoor climate in accordance with the occupant’s requirements. After the 

design of the building in the software, we set all the parameters which are directly linked to the indoor climate, 

like the temperatures in winter and in summer, the air quality, the ventilation rate,... Whereas for the other 

parameters which are related to the energy needed to reach a high indoor climate (like the building envelope, 

the passive heating, the passive ventilation,...), we let the standard values of the software. 

2. Preliminary estimation of the building’s load 

Regarding the climate data, we used the software’s database which gathers ASHRAE IWEC Weather Files. This 

data is based on the meteorological records of the past 50 years and allows to predict the weather forecast for 

the year 2012. For Stockholm, the data comes from Arlanda Airport.  For Geneva, the data comes from Cointrin 

Airport.  
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a) Stockholm 

With the software IDA, we realised a whole year (2012) energy simulation. The complete results of the 

simulation are displayed in Appendix 1.  

 

The main information about the energy demand of the office building in Stockholm with the preliminary design 

is summarized in the following table: 

 

Delivered Energy Report 

Energy system 
Delivered Energy 

kWh kWh/m² 

 
Heating 36147 62.6 

 Domestic Hot Water 9649 16.7 

Total Heat Demand 45796 79.3 

 
Cooling 3933 6.8 

Total Cooling Demand 3933 6.8 

 Lighting 16271 28.2 

 Equipments 22835 39.5 

 
HVAC aux. 3723 6.4 

Total Electricity Demand 42829 74.1 

Total Energy Demand 92558 160.2 

b) Geneva 

Then we realised the second whole year (2012) energy simulation with the other location: Geneva. The 

complete results of the simulation are displayed in Appendix 2.  

 

The main information about the energy demand of the office building in Geneva with the preliminary design is 

summarized in the following table: 

Delivered Energy Report 

Energy system 
Delivered Energy 

kWh kWh/m² 

 
Heating 17290 29.9 

 
Domestic Hot Water 9649 16.7 

Total Heat Demand 26939 46.6 

 
Cooling 7544 13.1 

Total Cooling Demand 7544 13.1 

 
Lighting 16272 28.2 

 

 
Equipments 22835 39.5 

 
HVAC aux. 4923 8.5 

Total Electricity Demand 44030 76.2 

Total Energy Demand 78513 135.9 
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3. Analysis and reduction of the building’s load 

All the results (Appendixes 1 & 2) we got from the software for the simulations in Stockholm and in Geneva, 

correspond to the energy balance at various scales: the whole building, the Air Handling Unit (AHU), the 

distribution losses,... Unfortunately, we don’t have access to the exergy balance with this software. So, we will 

focus only on the energy analysis and energy system enhancement for the simulation part. 

 

The annual energy demand of the office building we designed is 160.2 kWh/m² when the building is located in 

Stockholm and 135.9 kWh/m² when it is located in Geneva. The first impression we can have looking at these 

results is that these energy demand values seem surprisingly close. Indeed we could think that with the climate 

difference between Stockholm (humid continental) and Geneva (temperate), the energy need difference would 

be more important due to the strongly cold winter in Sweden. The reason why these values are close is that, in 

Geneva, cooling is needed in summer (13.1 kWh/m²), whereas the cooling demand in Stockholm is twice 

smaller (6.8 kWh/m²). 

 

In order to analyse these results and make them more representative, we can use the following figure (108), 

which shows low-energy/passive building requirements based on different norms (Denmark, Switzerland, 

France and Germany):    

 

 

 
 

 

Whatever the location of the building (Stockholm or Geneva), both annual energy demands are too high to be 

classified within the different European standard. So, we need to improve the whole system in order to reduce 

the annual energy demand. With these energy improvements, the building will become more sustainable and 

will maybe be considered as a low-energy/ passive building according to the previous figure.  

 

According to the delivered energy reports, the heating system is the second system which requires the most 

amount of energy: 62.2 kWh/m² for Stockholm and 29.9 kWh/m² for Geneva. Thus the heating system will be 

one of the main elements we will work on, to reduce the global energy demand. To decrease the energy 

needed to supply the heating demand, we will focus on the improvement of the building’s passive system, like 

the building envelope, the envelope’s thermal bridge, the envelope’s air tightness (for the air leakage) and 
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solar radiation protection. The efficiency of the equipments and the types of equipments are also very 

important. Even if we only get the energy balance of the building with the software IDA ICE, we have to keep in 

mind the building’s exergy aspect as we presented in the part two of this master thesis. Indeed, the way to use 

the energy also needs to be improved; it is an indirect way to reduce the global energy demand. So, new 

systems, like floor heating, have to be tried out to see how they can influence the energy demand. 

 

These improvements will also influence the cooling demand. Although the energy required for cooling is 

relatively low, 6.8 kWh/m² for Stockholm and 13.10 kWh/m² for Geneva, it would be interesting to reduce it as 

much as possible and to try to cancel it. Since the climates in Stockholm and Geneva are not considered as hot 

climates, the cooling needs are only for the summer months like July and August. It would be inefficient to use 

a big cooling equipment to supply the peak load demand in summer and to shut it down in the winter. We 

should reduce the demand as much as possible and use a cooling equipment as efficient as possible to get a 

very low primary energy demand (electricity for heat pumps combined with storage to linearize the peak load 

for instance). 

 

The delivered reports show that, in average, the most important energy demand of the building is the 

electricity demand, due to the type of activity of the building. The electricity demand for both locations is 

almost the same: 74.1 kWh/m² for Stockholm and 76.2 kWh/m² for Geneva. The difference comes from the 

HVAC auxiliary system (pumps, fans,...). Indeed, the need to refresh the indoor air in Geneva is more important 

than in Stockholm due to the indoor air temperature in summer (24-25°C for Stockholm and 27-28°C for 

Stockholm), as shown in Appendixes 1 & 2. This will be corrected and reduced also with the improvement of 

the building’s passive systems and the AHU heat and cold recovery.  

 

The lighting and the equipments energy demand are the same for Stockholm and Geneva (respectively 28.2 

kWh/m² and 39.5 kWh/m²), because they depend only on the activity of the building and the occupants’ habits, 

which are similar for both locations in the simulations. Together they represent approximately 40-50% (42 % 

for Stockholm and 49 % for Geneva) of the total energy demand of the building.  

So the reduction of the electricity need for lighting and for the appliances used in the building will be our 

second target. For that, two different aspects have to be paid attention to: the equipments’ efficiency and the 

occupants’ habits. The equipments’ efficiency rather concerns more the lighting; indeed new generations of 

highly efficient lamps can be implemented instead of old incandescent lamps. The second aspect is the most 

difficult to control because it depends only on the occupants’ behaviour; indeed people usually forget to turn 

off their office’s lights when they leave or they do not shut down their computers, they let their computers on 

sleeping modes for instance. To try to control the use of the light and of the equipments, daylight sensors and 

occupancy sensors could be implemented and used with timers to automatically turn off lights and some 

equipment when they are useless. Of courses information about how to use the electricity more efficiently 

could be given to the occupants through organised conferences or through simple panels displayed in the 

building, in order to change their bad habits, but the results and the impact on the global energy utilization is 

impossible to predict and to anticipate. 

 

After this analysis, we can see that six main different aspects of the building, whether it is passive system (like a 

building envelope) or active system (like equipments), could be improved in order to reduce its high global 

energy demand and to reach the required energy performances to become a low energy building according to 

the European Standard. 

 

We will now realise six additional simulations in each location, in order to specifically understand the influence 

of each aspect of the building that will be improved. In order to easily understand the results, we have named 

all the simulations from B0 to B7: 

 B0: simulation of  the standard office building, 

 B1: simulation of the office building with an improved envelope except the windows, 
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 B2: simulation of the office building with improved windows and solar protections, 

 B3: simulation of the office building with improved thermal bridges,  

 B4: simulation of the office building with a lower level of infiltration, 

 B5: simulation of the office building equipped with higher efficient lights and a better management of 

the appliances use schedule, 

 B6: simulation of the office building with more efficient space heating & cooling equipments, 

 B7: simulation with all the improvements. 

The following simulations’ analyses will be associated to the additional cost due to the improvement; these 

cost analyses will make the simulations more relevant. The materials’ prices are extracted from the website of 

the French company Leroy Merlin (109). The prices displayed on the website are for selling to individuals and 

not for companies wholesale purchases, therefore they are higher. Moreover, most of the products used for 

the cost analyses associated to the simulations come from Germany or Ukraine, which means that the website 

prices include the transport fees from Germany or Ukraine. Therefore, the estimations could seem higher than 

what they truly are. But, the transport fees to Sweden or to Switzerland are also important, and they 

compensate the fact that selling to individuals is more expensive. We can thus assume in our cost estimation 

that the website’s prices would be the prices that a company in Sweden or in Switzerland would pay if they 

contacted Leroy Merlin for the products we will use for all the improvements. 

a) Improvement of the building envelope except the windows 

For this first simulation, we are going to analyse the influence on the global energy demand of the U-value of 

the building envelope without the windows. So, we substitute the standard U-values of the software by the U-

values defined for a sustainable building, as we set in the second part of the report: 

 for the external wall:  0.22 W/K.m² → 0.1   W/K.m², 

 for the internal wall:  0.62 W/K.m² → 0.15 W/K.m², 

 for the roof:  0.17 W/K.m² → 0.1   W/K.m², 

 for the external floor: 2.38 W/K.m² → 0.16 W/K.m², 

 for the internal floor: 2.9   W/K.m² → 0.12 W/K.m². 

The following table shows the comparison between IDA’s energy analysis for the standard building and for the 

building with an improved envelope, except the windows. More details can be found in Appendices 3 &4. 

 

Energy system 

Stockholm Geneva 

B0 B1 B0 B1 

(kWh/m²) (kWh/m²) (kWh/m²) (kWh/m²) 

 
Heating 62.6 54.1 29.9 26.7 

 Domestic hot Water  16.7 16.7 16.7  16.7  

Total Heat Demand 79.3 70.8 46.6 43.4 

 
Cooling 6.8 8.5 13.1 14.9 

Total Cooling Demand 6.8 8.5 13.1 14.9 

 
Lighting 28.2 28.2 28.2 28.2 

 Equipments 39.5 39.5 39.5 39.5 

 
HVAC aux. 6.4 7.4 8.5 9.5 

Total Electricity Demand 74.1 75.1 76.2 77.2 

Total Energy Demand 160.2 154.4 135.9 135.5 

 

As predicted, we can see that the heating demand decreases in both locations: Stockholm and Geneva. The 

reduction is more pronounced in Stockholm due to its arid climate in winter. However, it seems surprising that 

the cooling demand and the electricity need for the HVAC auxiliary have increased. But a simple physical 
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analysis can help realise that the improvement of the building facade leads to the reduction or to the partial 

stop of the energy exchange between the inside and the outside. So, in winter the improved building envelope 

stops the cold air from going inside through the envelope; whereas in summer it stops the inside hot air from 

going through the envelope to the outside. Note that, even in summer, the energy flow goes mainly from the 

inside to the outside. Indeed, in Stockholm or in Geneva, the summer outdoor temperature is around 20-28 °C, 

which is lower to the indoor temperature (set at 27 °C). So in the end it seems logical that with the 

improvement of the building’s envelope, the heating demand is reduced while the cooling demand and the use 

of HVAV auxiliary are increased. 

 

This improvement leads to a global reduction of 3.6 % for Stockholm and 0.3 % for Geneva. These values are 

very low because the standard U-values are already really good and so the difference between the standard 

envelope (without the windows) and the improved envelope (without the windows) are small. The cost analysis 

shows that the additional cost between the standard and the improved building envelope without the windows 

is around 79 800€ (Appendix 7).  

b) Improvement of the windows and implementation of solar protections 

For this simulation, we are going to analyse the influence of the U-value of the windows on the global energy 

demand and the implementation of external solar protection in order to avoid having summer solar passive 

heating. So, we replace the standard windows’ U-value of the software by the windows’ U-value defined for a 

sustainable building, as we set in the second part of the report: 

1.9 W/K.m² → 0.7 W/K.m² 

The following table shows the comparison between IDA’s energy analysis for the standard building and for the 

building with improved windows and solar protections. More details can be found in the Appendices 3 &4. 

 

Energy system 

Stockholm Geneva 

B0 B2 B0 B2 

(kWh/m²) (kWh/m²) (kWh/m²) (kWh/m²) 

 
Heating 62.6 49.7 29.9 25.4 

 Domestic hot Water  16.7 16.7 16.7  16.7 

Total Heat Demand 79.3 66.4 46.6 42.1 

 
Cooling 6.8 3.0 13.1 6.5 

Total Cooling Demand 6.8 3.0 13.1 6.5 

 
Lighting 28.2 28.2 28.2 28.2 

 Equipments 39.5 39.5 39.5 39.5 

 
HVAC aux. 6.4 3.0 8.5 4.4 

Total Electricity Demand 74.1 70.7 76.2 72.1 

Total Energy Demand 160.2 140.1 135.9 120.7 

 

With these results, we can see that the heating demand, the cooling demand, and the energy used by the 

HVAC auxiliary are reduced. During winter time, the highly efficient windows allow to reduce the energy 

transfers from the cold environment to the temperate inside space. This reduction is more pronounced than 

the one resulting from the improvement of the other element of the building envelope. Indeed, in comparison 

with the standard U-values of the building envelope without the windows, the standard U-value of the 

windows is very bad (1.9 W/K.m²), and in addition, the improvement of the windows’ U-value is very important 

(from 1.9 W/K.m² to 0.7 W/K.m²), while the improvement for the envelope’s U-values is lower (from 0.22 

W/K.m² to 0.1 W/K.m² for the external wall and 0.17 W/K.m² to 0.1 W/K.m² for the roof). During summer time, 

the solar protections help avoid having the passive solar heating which explains the reduction of the cooling 

demand and the electricity needed by the HVAC auxiliary to refresh the inside air. 



 
70 

 

This improvement leads to a global reduction of 12 % for Stockholm and 11.1 % for Geneva. The cost analysis 

shows that the additional cost between the standard windows and the highly efficient windows associated with 

solar protections is around 13 000€ (Appendix 7).  

c) Reduction of the thermal bridge 

For this simulation, we are going to analyse the influence of the U-value of the building’s thermal bridges on 

the global energy demand. So, we change the thermal bridge U-values of the software according to its 

classification from typical to good, which are close to the thermal bridges’ U-values we set in the second part of 

the report: 

 for contacts between external walls and internal slabs:  0.05 W/K.m → 0.004   W/K.m, 

 for contact between external walls and external slabs:  0.14 W/K.m → 0.032   W/K.m, 

 for contacts between external walls and internal walls:  0.03 W/K.m → 0.004   W/K.m, 

 for contacts between external walls and external walls:  0.08 W/K.m → 0.024   W/K.m, 

 for the contact between external walls and the roof:  0.2   W/K.m → 0.04     W/K.m, 

 for the contact between external wall and balcony floors:  0.05 W/K.m → 0.004   W/K.m, 

 for contacts around the external windows:    0.03 W/K.m → 0.008   W/K.m, 

 for contacts around the external doors:    0.03 W/K.m → 0.008   W/K.m. 

The following table shows the comparison between IDA’s energy analysis for the building’s standard thermal 

bridges and for the building with lower thermal bridges. More details can be found in the Appendices 3 &4. 

 

Energy system 

Stockholm Geneva 

B0 B3 B0 B3 

(kWh/m²) (kWh/m²) (kWh/m²) (kWh/m²) 

 
Heating 62.6 56.9 29.9 26.3 

 Domestic hot Water  16.7 16.7 16.7  16.7 

Total Heat Demand 79.3 73.6 46.6 43.0 

 
Cooling 6.8 7.0 13.1 13.2 

Total Cooling Demand 6.8 7.0 13.1 13.2 

 
Lighting 28.2 28.2 28.2 28.2 

 Equipments 39.5 39.5 39.5 39.5 

 
HVAC aux. 6.4 6.7 8.5 8.8 

Total Electricity Demand 74.1 74.4 76.2 76.5 

Total Energy Demand 160.2 155 135.9 132.7 

 

As we can see with these results, the influence of the thermal bridges’ reduction is the same as the influence of 

the improvement of the building envelope. Indeed, the heating demand is reduced, whereas the cooling 

demand and the energy used by the HVAC auxiliary are slightly higher. The explanation of this contradiction is 

exactly the same as the one we gave above for the building envelope part.  

 

This improvement leads to a global reduction of 3.2 % for Stockholm and 2.4 % for Geneva. The cost analysis 

shows that the additional cost between the typical thermal bridges and good thermal bridges is around 

12 100€ (Appendix 7). 
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d) Reduction of the envelope’s air leakage 

For this simulation, we are going to analyse the influence of the building’s air leakage on the global energy 

demand. So, we replace the standard air leakage of the software by the value defined for a sustainable 

building, as we set in the second part of the report: 

0.3 ACH (Air Change per Hour) → 0.05 ACH 

The following table shows the comparison between IDA’s energy analysis for the standard building and for the 

building with an improved envelope air tightness. More details can be found in the Appendices 3 &4. 

 

Energy system 

Stockholm Geneva 

B0 B4 B0 B4 

(kWh/m²) (kWh/m²) (kWh/m²) (kWh/m²) 

 
Heating 62.6 35.0 29.9 14.5 

 Domestic hot Water  16.7 16.7 16.7  16.7 

Total Heat Demand 79.3 51.7 46.6 31.2 

 
Cooling 6.8 7.7 13.1 14.1 

Total Cooling Demand 6.8 7.7 13.1 14.1 

 
Lighting 28.2 28.2 28.2 28.2 

 Equipments 39.5 39.5 39.5 39.5 

 
HVAC aux. 6.4 7.9 8.5 10.2 

Total Electricity Demand 74.1 75.6 76.2 77.9 

Total Energy Demand 160.2 135.0 135.9 132.2 

 

As expected, the results are the same as for the thermal bridges. We can notice that the influence is more 

important regarding the decrease of the heating demand (43.7% for Stockholm and 51.5 % for Geneva). In 

comparison with the improvement of the building envelope or the thermal bridges, which allow or stop the 

energy transfer through the building’s envelope, the air leakage lets outside air go inside the building, which 

means that the inside air is mixed with the infiltrated outside air. So, the inside air temperature is more 

influenced by the air leakage than by the energy transmission through the walls, which explains why the 

heating demand is lower in this simulation, and why the cooling demand and the energy needed by the HVAC 

auxiliary are higher. 

 

This improvement leads to a global reduction of 15.7 % for Stockholm and 2.7 % for Geneva. The cost analysis 

shows that the additional cost between the standard building air tightness and the improved building air 

tightness is around 14 000€ (Appendix 7).  

e) Implementation of highly efficient lights and sensors 

 In this simulation, we are going to analyse the influence of the lighting and of the utilization of offices 

equipments on the global energy demand. So, we first change the lighting repartition according to the values 

we set in the second part of this report: 

 for the small offices:  20 W/m² →  8  W/m², 

 for the big offices:  20 W/m² → 10 W/m², 

 for the reception hall:  20 W/m² → 10 W/m², 

 for the meeting rooms: 20 W/m² → 10 W/m², 

 for the open spaces:  20 W/m² →  8 W/m², 

 for the corridors:  20 W/m² →  6 W/m², 

 for the rest room:  20 W/m² →  6 W/m², 

 for the toilet:   20 W/m² →  8 W/m², 
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In association with this new lighting density, we implement daylight and occupancy sensors, which allow to 

shut down the lights when daylight is enough for visual comfort and that no additional artificial lighting is 

required, and when the room or the space is empty. 

 

In the same way, to limit the influence of the occupants’ bad habits, timers are installed on the office’s 

equipments. These timers ensure that no equipment will be turned on at night and during the weekends. 

 

The following table shows the comparison between IDA’s energy analysis for the standard building and for the 

building with highly efficient lights, sensors and timers for the office’s equipments. More details can be found 

in the Appendices 3 &4. 

 

Energy system 

Stockholm Geneva 

B0 B5 B0 B5 

(kWh/m²) (kWh/m²) (kWh/m²) (kWh/m²) 

 
Heating 62.6 89.2 29.9 50.1 

 Domestic hot Water  16.7 16.7 16.7  16.7 

Total Heat Demand 79.3 105.9 46.6 66.8 

 
Cooling 6.8 5.3 13.1 9.9 

Total Cooling Demand 6.8 5.3 13.1 9.9 

 
Lighting 28.2 10.3 28.2 10.3 

 Equipments 39.5 14.2 39.5 14.2 

 
HVAC aux. 6.4 4.6 8.5 5.9 

Total Electricity Demand 74.1 29.1 76.2 30.4 

Total Energy Demand 160.2 140.3 135.9 107.1 

 

Through these results, we can see that the control of the lighting and the equipments’ use has a real influence 

on the electricity used: reduction of the energy need by 63.8% for both Stockholm and Geneva. This reduction 

is enormous and shows that the use of the office’s appliances in an efficient way (i.e. only changing the 

occupants’ habits) can lead to important energy savings. Unfortunately, this reduction is associated with an 

increase of the heating demand by 43% for Stockholm and by 67.5 % for Geneva. Indeed, when lamps are 

turned on, they produce free heating, since they are considered as electrical resistances in the global electricity 

network. So if the lighting density is reduced in the building, the free heating produced by the lamps decreases 

which explains why the heating demand increases. For the same reason, if less free heating is produced, the 

cooling demand decreases and the HVAC auxiliary operating hours decreases since the inside temperature is 

also reduced. 

 

This improvement leads to a global reduction of 12.4 % for Stockholm and 21.2 % for Geneva. The cost analysis 

shows that the additional cost of this implementation of highly efficient lamps, sensors and equipments’ timers 

is around 7 000€ (Appendix 7).  

f) Implementation of floor heating & cooling and additional thermal 

mass, improvement of the heating and cooling system’s thermal insulation  

For this final simulation, we are going to analyse the influence of heating & cooling systems and of internal 

thermal mass on the global energy demand. So, we replace the standard heating and cooling panels of the 

software by a system of floor heating and cooling (40W/m²) defined for sustainable buildings, as we set in the 

second part of the report. We also change the thermal insulation of the heating and cooling pipe system’s 

coefficient of the software according to its classification from typical to good. The convective thermal mass 
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added (convective heat transfer coefficient: 3w/m².k) will help to linearize the inside temperature to 21°C in 

winter and 26°C in summer. 

 

The following table shows the comparison between IDA’s energy analysis for the standard building and for the 

building with the implementation of floor heating & cooling and additional thermal mass and with the 

improvement of the pipe system’s insulation. More details can be found in the Appendices 3 &4. 

 

Energy system 

Stockholm Geneva 

B0 B6 B0 B6 

(kWh/m²) (kWh/m²) (kWh/m²) (kWh/m²) 

 
Heating 62.6 61.1 29.9 29.1 

 Domestic hot Water  16.7 13.0 16.7  13.0 

Total Heat Demand 79.3 74.1 46.6 42.1 

 
Cooling 6.8 3.5 13.1 7.2 

Total Cooling Demand 6.8 3.5 13.1 7.2 

 
Lighting 28.2 28.2 28.2 28.2 

 Equipments 39.5 39.5 39.5 39.5 

 
HVAC aux. 6.4 4.2 8.5 5.5 

Total Electricity Demand 74.1 71.9 76.2 73.2 

Total Energy Demand 160.2 149.5 135.9 122.5 

 

This final improvement has interesting results since, as we can see on the table, the global heating demand, the 

cooling demand and the electricity needed for the HVAC auxiliary, have decreased. The reduction for the 

cooling demand is important and this improvement’s option associated with the windows’ improvement and 

the implementation of the solar protection could lead to a cooling demand close to zero. However, the 

reduction of the heating demand seems relatively low, in comparison with our expectations. Maybe the access 

to an exergy analysis would be more relevant for this improvement, since, as we saw in the third part of this 

report the utilization of floor heating & cooling is very interesting because of the use of low heating 

temperature and high cooling temperature. The implementation of floor heating & cooling in the software is 

not really clear; we cannot set the fluid temperature. So, according to the results, we can assume that the 

software uses the same heating and cooling temperature whether the end-use equipments are radiators or 

floor systems. This could explain why we get a low heating demand reduction (2.3 % for Stockholm and 2.7 % 

for Geneva). 

 

This improvement leads to a global reduction of 6.7 % for Stockholm and 9.9 % for Geneva. The cost analysis 

shows that the additional cost for the implementation of floor heating and cooling and thermal mass, and the 

implementation of a better thermal insulation for the heating and cooling pipe system is around 41 000€ 

(Appendix 7). 

g) Summary and selection of improvements 

Once all the simulations are analysed, we need to select the improvements that we will be implemented for 

our office building, according to their influences on the global energy demand and their financial viability. 

 

For the financial viability analysis, it would be interesting to compare the extra cost of each implementation 

and the global building investment cost. Thanks to the Swedish website Bygganalys (110), which gives prices’ 

order of magnitude for buildings constructions or renovations, we can get a simple investment’s estimation for 

the construction of a new office building. If we consider a new office building, built on site and no 
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prefabricated, with good equipments, the price estimation is around 2 450 €/floor m² (21 800 SEK/ floor m²). 

So, for our office building, the simple global investment estimation is around 1 467 000 €. 

 

The following table summarizes the results of our previous simulations and shows the cost analysis with the 

ratio of the improvement’s or implementations additional cost in comparison with the estimation of the 

building investment. The simulations are ranked according to the cost analysis. 

Simulation 

Annual Energy Demand Reduction Cost analysis - Extra Cost 

Stockholm Geneva Stockholm & Geneva 

(kWh) 
(% of the annual energy 

demand of B0) 
(kWh) 

(% of the annual energy 

demand of B0) 
(€) 

(% of the total  

investment price) 

B5 11 572 12.4 16 604 22.1 7 000 0.48 

B3 3 080 3.2 1 835 2.4 12 100 0.83 

B2 11 618 12 8 834 11.1 13 000 0.88 

B4 14 545 15.7 7 345 2.7 14 000 0.96 

B6 6 179 6.7 7 703 9.9 41 000 2.79 

B1 3 337 3.6 252 0.3 79 800 5.44 

 

The following list reminds the different simulations’ names: 

 B0: simulation of  the standard office building, 

 B1: simulation of the office building with an improved envelope except the windows, 

 B2: simulation of the office building with improved windows and solar protections, 

 B3: simulation of the office building with improved thermal bridges,  

 B4: simulation of the office building with a lower level of infiltration, 

 B5: simulation of the office building equipped with higher efficient lights and a better management of 

the appliances use schedule, 

 B6: simulation of the office building with more efficient space heating & cooling equipments, 

 B7: simulation with all the improvements. 

 

With this cost analysis, we can see that the improvement of the building’s envelope is the most expensive 

option with a cost of 5.44 % of the initial investment, followed by the improvement of the heating and cooling 

systems with a cost of 2.79 % of the initial investment, and then the others improvement options under 1% of 

the initial investment: the infiltration improvement with 0.96%, the windows improvement and the 

implementation of solar protection with 0.88%, the thermal bridges improvement with 0.83% and finally the 

cheapest option, the improvement of the lighting density and the appliances’ utilization with 0.48%. 

 

The extra cost of the building envelope’s improvement seems relatively high regarding the final influence on 

the total energy demand. So this option for the energy reduction will not be the first to be implemented in the 

improvement hierarchy due to its cost and we will not select this option in our scenario. 

 

For the space heating and cooling equipments improvement, the extra cost is also high, but on an exergy point 

of view, this option is necessary for sustainable buildings. So, despite its cost, we will implement this option in 

our scenario. 

 

The extra cost of all the other energy savings’ options represents less than 1 % of the building’s investment 

estimation. Moreover, as we saw during the results analyses, their influences on the energy demand are not 

neglected. So we choose to implement all these options in our scenario, since they seem profitable on an 

energy aspect as well as on the financial aspect. 

So, we decide to implement all the energy savings’ solutions we simulated with IDA ICE 4, except the 

improvement of the building envelope. The final extra cost needed for the improvement of the global energy 
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system of our building is around 87 000 €, which represents 5.94% of the building’s investment estimation. This 

ratio seems relevant for the construction of a sustainable building. 

4. Final estimation of the building’s load with all the improvements 

selected 

We are going to realize the last energy simulations for the office building in its final designed stage, with all the 

improvements and implementations we selected during the previous step: 

 improvement of the windows and implementation of solar protection,  

 improvement of the building’s thermal bridges, 

 improvement of the building air tightness,  

 improvement of the lighting density and the appliances’ schedule control, and implementation of 

highly efficient lamps as well as daylighting and occupancy sensors, 

 improvement of the heating and cooling pipes system and the inside thermal mass, and 

implementation of floor heating and cooling instead of radiators. 

These simulations in Stockholm and Geneva are the final stage of the Demand Side aspect of the methodology. 

a) Stockholm 

Exactly like previously, we realised a whole year (2012) energy simulation with the software IDA. The complete 

results of the simulation are displayed in Appendix 5. 

  

The main information about the energy demand of the office building in Stockholm with the final design is 

summarized in the following table: 

Delivered Energy Report 

Energy system 
Delivered Energy 

kWh kWh/m² 

 
Heating 13663 23.6 

 
Domestic Hot Water 7511 13.0 

Total Heat Demand 21174 36.6 

 
Cooling 431 0.7 

Total Cooling Demand 431 0.7 

 
Lighting 6162 10.7 

 

 
Equipments 7739 13.4 

 
HVAC aux. 1002 1.7 

Total Electricity Demand 14903 25.8 

Total Energy Demand 36508 63.1 

 

With all the improvements, we finally get an annual energy demand of 36 508 kWh or 63.1 kWh/m² for 

Stockholm. That represents a reduction of 60.6% of the building’s energy demand, in comparison with the 

building in its preliminary design. This reduction is large, and allows the building to become a low energy 

building according to the European Standard for the primary energy aspect (DK Low energy class 1, Minergie, 

Effinergie, and German Passive House). However the heating demand is still too high to reach the label of 

German Passive House for the final energy aspect.  
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b) Geneva 

We realised a whole year (2012) energy simulation again with the software IDA. The complete results of the 

simulation are displayed in Appendix 6. 

  

The main information about the energy demand of the office building in Geneva with the final design is 

summarized in the following table: 

Delivered Energy Report 

Energy system 
Delivered Energy 

kWh kWh/m² 

 
Heating 7544 13.1 

 
Domestic Hot Water 7511 13.0 

Total Heat Demand 15055 26.1 

 
Cooling 1256 2.2 

Total Cooling Demand 1256 2.2 

 
Lighting 6161 10.7 

 

 
Equipments 7738 13.4 

 
HVAC aux. 1111 1.9 

Total Electricity Demand 15010 26 

Total Energy Demand 31321 54.3 

 

With all the improvements, we finally get an annual energy demand of 31 321 kWh or 54.3 kWh/m² for 

Geneva. That represents a reduction of 60.1% of the building’s energy demand, in comparison with the building 

in its preliminary design. This reduction is similar to the reduction observed when the building is located in 

Stockholm. With this new global energy demand, the office building becomes a low energy building according 

to the European Standard for the primary energy aspect and for the final energy aspect (DK Low energy class 1, 

Minergie, Effinergie, and German Passive House).  

c) Conclusion 

Thanks to a 60% reduction of the building’s load, the office building we designed is considered as a low energy 

building according to the European Performance Standards, even though it is located in two different types of 

climates: Stockholm or Geneva. 

 

These final energy demand values for Stockholm and Geneva will be used to characterize the next step of the 

methodology: the Supply Side.  
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D. The Supply Side 

After having defined the building’s energy demand, we can now move on to the second main stage of the 

methodology, the Supply Side, and define how we will provide the energy to our building: 

 

 

This stage is more difficult than the previous one, because we cannot use a software, we need to gather all the 

information separately. And unfortunately, all the information about power, heating or cooling production 

plants, like prices or efficiencies, belongs to the industry sector and is often private / confidential. That’s why it 

is often hard for master thesis student to access it. 

 

So, for this stage, we will adopt a simple approach. We are going first to list the various energy resources, then 

to characterize each resource on a financial aspect, and finally to estimate the end use energy cost, in order to 

find the most viable energy resource or combination of energy resources for our office building in both 

locations: Stockholm and Geneva.  

1. Final energy load of the office building. 

In order to design the energy supply system, the main information about the building’s load is required: the 

total heat demand, the total cooling demand, the total electricity demand, and the heating and cooling peak 

load. All this information is gathered in the following table: 

 

  Stockholm Geneva 

Heat demand (kWh) 21 174 15 055 

Heating peak load (kW) 2 12 

Cooling demand (kWh) 431 1 256 

Cooling peak load (kW) 2.0 3.1 

Electricity demand (kWh) 14 903 15 010 

 

All this data will be used to size the boiler or the chiller and to evaluate the balance between the energy 

produced on site and the imported energy. 

 

2. Listing and analysis of the available resources 

In both locations even though the climate is different, the main energy resources, whether they are renewable 

or not, are quite similar: 
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 Gas: production of electricity and heating,  

 Oil: production of electricity and heating, 

 Biomass: production of electricity and heating,  

 Geothermal energy: production of cooling and heating, 

 Solar energy: production of electricity and heating. 

With this list, we can see several options and resources combinations to reach the building’s heating, cooling 

and electricity load. According to the exergy concept we presented in the Chapter 5, the environmental 

requirement of sustainable building, and the idea of match between the quality of the energy needed to supply 

the building demand and the energy resources quality, we have pre-selected 6 combinations for both location 

Stockholm and Geneva. which are presented in the following table: 

 Production of heating Production of cooling Production of electricity 

Option 1: Gaz boiler + Solar thermal panels  Heat pump (air-water) 
Solar PV panels 

 

Option 2: Oil boiler + Solar thermal panels Heat pump (air-water) Solar PV panels 

Option 3: Biomass boiler + Solar thermal panels  Heat pump (air-water) Solar PV panels 

Option 4: Deep underground reversible heat pump Solar PV panels 

Option 5: Reversible heat pump on lake water  Solar PV panels 

Option 6: Biomass cogeneration Heat pump (air-water) Biomass cogeneration 

We are now going to analyse each combination one by one and to assess their life cost in order to estimate the 

global kWh price for the consumer. We will then use this price estimation to select the most viable and most 

sustainable association of resources in order to supply the energy demand of our building.  

 

For each analysis, we will follow the same methodology for Stockholm and for Geneva: 

 design of the plant according to the heating and cooling peak load, 

 estimation of the plant’s initial investment and annual operating cost, according to the market prices’ 

evaluation we got from Geneva’s ecodistrict Carré Vert (Appendix 8). We will assume that these price 

estimations will fit and will be suitable for Stockholm’s energy supply financial analysis. 

 estimation of the average primary energy cost for the 30 next years according to a price database we 

created for both locations, which is based on European prices found on the websites of the 

International Energy Agency (111), Fortum (112), Energimyndigheten (113), the Europe Energy Portal 

(114) and the Industrial Services of Geneva (115) (Appendix 8).  

 estimation of the financial help that Sweden and Switzerland will provide for the implementation of 

renewable energy plants, whether it is for production or heat, cool or electricity (113) (115) (116) 

(117) (Appendix 8). 

 evaluation of the global energy cost (€/kWh for heating, cooling and electricity together). This price is 

calculated with the annual operating cost, the annual primary energy cost, the sale of the PV 

electricity in excess, the redemption cost for the investment based on the payback time (30 years) and 

the life cost inflation rate (4%) 

Concerning the solar energy, thermal or PV, we used a free software available online named SOLO (118), which 

estimates the energy produced by the panels, based on the location’s solar irradiation, the type of panel (for 

the solar thermal panels: Buderus Logasol SKS 4,0 - Coef B:0,86 & Coef K:5,1 W/m²/K- and for the PV panels: 

Sharp NU-E235 (E1) -Puissance: 235Wc -), the number of panels, their orientations (0° South for Stockholm and 

Geneva) and their tilts (45° for Stockholm and 30° Geneva). The results of the solar simulation are displayed in 

Appendixes 9 & 10. The air-water heat pump, we used to supply the cooling demand is the Mitsubishi bisplit 

reversible inverter MXZ 2B40VA (COP 5.1) (Appendix 8). 
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a) Option 1 

This first energy supply combination is made of: 

 a gas boiler (efficiency 85%), which supplies the whole heating demand and 52.1 % of the DHW 

demand, 

 6 solar thermal panels (12.6 m²), which supply the other 47.9% of the DHW demand, 

 a small heat pump for the cooling production (COP 5.1), which supplies the cooling demand, 

 50 PV panels (82.1 m²), which produce 77-78 % of the electricity needed. The additional 32-33% of 

electricity is provided by the city’s grid. 

The following table shows the financial analysis of this option in Stockholm and in Geneva: 

 Stockholm Geneva 

Type of production Heating Cooling Electricity Heating Cooling Electricity 

Plant power (kW/kWc) 29 2 11.8 12 3 11.8 

Initial Investment (€) 28 764 2 326 77 270 21 517 2 326 77 270 

Financial helps (€) 1 744 - 46 362 1 121 - 16 226 

Total investment (€) 27 020 2 326 30 908 20 396 2 326 61 043 

Annual redemption cost (€/yr) 1 562 134 1 787 1 179 134 3 530 

Annual operating cost (€/yr) 4 305 20 250 1 829 30 250 

Annual end use production (kWh/yr) 21 174 431 11 421 15 055 1 256 11 776 

Energy purchased from the network (€/yr) - - 390 - - 713 

Global annual cost (€/yr) 8 449 7 718 

Global annual energy production (kWh/yr) 33 026 28 087 

Price of the kWh (ct €/kWh) 25.58 27.48 

b) Option 2 

This second energy supply combination is made of: 

 an oil boiler (efficiency 85%), which supplies the whole heating demand and 52.1 % of the DHW 

demand, 

 6 solar thermal panels (12.6 m²), which supply the other 47.9% of the DHW demand, 

 a small heat pump for the cooling production (COP 5.1), which supplies the cooling demand, 

 50 PV panels (82.1 m²), which produce 77-78 % of the electricity needed. The additional 32-33% of 

electricity is provided by the city’s grid. 

The following table shows the financial analysis of this option in Stockholm and in Geneva: 

 Stockholm Geneva 

Type of production Heating Cooling Electricity Heating Cooling Electricity 

Plant power (kW/kWc) 29 2 11.8 12 3 11.8 

Initial Investment (€) 22 972 2 326 77 270 22 972 2 326 77 270 

Financial helps (€) 1 744 - 46 362 1 121 - 16 226 

Total investment (€) 21 228 2 326 30 908 21 850 2 326 61 043 

Annual redemption cost (€/yr) 1 227 134 1 787 1 263 134 3 530 

Annual operating cost (€/yr) 4 444 20 250 2 001 30 250 

Annual end use production (kWh/yr) 21 174 431 11 421 15 055 1 256 11 776 

Energy purchased from the network (€/yr) - - 390 - - 713 

Global annual cost (€/yr) 8 253 7 973 

Global annual energy production (kWh/yr) 33 026 28 087 

Price of the kWh (ct €/kWh) 24.99 28.39 
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c) Option 3 

This third energy supply combination is made of: 

 a biomass boiler (efficiency 70%) which supplies the whole heating demand and 70.8 % of the DHW 

demand, 

 2 solar thermal panels (4.2 m²), which supply the other 29.2% of the DHW demand, 

 a small heat pump for the cooling production (COP 5.1), which supplies the cooling demand, 

 50 PV panels (82.1 m²) which produce of 77-78 % of the electricity needed. The additional 32-33% of 

electricity is provided by the city’s grid. 

The following table shows the financial analysis of this option in Stockholm and in Geneva: 

 Stockholm Geneva 

Type of production Heating Cooling Electricity Heating Cooling Electricity 

Plant power (kW/kWc) 29 2 11.8 12 3 11.8 

Initial Investment (€) 15 620 2 326 77 270 15 620 2 326 77 270 

Financial helps (€) 1 409 - 46 362 4 362 - 16 226 

Total investment (€) 14 211 2 326 30 908 11 258 2 326 61 043 

Annual redemption cost (€/yr) 821 134 1 787 651 134 3 530 

Annual operating cost (€/yr) 4 822 20 250 2 828 30 250 

Annual end use production (kWh/yr) 21 174 431 11 421 15 055 1 256 11 776 

Energy balance regarding the needs (%) 100 100 77 100 100 78 

Energy purchased from the network (€/yr) - - 390 - - 713 

Global annual cost (€/yr) 8 225 8 188 

Global annual energy production (kWh/yr) 33 026 28 087 

Price of the kWh (ct €/kWh) 24.91 29.15 

d) Option 4 

This fourth energy supply combination is made of: 

 a deep underground reversible heat pump (heating COP 4 & cooling COP 6), which supplies the 

heating demand, the DHW demand and the cooling demand, 

 100 PV panels (164.2 m²) in Stockholm and 85 PV panels (139.6 m²) in Geneva, which supply the 

electricity demand of the building loads as well as the electricity needed by the heat pump. The 

electricity produced in excess is sold to the city’s grid. 

The following table shows the financial analysis of this option in Stockholm and in Geneva: 

 Stockholm Geneva 

Type of production Heating Cooling Electricity Heating Cooling Electricity 

Plant power (kW/kWc) 29 23.5 12 20 

Initial Investment (€) 59 297 154 540 46 218 131 359 

Financial helps (€) 3 500 92 724 11 660 27 585 

Total investment (€) 55 797 61 816 34 558 103 773 

Annual redemption cost (€/yr) 3 226 3 574 1 998 6 001 

Annual operating cost (€/yr) 900 500 375 425 

Annual end use production (kWh/yr) 21 174 431 22 849 15 055 1 256 20 012 

Energy balance regarding the needs (%) 100 100 112 100 100 105 

Energy sell to the network (€/yr) - 1 102 - 239 

Global annual cost (€/yr) 7 099 8 560 

Global annual energy production (kWh/yr) 44 454 36 323 

Price of the kWh (ct €/kWh) 15.97 23.57 



 
81 

e) Option 5 

This fifth energy supply combination is made of: 

 a reversible heat pump on lake water (heating COP 3.5 & cooling COP 6), which supplies the heating 

demand, the DHW demand and the cooling demand, 

 100 PV panels (164.2 m²) in Stockholm and 85 PV panels (139.6 m²) in Geneva, which supply the 

electricity demand of the building loads as well as the electricity needed by the heat pump. The 

electricity produced in excess is sold to the city’s electrical network. 

The following table shows the financial analysis of this option in Stockholm and in Geneva: 

 Stockholm Geneva 

Type of production Heating Cooling Electricity Heating Cooling Electricity 

Plant power (kW/kWc) 29 23.5 12 20 

Initial Investment (€) 28 540 154 540 21 235 131 359 

Financial helps (€) 3 500 92 724 3 282 27 585 

Total investment (€) 25 040 61 816 17 953 103 773 

Annual redemption cost (€/yr) 1 448 3 574 1 038 6 001 

Annual operating cost (€/yr) 1 200 500 500 425 

Annual end use production (kWh/yr) 21 174 431 22 849 20 012 1 256 20 012 

Energy balance regarding the needs (%) 100 100 109 105 100 102 

Energy sell to the network (€/yr) - 779 - 114 

Global annual cost (€/yr) 5 937 7 850 

Global annual energy production (kWh/yr) 44 454 36 323 

Price of the kWh (ct €/kWh) 13.36 21.61 

f) Option 6 

This last energy supply combination is made of: 

 a combined heat and power biomass plant (energy ratio: heat 40%, electricity 34% and losses 26%; 

plant efficiency 70%), which supplies the heating demand, the DHW demand and the electricity 

demand, 

 a small heat pump for the cooling production (COP 5.1), which supplies the cooling demand, 

The following table shows the financial analysis of this option in Stockholm and in Geneva: 

 Stockholm Geneva 

Type of production Heating Electricity Cooling Heating Electricity Cooling 

Plant power (kW/kWc) 39 2 31 3 

Initial Investment (€) 34 462 2 326 27 480 2 326 

Financial helps (€) - - 6839 - 

Total investment (€) 34 462 2 326 20 641 2 326 

Annual redemption cost (€/yr) 1 993 134 1 193 134 

Annual operating cost (€/yr) 15 632 20 12 517 30 

Annual end use production (kWh/yr) 31329 26630 431 24 983 21 235 1256 

Energy purchased from the network (€/yr) - 4844 - - 1 389 - 

Global annual cost (€/yr) 12 935 12 486 

Global annual energy production (kWh/yr) 78 754 47 474 

Price of the kWh (ct €/kWh) 16.42 26.30 
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g) Conclusion and selection 

Once all the financial analyses have been done, we get all the information needed to select the energy 

resources combination we will use to supply our building’s loads. 

  

The following tables summarize the results of our previous financial analyses for Stockholm and for Geneva. 

The options are ranked according to the sold kWh price. 

Stockholm 

Price of the kWh sold to the consumer 
 

Geneva 

 Price of the kWh sold to the consumer 

Option 5: (ct €/kWh) 13.36  Option 5: (ct €/kWh) 21.61 

Option 4: (ct €/kWh) 15.97  Option 4: (ct €/kWh) 23.57 

Option 6: (ct €/kWh) 16.42  Option 6: (ct €/kWh) 26.30 

Option 3: (ct €/kWh) 24.91  Option 1: (ct €/kWh) 27.48 

Option 2: (ct €/kWh) 24.99  Option 2: (ct €/kWh) 28.39 

Option 1: (ct €/kWh) 25.58  Option 3: (ct €/kWh) 29.15 

 

It might have been surprising to find gas and oil on the energy resources’ list, since they are very polluting 

resources and are not really in harmony with the concept of sustainable district or eco district, but it was 

interesting to use these resources for comparison. Indeed, contrary to the pre-thought ideas, we can see 

through the results of our simple financial analyses that the final produced kWh price are not necessary lower 

when the energy is provided by fossil fuel plants than when it is provided by renewable energy plants.  

 

Since the primary energy prices are different between Stockholm and Geneva, we will select the energy supply 

system for both locations separately. 

 

For Stockholm, the most sustainable and the most profitable energy supply system is the option 5: the 

combination of a reversible heat pump on lake water and PV panels. This system is really interesting because 

the building will be entirely energy self sufficient. Indeed all the energy needed for the heating, the cooling or 

for the electricity will be produced on site. Of course, regarding the electricity aspect, the building will be 

forced to use the electricity from the grid when its instantaneous on site production is not enough to cover the 

need, due the intermittent characteristic of the solar energy, but when the on-site production is higher than 

the need, the electricity will be sent to the grid in compensation. Thus, the annual electricity balance between 

the electricity imported from the grid and the electricity exported to the grid will stay positive and the energy 

exported will be more important. Moreover the implementation of heat pumps on lake water is easy and 

common in Stockholm, due to the city’s location and its amount of lakes, rivers and connections to the sea. 

 

For Geneva, the most sustainable and the most profitable energy supply system is also the option 5: the 

combination of a reversible heat pump on lake water and PV panels. Like for Stockholm, all the energy needed 

by the building will be produced on site. The main advantage of the sufficient energy systems that relied on 

lake water is that this source of energy (which is an anergy source) is naturally restored with the nature life 

cycle. Moreover, this energy source is free and does not depend on the worldwide economical situation in 

contrary to the gas, the oil or even the biomass. 

E. Building Certification 

After the evaluation and optimisation of the building’s loads and the selection of the energy mix which will 

supply these loads, we have reached the final stage of the methodology: the Building Certification. 
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In this stage we are going to realise energy, exergy and carbon emission balances between the energy imported 

to the building from the grid and the energy exported to the grid from the building. 

 

For both Stockholm and Geneva, the energy supply systems allow the building to be energy self sufficient. So, 

whatever the location, our building is: 

 a Net Positive Energy Building, since it does not use more energy than what is produced by the on-site 

renewable energy plants, 

 a Net Positive Exergy Building, since its only exchange with the grid is for electricity, in order to 

compensate the intermittence of the solar energy, and since this exchange’s annual balance is always 

positive because the electricity exported to the grid is more important. We can directly compare the 

electricity produced on site with the electricity from the grid because 1kWh of electricity = 1kWh of 

exergy whatever the energy resource used by the power plant. 

 a Net Positive Carbon Building for the same reason as for the exergy, and since the on-site energy 

production is done through geothermal energy, biomass energy and solar energy, which are clean 

energies. 

 

Thus, our office building is to be an NPEB, an NPEXB, and an NPCB. So, we can say after all these methodology 

stages, that we have designed a sustainable building in Stockholm and another sustainable building in Geneva. 

 

Thus, thanks to the results we got from the energy demand simulation and from the analysis of the energy 

supply, the office building we designed can be certified to be a Net-Positive Energy building, a Net-Positive 

Exergy Building, and a Net-Positive Carbon Building. Indeed, following the methodology’s stages we have 

designed a building which reaches the energy quality requirements, occupants’ comfort requirements and the 

environmental requirement. So our building, whatever it is located in Stockholm or in Geneva, reaches the 

sustainable label: Net-Positive Impact Building (NPIB), we defined in the Chapter 6. 

F. Further considerations 

The energy simulations done in this Chapter were really interesting and relevant in order to validate the 

methodology designed to optimize energy services and systems in high performance buildings for offices. It 

could be interesting to realize the same simulations for housing and for shop buildings and to apply the 

methodology to other types of buildings. With these additional simulations, it would then be possible to do 

global simulations (for the energy demand and the energy supply) at a larger scale: sustainable cities or clusters 

of buildings, by considering several buildings (combining housing, offices and shops), which could give a more 

realistic simulation approach of the design of sustainable cities or clusters of buildings as described in the 

previous Chapters (Chapter 2, 3, 4 and 5). 
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VIII. Conclusion 

Through this master thesis report, we have seen the challenge that sustainable cities offer. The main interest of 

these areas is not only the environmental impact, but also the social and economical aspects of the sustainable 

development. Indeed, sustainable cities are built around the concept of harmony between the neighbourhood 

communities, the local ecosystem, the humans and their following generations. Thus, sustainable cities 

introduce a completely new way of living in a high quality environment and using everything around us without 

compromising its regeneration. 

 

Looking at sustainable cities or clusters of buildings as systems allows us to understand that the synergy in 

between all their sub-systems is an interesting way to bring everything closer and to avoid any unnecessary 

wastes(whether it is energy, rain water, garbage, a car in a traffic jam instead of public transport ...). 

 

In this master thesis, an important attention has been paid to the sustainable cities or clusters of buildings 

energy management sub-systems, since they are mainly responsible for these areas’ impacts on the 

environment: emission of CO2 and destruction of the natural resources. Thus, thanks to the exergy concept, we 

understood how to reduce the building energy needs with the implementation or with the better use of 

specific passive and active systems, like floor heating and cooling systems, new lighting density associated with 

daylight and occupancy sensors, utilization of inside thermal mass to linearize the inside temperature all day 

long ... This exergy concept has made us aware of the importance of identifying the type of energy required to 

supply the building’s demand and the match between this type of energy and the energy resources used for 

the supply, in order to avoid the misuse of the available resources in the environment.  

 

With the simulations we did in Chapter 7, we saw that the improvements have a certain cost in comparison 

with the initial investment cost of a building for instance (from 0.48% to 5.44%), but regarding their influence 

on the global energy demand (reduction from 2% to 22%), these additional investments would be paid back in 

a very short period. So, regarding the buildings of a city, if we want to certify them as sustainable buildings, the 

transformation will have a certain cost (around + 6% of the initial investment according to our simulation 

improvements selection - Chapter7). 

 

This point reveals why, today, sustainable cities are only at the stage of project. Indeed, an important initial 

additional cost has to be taken into account if a city wants to get the status of sustainable city. Unfortunately, 

the economy has always been a brake in our society. So we can hope that the first sustainable city projects, like 

Dongtan in China and Masdar in the United Arab Emirates, will show the world that the concept of sustainable 

city is not a theoretical ideology, and that as eco districts, but at a much bigger scale, sustainable cities are 

relevant and are certainly the only solutions for the future development of urban areas in our fragile planet. 
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X. Appendix 

A. Appendix 1: Simulation results of the preliminary estimation of 

Stockholm’s office building load 

 

 

IDA Indoor Climate and Energy v 4.0 

License: IDA40:10NOV 

Simulated by Pierre-Benoît 

Date 21/03/2012  
 

 

  

Project name  Office Building - Stockholm - Without improvement  

Location  Stockholm  

Climate  Climate file Stockholm, Arlanda_ASHRAE  

Simulation type  Whole-year energy simulation  

Simulation period  01/01/2012 - 31/12/2012  

Delivered Energy Report 

Energy system 
Delivered Energy 

kWh kWh/m² 

 
Heating 36147 62.6 

 
Domestic Hot Water 9649 16.7 

Total Heat Demand 45796 79.3 

 
Cooling 3933 6.8 

Total Cooling Demand 3933 6.8 

 
Lighting 16271 28.2 

 

 
Equipments 22835 39.5 

 
HVAC aux. 3723 6.4 

Total Electricity Demand 42829 74.1 

Total Energy Demand 92558 160.2 

Monthly Delivered Energy Chart 

 Month 1  2  3  4  5  6  7  8  9  10  11  12

 kWh

 0

 1000

 2000

 3000

 4000

 5000

 6000

 7000

 8000

 9000

 10000

 11000

 12000

 



 
91 

Month 

Heat Demand Cooling Demand Electricity Demand 

Heating DHW Cooling Lighting Equipments HVAC aux. 

(kWh) (kWh) (kWh) (kWh) (kWh) (kWh) 

1 8795.0 817.3 71.6 1372.0 1934.0 78.9 

2 5878.0 764.6 68.2 1310.0 1809.0 87.3 

3 4468.0 817.3 101.0 1372.0 1934.0 133.3 

4 1479.0 790.9 158.6 1309.0 1872.0 246.5 

5 69.0 817.3 596.7 1433.0 1934.0 578.9 

6 10.4 790.9 804.0 1308.0 1872.0 582.7 

7 1.1 817.3 1074.0 1371.0 1934.0 752.1 

8 0.9 817.3 677.0 1433.0 1934.0 652.3 

9 202.9 790.9 158.9 1247.0 1872.0 284.2 

10 2090.0 817.3 81.7 1434.0 1934.0 158.8 

11 5198.0 790.9 69.8 1372.0 1872.0 91.0 

12 7955.0 817.3 71.8 1310.0 1934.0 76.6 

Total 36147.3 9649.3 3933.3 16271.0 22835.0 3722.6 

Distribution Losses 

Month 
Heating Circuit DHW Circuit Cooling Circuit Air Ducts 

(kWh) (kWh) (kWh) (kWh) 

1 310.1 214.9 214.9 122.9 

2 208.3 201.0 201.0 132.3 

3 159.2 214.9 214.9 156.3 

4 52.8 208.0 208.0 184.6 

5 2.5 214.9 214.9 235.9 

6 0.4 208.0 208.0 215.2 

7 0.0 214.9 214.9 230.7 

8 0.0 214.9 214.9 236.7 

9 7.3 208.0 208.0 192.4 

10 75.1 214.9 214.9 181.9 

11 184.9 208.0 208.0 140.6 

12 282.6 214.9 214.9 119.1 

Total 1283.3 2537.3 2537.3 2148.6 

Total heating and cooling 
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Air Handling Unit Temperatures 

 

Energy report for "Air Handling Unit" Chart - kWh (sensible and latent) 

Month 

Heating  AHU Heat Recovery Cooling  AHU Cold Recovery Fans 

   

  

(kWh) (kWh) (kWh) (kWh) (kWh) 

1 163.3 1030.0 0.0  0.0 78.8 

2 84.4 1010.0 0.0  0.0 87.3 

3 41.6 1289.0 0.0  0.0 133.3 

4 10.2 1476.0 27.0  0.0 246.3 

5 0.0 977.2 1060.0  7.1 575.7 

6 0.0 528.1 1423.0  8.7 578.3 

7 0.0 238.0 2264.0  0.1 745.3 

8 0.0 206.5 1471.0  1.5 648.0 

9 0.0 641.1 77.4  0.0 283.9 

10 2.6 921.6 0.9  0.0 158.8 

11 56.7 926.3 0.0  0.0 91.0 

12 95.0 919.3 0.0  0.0 76.6 

Total 453.8 10163.1 6323.3  17.4 3703.2 
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B. Appendix 2: Simulation results of the preliminary estimation of 

Geneva’s office building load 

 

 

IDA Indoor Climate and Energy v 4.0 

License: IDA40:10NOV 

Simulated by Pierre-Benoît 

Date 21/03/2012  
 

 

  

Project name  Office Building - Geneva - Without improvement  

Location  Geneva  

Climate  Climate file Geneva_ASHRAE  

Simulation type  Whole-year energy simulation  

Simulation period  01/01/2012 - 31/12/2012  

Delivered Energy Report 

Energy system 
Delivered Energy 

kWh kWh/m² 

 
Heating 17290 29.9 

 
Domestic Hot Water 9649 16.7 

Total Heat Demand 26939 46.6 

 
Cooling 7544 13.1 

Total Cooling Demand 7544 13.1 

 
Lighting 16272 28.2 

 

 
Equipments 22835 39.5 

 
HVAC aux. 4923 8.5 

Total Electricity Demand 44030 76.2 

Total Energy Demand 78513 135.9 

Monthly Delivered Energy Chart 
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Month 

Heat Demand Cooling Demand Electricity Demand 

Heating DHW Cooling Lighting Equipments HVAC aux. 

(kWh) (kWh) (kWh) (kWh) (kWh) (kWh) 

1 4851.0  817.3  72.6  1372.0  1934.0  93.7  

2 3216.0  764.6  88.3  1310.0  1809.0  131.4  

3 1160.0  817.3  135.9  1372.0  1934.0  242.8  

4 215.4  790.9  204.4  1309.0  1872.0  336.5  

5 93.8  817.3  564.4  1433.0  1934.0  561.6  

6 0.1  790.9  958.6  1309.0  1872.0  679.0  

7 0.0  817.3  2284.0  1371.0  1934.0  879.5  

8 0.1  817.3  2237.0  1433.0  1934.0  883.5  

9 0.1  790.9  748.4  1247.0  1872.0  599.5  

10 329.4  817.3  98.6  1434.0  1934.0  310.8  

11 2797.0  790.9  76.7  1372.0  1872.0  121.9  

12 4627.0  817.3  75.3  1310.0  1934.0  83.1  

Total 17289.9  9649.3  7544.3  16272.0  22835.0  4923.3  

Distribution Losses 

Month 
Heating Circuit DHW Circuit Cooling Circuit Air Ducts 

(kWh) (kWh) (kWh) (kWh) 

1 173.4  214.9  214.9  140.3  

2 115.1  201.0  201.0  153.4  

3 41.5  214.9  214.9  194.6  

4 7.8  208.0  208.0  202.8  

5 3.4  214.9  214.9  231.1  

6 0.0  208.0  208.0  217.1  

7 0.0  214.9  214.9  232.9  

8 0.0  214.9  214.9  243.5  

9 0.0  208.0  208.0  208.7  

10 11.9  214.9  214.9  217.8  

11 100.2  208.0  208.0  160.0  

12 165.9  214.9  214.9  131.8  

Total 619.1  2537.3  2537.3  2334.0  

Total heating and cooling 
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Air Handling Unit Temperatures 

 

Energy report for "Air Handling Unit" Chart - kWh (sensible and latent) 

Month 

Heating  AHU Heat Recovery Cooling  AHU Cold Recovery Fans 

   

  

(kWh) (kWh) (kWh) (kWh) (kWh) 

1 32.2  897.3  0.0  0.0  93.6  

2 16.3  1026.0  0.0  0.0  131.3  

3 5.5  1130.0  0.7  0.0  242.7  

4 0.0  886.4  186.4  0.0  335.8  

5 0.0  537.3  1155.0  0.0  558.2  

6 0.0  331.2  2106.0  22.5  672.8  

7 0.0  64.1  5431.0  191.5  863.5  

8 0.0  129.3  5407.0  309.0  867.6  

9 0.0  340.7  1534.0  4.3  594.9  

10 0.1  963.3  2.6  0.0  310.8  

11 12.6  861.7  0.0  0.0  121.9  

12 17.1  752.7  0.0  0.0  83.1  

Total 83.8  7920.0  15822.6  527.3  4876.2  
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C. Appendix 3: Comparison of the various simulations realised in 

order to reduce the energy demand of the office building in Stockholm 

IDA Indoor Climate and Energy v 4.0 

License: IDA40:10NOV 

Simulated by Pierre-Benoît 

Date 03/04/2012  
 

 

  

Simulations’ 

name  

B0: simulation of  the standard office building, 

B1: simulation of the office building with a improved envelope without the windows, 

B2: simulation of the office building with improved windows and solar protections,  

B3: simulation of the office building with improved thermal bridges,  

B4: simulation of the office building with a lower level of infiltration, 

B5: simulation of the office building equipped with higher efficient lights and a better management of the appliances use 

schedule, 

B6: simulation of the office building with more efficient space heating & cooling equipments,  

B7: simulation with all the improvements. 

Location  Stockholm  

Climate  Climate file Stockholm, Arlanda_ASHRAE  

Simulation type  Whole-year energy simulation  

Simulation period  01/01/2012 - 31/12/2012  

Delivered Energy Report (kWh) 

Energy system 
B0 B1 B2 B3 B4 B5 B6 B7 

(kWh) (kWh) (kWh) (kWh) (kWh) (kWh) (kWh) (kWh) 

 
Heating 36147 31277 28736 32860 20232 51550 35306 13663 

 
Domestic Hot Water 9649 9649 9649 9649 9649 9649 7507 7511 

Total Heat Demand 45796 40926 38385 42509 29881 61199 42813 21174 

 
Cooling 3933 4908 1728 4015 4464 3043 2022 431 

Total Cooling Demand 3933 4908 1728 4015 4464 3043 2022 431 

 
Lighting 16271 16274 16273 16272 16274 5933 16286 6162 

 

 

Equipments 
22835 22835 22835 22835 22835 8174 22835 7739 

 
HVAC aux. 3723 4278 1719 3847 4559 2637 2423 1002 

Total Electricity Demand 42829 43387 40827 42954 43668 16744 41544 14903 

Total Energy Demand 92558 89221 80940 89478 78013 80986 86379 36508 

Delivered Energy Report (kWh/m²) 

Energy system 
B0 B1 B2 B3 B4 B5 B6 B7 

(kWh/m²) (kWh/m²) (kWh/m²) (kWh/m²) (kWh/m²) (kWh/m²) (kWh/m²) (kWh/m²) 

 
Heating 62.6 54.1 49.7 56.9 35.0 89.2 61.1 23.6 

 Domestic hot Water  16.7 16.7 16.7 16.7 16.7 16.7 13.0 13.0 

Total Heat Demand 79.3 70.8 66.4 73.6 51.7 105.9 74.1 36.6 

 
Cooling 6.8 8.5 3.0 7.0 7.7 5.3 3.5 0.7 

Total Cooling Demand 6.8 8.5 3.0 7.0 7.7 5.3 3.5 0.7 

 
Lighting 28.2 28.2 28.2 28.2 28.2 10.3 28.2 10.7 

 

 
Equipments 39.5 39.5 39.5 39.5 39.5 14.2 39.5 13.4 

 
HVAC aux. 6.4 7.4 3.0 6.7 7.9 4.6 4.2 1.7 

Total Electricity Demand 74.1 75.1 70.7 74.4 75.6 29.1 71.9 25.8 

Total Energy Demand 160.2 154.4 140.1 155 135 140.3 149.5 63.1 
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Monthly Delivered Energy Chart 

 

Systems Energy 

Case  

Zone 
heating  

AHU 
heating  

AHU heat 
recovery  

Zone 
cooling  

AHU 
cooling  

AHU cold 
recovery  

Fans  Pumps  DHW  

         

(kWh) (kWh) (kWh) (kWh) (kWh) (kWh) (kWh) (kWh) (kWh) 

B0 32088.9  453.8  10163.1  5477.3  6323.3  17.4  3703.2  19.6  8684.5  

B1 27765.4  392.7  13452.5  8010.3  6715.3  14.6  4256.2  21.7  8684.5  

B2 25399.5  470.2  6767.1  2559.0  2625.9  26.5  1711.0  7.9  8684.5  

B3 29138.5  444.4  10587.5  5654.7  6391.1  17.3  3827.3  19.9  8684.5  

B4 17838.1  375.6  13159.0  6627.9  6763.9  17.6  4537.4  21.3  8684.5  

B5 45911.4  499.2  8137.4  4340.7  4788.7  15.3  2621.8  14.8  8684.5  

B6 31580.4  183.6  9622.2  3727.2  6382.6  27.3  2334.8  74.1  6756.6  

B7 12142.1  158.5  6884.2  721.5  1434.0  28.7  980.9  20.4  6760.3  

Monthly Systems Energy Chart 
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Global Energy Balance (sensible only) 

 During Heating 

Case  

Envelope & 
Thermal 
bridges  

Internal 
Walls and 

Masses  

External 
Window & 

Solar  

Mech. 
supply 

air  

Infiltration 
& Openings  

Occu-
pants  

Equip-
ment  

Lighting  
Local 

heating 
units  

Local 
cooling 
units  

Net 
losses  

           

(kWh) (kWh) (kWh) (kWh) (kWh) (kWh) (kWh) (kWh) (kWh) (kWh) (kWh) 

B0 -12471.9  4089.2  -23461.9  -601.1  -17284.2  2269.7  10406.5  5917.6  30795.9  0.0  257.0  

B1 -5752.0  3105.4  -23275.0  -539.5  -15739.9  1782.5  8815.2  4699.3  26645.2  0.0  140.3  

B2 -15959.3  2523.2  -12733.6  -692.1  -19377.5  2684.8  11983.0  7066.5  24374.9  0.0  91.4  

B3 -9358.1  4040.2  -23247.9  -572.6  -16896.0  2160.9  10010.2  5606.2  27965.2  0.0  210.4  

B4 -9341.5  3647.2  -21691.4  -419.0  -2559.9  1579.5  7546.4  3974.2  17119.2  0.0  46.9  

B5 -14706.6  4655.8  -24298.0  -797.6  -19649.6  2982.1  4149.5  3022.7  44060.3  0.0  501.0  

B6 -12310.6  4045.4  -23373.5  -1112.6  -17109.1  2235.1  10252.1  5838.0  31207.2  0.0  139.3  

B7 -4333.5  2129.3  -11866.8  -339.4  -2964.3  1605.4  2140.3  1579.9  11925.7  0.0  51.9  

 Monthly Energy Balance During Heating Chart 
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 During cooling 

Case  

Envelope & 
Thermal 
bridges  

Internal 
Walls and 

Masses  

External 
Window & 

Solar  

Mech. 
supply air  

Infiltration 
& Openings  

Occu-
pants  

Equip-
ment  

Lighting  
Local 

heating 
units  

Local 
cooling 

units  

Net 
losses  

           

(kWh) (kWh) (kWh) (kWh) (kWh) (kWh) (kWh) (kWh) (kWh) (kWh) (kWh) 

B0 -10909.9  -4552.1  23781.1  -17718.4  -6059.7  2173.8  8859.7  7688.0  0.0  -2937.6  -574.2  

B1 -7097.6  -3822.9  23606.3  -21281.8  -7454.7  2462.4  10540.3  8902.1  0.0  -5470.7  -623.2  

B2 -4794.2  -2015.5  1579.9  -4999.1  -2827.6  1755.8  6096.8  5608.6  0.0  -21.7  -378.8  

B3 -10319.0  -4419.8  23742.1  -18519.6  -6522.9  2250.8  9295.7  7950.9  0.0  -3115.1  -595.5  

B4 -13220.3  -3762.4  22771.4  -23088.7  -1611.8  2649.7  11479.0  9320.2  0.0  -4091.1  -712.9  

B5 -7836.3  -5163.3  23544.3  -10729.5  -3184.8  1444.3  2308.4  1585.3  0.0  -1802.9  -370.1  

B6 -11035.3  -4331.3  23652.7  -18006.0  -6555.9  2209.3  9351.1  7882.5  0.0  -3115.4  -55.3  

B7 -2716.7  -1462.1  1526.6  -4467.5  -792.6  2213.4  3260.4  2642.5  0.0  -112.2  -24.4  

 Monthly Energy Balance During Cooling Chart 

 

 

 

 

 

 



 
100 

D. Appendix 4: Comparison of the various simulations realised in 

order to reduce the energy demand of the office building in Geneva 

IDA Indoor Climate and Energy v 4.0 

License: IDA40:10NOV 

Simulated by Pierre-Benoît 

Date 04/04/2012  
 

 

  

Simulations’ 

name  
B0: simulation of  the standard office building, 

B1: simulation of the office building with a improved envelope without the windows, 

B2: simulation of the office building with improved windows and solar protections,  

B3: simulation of the office building with improved thermal bridges,  

B4: simulation of the office building with a lower level of infiltration, 

B5: simulation of the office building equipped with higher efficient lights and a better management of the appliances use 

schedule, 

B6: simulation of the office building with more efficient space heating & cooling equipments, 

B7: simulation with all the improvements. 

Location  Stockholm  

Climate  Climate file Geneva_ASHRAE  

Simulation type  Whole-year energy simulation  

Simulation period  01/01/2012 - 31/12/2012  

Delivered Energy Report (kWh) 

Energy system 
B0 B1 B2 B3 B4 B5 B6 B7 

(kWh) (kWh) (kWh) (kWh) (kWh) (kWh) (kWh) (kWh) 

 
Heating 17290 15401 14665 15211 8392 28954  16820 7544 

 
Domestic Hot Water 9649  9649  9649  9649  9649  9649 7507 7511 

Total Heat Demand 26939 25050 24314  24860 18041 38603 24327 15055  

 
Cooling 7544 8632 3732 7636 8136 5762 4179 1256 

Total Cooling Demand 7544 8632 3732 7636 8136 5762 4179 1256 

 
Lighting 16272 16272 16270 16272 16270 5933 16281 6161 

 Equipments 22835 22835 22835 22835 22835 8174 22835 7738 

 
HVAC aux. 4923 5472 2528 5075 5886 3437 3188 1111 

Total Electricity Demand 44030 44579 41633 44182 44991 17544 42304 15010 

Total Energy Demand 78513 78261 69679 76678 71168 61909 70810 31321 

Delivered Energy Report (kWh/m²) 

Energy system 
B0 B1 B2 B3 B4 B5 B6 B7 

(kWh/m²) (kWh/m²) (kWh/m²) (kWh/m²) (kWh/m²) (kWh/m²) (kWh/m²) (kWh/m²) 

 
Heating 29.9 26.7 25.4 26.3 14.5 50.1 29.1 13.1 

 Domestic hot Water  16.7  16.7  16.7  16.7  16.7  16.7 13.0 13.0  

Total Heat Demand 46.6 43.4 42.1 43.0 31.2 66.8 42.1 26.1  

 
Cooling 13.1 14.9 6.5 13.2 14.1 9.9 7.2 2.2 

Total Cooling Demand 13.1 14.9 6.5 13.2 14.1 9.9 7.2 2.2 

 
Lighting 28.2 28.2 28.2 28.2 28.2 10.3 28.2 10.7 

 

 
Equipments 39.5 39.5 39.5 39.5 39.5 14.2 39.5 13.4 

 
HVAC aux. 8.5 9.5 4.4 8.8 10.2 5.9 5.5 1.9 

Total Electricity Demand 76.2 77.2 72.1 76.5 77.9 30.4 73.2 26 

Total Energy Demand 135.9 135.5 120.7 132.7 123.2 107.1 122.5 54.3 
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Monthly Delivered Energy Chart 

 

Systems Energy 

Case  

Zone 
heating  

AHU 
heating  

AHU heat 
recovery  

Zone 
cooling  

AHU 
cooling  

AHU cold 
recovery  

Fans  Pumps  DHW  

         

(kWh) (kWh) (kWh) (kWh) (kWh) (kWh) (kWh) (kWh) (kWh) 

B0 15481.1  83.8  7920.0  6811.9  15822.6  527.3  4876.2  47.1  8684.5  

B1 13819.7  45.5  10714.0  9849.6  16045.0  513.0  5423.0  48.9  8684.5  

B2 13106.7  96.9  4887.7  2733.5  8462.2  436.5  2503.1  24.4  8684.5  

B3 13616.4  77.3  8378.0  6999.3  15908.4  526.6  5027.9  47.4  8684.5  

B4 7508.2  46.5  11033.3  7977.7  16430.8  527.0  5837.0  49.2  8684.5  

B5 25953.6  113.6  5803.8  5040.6  12246.2  457.7  3401.2  36.1  8684.5  

B6 15131.9  1.1  7126.5  5089.3  15805.3  773.0  3094.3  80.7  6756.6  

B7 6782.0  9.6  3679.1  947.6  5330.6  348.2  1081.3  24.9  6760.3  

Monthly Systems Energy Chart 
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Global Energy Balance (sensible only) 

 During Heating 

Case  

Envelope & 
Thermal 
bridges  

Internal 
Walls and 

Masses  

External 
Window & 

Solar  

Mech. 
supply 

air  

Infiltration 
& Openings  

Occu-
pants  

Equip-
ment  

Lighting  
Local 

heating 
units  

Local 
cooling 

units  

Net 
losses  

           

(kWh) (kWh) (kWh) (kWh) (kWh) (kWh) (kWh) (kWh) (kWh) (kWh) (kWh) 

B0 -6026.0  3838.8  -14306.3  -357.0  -10223.9  1364.6  7144.5  3571.1  14858.2  0.0  47.1  

B1 -2665.7  2876.4  -14036.3  -346.8  -9091.7  1080.3  5950.2  2844.0  13262.5  0.0  -3.2  

B2 -9415.7  2651.5  -8214.5  -427.2  -12159.2  1705.7  8778.8  4497.9  12576.7  0.0  -35.1  

B3 -3920.2  3689.1  -14037.8  -326.0  -9711.5  1249.3  6618.4  3254.5  13068.2  0.0  23.2  

B4 -3748.3  3121.0  -12342.2  -209.9  -1316.3  766.7  4500.9  1941.5  7204.4  0.0  -33.2  

B5 -8358.8  4518.6  -15471.7  -551.8  -12774.3  2155.5  3087.2  2207.5  24906.9  0.0  199.1  

B6 -5912.9  3757.9  -14176.7  -685.5  -10049.1  1344.2  6991.7  3523.4  14951.1  0.0  55.8  

B7 -2452.8  1849.7  -7682.0  -447.0  -1821.0  1132.0  1501.0  1118.3  6676.6  0.0  21.1  

 Monthly Energy Balance During Heating Chart 
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 During cooling 

Case  

Envelope & 
Thermal 
bridges  

Internal 
Walls and 

Masses  

External 
Window & 

Solar  

Mech. 
supply 

air  

Infiltration 
& Openings  

Occu-
pants  

Equip-
ment  

Lighting  
Local 

heating 
units  

Local 
cooling 

units  

Net 
losses  

           

(kWh) (kWh) (kWh) (kWh) (kWh) (kWh) (kWh) (kWh) (kWh) (kWh) (kWh) 

B0 -12064.4  -4741.9  27690.2  -23921.9  -6569.2  2759.9  11784.4  9778.4  0.0  -4262.1  -748.7  

B1 -7769.4  -3884.1  27381.2  -27339.1  -8008.6  3023.0  13515.4  10929.3  0.0  -7298.0  -809.0  

B2 -6003.8  -2153.1  2370.9  -9368.9  -3679.5  2411.4  9325.3  7846.6  0.0  -194.8  -558.4  

B3 -11433.8  -4628.5  27617.6  -24856.2  -7097.3  2867.8  12316.0  10144.1  0.0  -4448.9  -777.8  

B4 -15017.8  -3868.6  26220.4  -29815.3  -1767.1  3397.3  15003.0  11921.1  0.0  -5440.0  -921.9  

B5 -9133.0  -5545.8  28192.3  -14936.9  -3410.9  2035.7  3258.4  2313.1  0.0  -2498.0  -529.7  

B6 -12133.2  -4615.8  27614.0  -24384.1  -6991.4  2799.5  12233.1  9992.0  0.0  -4466.2  -71.9  

B7 -2856.1  -1298.7  2284.9  -6809.8  -839.9  2660.3  4045.9  3245.7  0.0  -338.3  -43.4  

 Monthly Energy Balance During Cooling Chart 
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E. Appendix 5: Simulation results of the final estimation of 

Stockholm’s office building load 

 

 

IDA Indoor Climate and Energy v 4.0 

License: IDA40:10NOV 

Simulated by Pierre-Benoît 

Date 22/03/2012  
 

 

  

Project name  Office Building - Stockholm - Building improved  

Location  Stockholm  

Climate  Climate file Stockholm, Arlanda_ASHRAE  

Simulation type  Whole-year energy simulation  

Simulation period  01/01/2012 - 31/12/2012  

Delivered Energy Report 

Energy system 
Delivered Energy 

kWh kWh/m² 

 
Heating 13663 23.6 

 
Domestic Hot Water 7511 13.0 

Total Heat Demand 21174 36.6 

 
Cooling 431 0.7 

Total Cooling Demand 431 0.7 

 
Lighting 6162 10.7 

 

 
Equipments 7739 13.4 

 
HVAC aux. 1002 1.7 

Total Electricity Demand 14903 25.8 

Total Energy Demand 36508 63.1 

Monthly Delivered Energy Chart 
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Month 

Heat Demand Cooling Demand Electricity Demand 

Heating DHW Cooling Lighting Equipments HVAC aux. 

(kWh) (kWh) (kWh) (kWh) (kWh) (kWh) 

. 3130.0  636.2  10.3  519.5  652.3  45.9  

2 2134.0  595.2  9.7  495.9  622.7  43.7  

3 1836.0  636.2  10.3  519.5  652.3  46.0  

4 835.2  615.7  9.9  495.9  622.4  46.7  

5 60.7  636.2  59.3  543.0  682.0  115.5  

6 11.6  615.7  94.1  495.5  622.6  145.6  

7 1.7  636.2  124.7  519.0  652.1  190.9  

8 2.8  636.2  71.3  542.7  681.9  161.8  

9 117.3  615.7  10.8  472.3  593.0  61.9  

10 891.0  636.2  10.3  543.1  682.3  52.5  

11 1862.0  615.7  9.9  519.5  652.7  47.5  

12 2781.0  636.2  10.3  495.9  622.8  44.2  

Total 13663.3  7511.4  431.1  6161.8  7739.1  1002.1  

Distribution Losses 

Month 
Heating Circuit DHW Circuit Cooling Circuit Air Ducts 

(kWh) (kWh) (kWh) (kWh) 

1 32.8  51.6  51.6  5.6  

2 22.8  48.3  48.3  5.8  

3 19.8  51.6  51.6  6.6  

4 9.0  49.9  49.9  7.4  

5 0.6  51.6  51.6  11.0  

6 0.1  49.9  49.9  10.6  

7 0.0  51.6  51.6  11.5  

8 0.0  51.6  51.6  11.8  

9 1.3  49.9  49.9  9.2  

10 9.6  51.6  51.6  8.3  

11 20.0  49.9  49.9  6.6  

12 29.8  51.6  51.6  5.5  

Total 145.7  609.2  609.2  99.9  

Total heating and cooling 
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Air Handling Unit Temperatures 

 

Energy report for "Air Handling Unit" Chart - kWh (sensible and latent) 

Month 

Heating  AHU Heat Recovery Cooling  AHU Cold Recovery Fans 

   

  

(kWh) (kWh) (kWh) (kWh) (kWh) 

1 89.7  965.5  0.0  0.0  42.5  

2 24.6  839.3  0.0  0.0  41.3  

3 5.5  795.9  0.0  0.0  43.8  

4 1.7  569.5  0.0  0.0  45.6  

5 0.9  416.9  239.9  11.7  114.4  

6 0.5  275.3  374.1  11.7  143.9  

7 0.3  186.9  515.5  2.6  189.2  

8 0.4  176.6  300.4  2.7  160.9  

9 0.8  370.3  4.1  0.0  61.5  

10 1.4  591.8  0.0  0.0  51.4  

11 11.9  816.0  0.0  0.0  45.4  

12 20.9  880.2  0.0  0.0  41.0  

Total 158.5  6884.2  1434.0  28.7  980.9  
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F. Appendix 6: Simulation results of the final estimation of Geneva’s 

office building load 

 

 

IDA Indoor Climate and Energy v 4.0 

License: IDA40:10NOV 

Simulated by Pierre-Benoît 

Date 21/03/2012  
 

 

  

Project name  Office Building - Geneva - Building improved  

Location  Geneva  

Climate  Climate file Geneva_ASHRAE  

Simulation type  Whole-year energy simulation  

Simulation period  01/01/2012 - 31/12/2012  

Delivered Energy Report 

Energy system 
Delivered Energy 

kWh kWh/m² 

 
Heating 7544 13.1 

 
Domestic Hot Water 7511 13.0 

Total Heat Demand 15055 26.1 

 
Cooling 1256 2.2 

Total Cooling Demand 1256 2.2 

 
Lighting 6161 10.7 

 

 
Equipments 7738 13.4 

 
HVAC aux. 1111 1.9 

Total Electricity Demand 15010 26 

Total Energy Demand 31321 54.3 

Monthly Delivered Energy Chart 
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Month 

Heat Demand Cooling Demand Electricity Demand 

Heating DHW Cooling Lighting Equipments HVAC aux. 

(kWh) (kWh) (kWh) (kWh) (kWh) (kWh) 

1 1923.0  636.2  10.3  519.5  652.0  46.9  

2 1433.0  595.2  9.7  495.9  622.6  45.0  

3 734.3  636.2  10.4  519.5  652.1  48.5  

4 191.3  615.7  16.4  495.9  622.5  55.1  

5 60.6  636.2  87.7  543.0  682.2  109.9  

6 2.0  615.7  168.1  495.5  622.3  144.1  

7 0.0  636.2  427.9  518.6  652.3  204.9  

8 0.9  636.2  402.3  542.4  682.1  200.5  

9 1.9  615.7  92.1  472.1  592.9  102.2  

10 193.4  636.2  10.4  543.1  682.5  58.6  

11 1209.0  615.7  9.9  519.5  652.1  49.4  

12 1795.0  636.2  10.3  495.9  622.5  45.4  

Total 7544.5  7511.4  1255.5  6160.9  7738.1  1110.5  

Distribution Losses 

Month 
Heating Circuit DHW Circuit Cooling Circuit Air Ducts 

(kWh) (kWh) (kWh) (kWh) 

1 20.8  51.6  51.6  9.8  

2 15.5  48.3  48.3  9.8  

3 7.9  51.6  51.6  11.4  

4 2.1  49.9  49.9  12.3  

5 0.6  51.6  51.6  15.1  

6 0.0  49.9  49.9  14.5  

7 0.0  51.6  51.6  15.4  

8 0.0  51.6  51.6  15.9  

9 0.0  49.9  49.9  13.8  

10 2.1  51.6  51.6  13.5  

11 13.0  49.9  49.9  10.8  

12 19.4  51.6  51.6  9.7  

Total 81.4  609.2  609.2  152.0  

Total heating and cooling 
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Air Handling Unit Temperatures 

 

Energy report for "Air Handling Unit" Chart - kWh (sensible and latent)  

Month 

Heating  AHU Heat Recovery Cooling  AHU Cold Recovery Fans 

   

  

(kWh) (kWh) (kWh) (kWh) (kWh) 

1 1.7  657.2  0.0  0.0  44.7  

2 1.6  555.9  0.0  0.0  43.4  

3 1.2  396.8  0.1  0.0  47.5  

4 0.7  267.2  31.9  0.0  54.6  

5 0.4  159.2  369.1  0.4  108.6  

6 0.2  82.5  730.3  15.5  141.5  

7 0.0  13.8  1940.0  128.6  197.4  

8 0.1  33.0  1850.0  199.8  193.2  

9 0.2  82.8  408.8  3.9  100.9  

10 0.6  302.8  0.4  0.0  58.1  

11 1.3  542.3  0.0  0.0  47.9  

12 1.6  585.6  0.0  0.0  43.4  

Total 9.6  3679.1  5330.6  348.2  1081.3  
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G. Appendix 7: Cost analysis of the different improvement options in 

order to reduce the energy demand of the office building 

Cost evaluation of the building envelope’s improvement (109): 

 

Type of 

envelope 
Area (m²) 

Standard building Improved building Price 

difference (€) Price (€/m²) Global Price (€) Price (€/m²) Global Price (€) 

External wall 487 24.30 11834.1 52.58 25606.46 13772.36 

Internal wall 640 8.85 5664 37.13 23763.2 18099.2 

Roof 450 36.85 16582.5 77.82 35019 18436.5 

Internal floor 300 2.40 720 28.61 8583 7863 

External floor 305 2.40 730 73.45 22402.25 21670.25 

Total (€) 35532.60 115373.91 79841 

 

Cost evaluation of the windows improvement and of the solar protections implementation 

(109): 

 

Type of window Area (m²) 
Standard building Improved building Price 

difference (€) Price (€/m²) Global Price (€) Price (€/m²) Global Price (€) 

External window  170 75 12759 95 12759 3403 

Internal windows 16 75 1200 95 1200 320 

Total (€) 13959 13959 9723 

 

Solar protections 

Number of windows 62 

Price (€/unit) 149 

Global price (€) 9238 

 

Cost evaluation of the additional insulation in order to improve the thermal bridges (109): 

 

Type of thermal bridge Length (m) 
Improved building 

Additional thermal bridge element price (€/m²) Global Price (€) 

Ext wall/Int slab 106 17.91 1898.46 

Ext wall/Int wall 102 17.91 1826.82 

Ext wall/Ext wall 84 17.91 1504.44 

Ext windows perimeter 134 17.91 2399.94 

Ext doors perimeter 36 17.91 644.76 

Roof/Ext wall 106 17.91 1898.46 

Ext slab/Ext wall 106 17.91 1898.46 

Balcony floor/Ext wall 4 17.91 71.64 

Total (€) 12143 
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Cost evaluation of the additional insulation in order to reduce the infiltration (109): 

 

Type of envelope Area (m²) 
Improved building 

Air tightness material price (€/m²) Global Price (€) 

External wall 487 12.84 6253 

Ceiling 300 12.84 3852 

External floor 3005 12.84 3916 

Total (€) 14021 

 

Cost evaluation of the lighting density improvement and of the occupants & daylight 

sensors implementation (109): 

 

Room Area (m²) 

Standard Building Improved Building 

Lighting Rate 

(W/m²) 

Room Lighting 

(W) 

Lighting Rate 

(W/m²) 

Room Lighting 

(W) 
Price* (€) 

Entrance 5,608 20 112 6 34 16 

Reception 65,14 20 1303 10 651 178 

Office 1 13,38 20 268 8 107 51 

Big Office 1 14,55 20 291 10 146 69 

Big Office 2 15,12 20 302 10 151 71 

Boss Office 25,85 20 517 10 259 122 

Group Office 1 24,56 20 491 8 196 93 

Group Office 2 23,81 20 476 8 190 90 

Group Office 3 49,19 20 984 8 394 186 

Group Office 4 24,93 20 499 8 199 94 

Group Office 5 25,03 20 501 8 200 95 

Group Office 6 49,83 20 997 8 399 188 

Meeting room 1 26,51 20 530 10 265 125 

Meeting Room 2 27,45 20 549 10 275 130 

Open Space 1 14,52 20 290 8 116 32 

Open space 2 14,84 20 297 8 119 32 

Corridor 1 26,21 20 524 6 157 43 

Corridor 2 28,08 20 562 6 168 46 

Rest room 1 32,14 20 643 6 193 53 

Toilet 1 5,821 20 116 8 47 22 

 
Global price(€) 1736 

 

Occupants and daylight sensors 

Number of sensor 35 

Price (€/unit) 150** 

Global price (€) 5250 

 

* http://www.lexman-light.com/front-training/page/FR.xhtml?pgn=EN 

** http://www.cooperindustries.com/content/public/en/lighting/products/suspended_linear_direct_indirect/ 

_182549.html 
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Cost evaluation of the space heating & cooling equipments’ improvement (109): 

 

Type of pipes/ducts whose insulation is 

improved 

Length 

(m) 

Improved building 

Additional thermal bridge element price 

(€/m²) 

Global Price 

(€) 

Heating & Cooling pipe network 400 11.97 4788 

Domestic Hot Water pipe network 102 11.97 1197 

Ventilation ducts 600 7.98 4788 

Total (€) 10773 

 

Reference 

area 

Area 

(m²) 

Standard building Improved building Price 

difference 

(€) 

Type of 

equipment 

Price 

(€/m²) 

Global 

Price (€) 

Type of 

equipment 

Price 

(€/m²) 

Global 

Price (€) 

Floor 
605 radiator 13.7 8334 

floor heating 

& cooling 
47.15*** 28526 20192 

 

Moreover, we evaluate the cost difference between the standard building’s and the improved building’s 

equipments efficiency (like fans, pump, boiler, heat exchanger,...) to 10 000 €. 

 

***http://www.easyfloor.fr/pages/etuderesult.php 
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H. Appendix 8: Presentation of the cost assumption for the energy 

supply: investment, operating cost, primary energy cost, and subsidies 

 

The currency change rate we used: 

Currency change rate* 

1 CHF 0.8295 € 

1 SEK 0.1122 € 

*http://www.xe.com 

Investment and operating cost according to Geneva eco district data (confidential): 

 

Type of plant 
Gas 

plant 

Oil 

plant 

Biomass 

plant 

Deep underground 

heat pump plant 

Heat pump on 

lake water 

plant 

Biomass 

cogeneration 

plant 

Investment 

cost (€/kW) 
430 450 680 3700 1700 880 

Operating cost 

(€/kw) 
15 15 70 30 40 200 

 

Investment of special unit: 
 

Material Solar thermal panels Solar PV panels Reversible heat pump air water 

Type 
Buderus Logasol SKS 4,0  

(Coef B:0,86 & Coef K:5,1 W/m²/K) 

Sharp NU-E235 (E1) 

(Puissance: 235Wc) 

Mitsubishi bisplit reversible 

inverter MXZ 2B40VA 

Investment cost 

(€/unit) 
1076** 515*** 2326**** 

 

** http://www.richardson.fr/les-produits-richardson/eco-energies/eco-energies/solaire/buderus/capteur-

solaire-logasol/capteur-sks-4-0-vertical-----buderus-82999360-buderus-chauffage-s-a_96950.html 

*** http://www.solarshop-europe.net/product_info.php?cPath=55_57&products_id=1868&language=en 

**** http://www.climdiscount.fr/fiche-produit-304/climatiser-et-chauffer-2-pieces/packages-mitsubishi-

electric/climatiseur-bisplit-reversible-inverter-mxz-2b40va.html 

Average of the primary energy cost in Stockholm for the next 30 years (40% more than the 

current price for the oil, the gas and the biomass)  (111) (112) (113) (115): 

 

Type of plant 
Gas 

plant 

Oil 

plant 

Biomass 

plant 

Deep underground 

heat pump plant 

Heat pump on 

lake water 

plant 

Biomass 

cogeneration 

plant 

Type of 

resources 
Gas Oil Wood Electricity Electricity Wood 

Primary energy 

price (ct€/kWh) 
15.88 15.7 9.42 7.85 7.85 6.73 
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Average of the primary energy cost in Geneva for the next 30 years (40% more than the 

current price for the oil, the gas and the biomass) (114) (115): 

 

Type of plant 
Gas 

plant 

Oil 

plant 

Biomass 

plant 

Deep underground 

heat pump plant 

Heat pump on 

lake water 

plant 

Biomass 

cogeneration 

plant 

Type of 

resources 
Gas Oil Wood Electricity Electricity Wood 

Primary energy 

price (ct€/kWh) 
9.62 9.9 9.50 20.6 20.6 6.79 

 

Subsidies in Stockholm (113) (116) (117): 

 

Type of plant 
Deep underground 

heat pump plant 

Heat pump on 

lake water plant 

Solar thermal plant Solar PV plant 

Subsidies 

information 
3500 € 3500 € 

841 € + 0.28037€*kWh 

produced 

60% of the initial 

investment 

 

 

Subsidies in Geneva (115): 

 

Type of plant 
Biomass 

plant/cogeneration 

Deep 

underground 

heat pump plant 

Heat pump on 

lake water 

plant 

Solar thermal 

plant 
Solar PV plant 

Subsidies 

information 

1659 € + 

165.9€*plant kW 

8295€ + 

768.9€*MWh 

produced 

2488€ + 

166€*MWh 

produced 

414 € + 107€*(m² 

of panel - heated 

surface/100) 

21% of the 

initial 

investment 
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I. Appendix 9: Solar simulation for Stockholm (118) 

Solar thermal 

For the solar thermal simulation, we used a free software available on internet named SOLO 

(http://www.tecsol.fr/fr/SolterAc2.htm). The results of the simulation are displayed in the following table: 

 

 6 solar thermal panels: 

 

Capteurs 

(Logasol SKS 4.0 Buderus 

coefficient B: 0.86 

coefficient K: 5.01 W/m².°C) 

Number 6 

Surface 12.6 m² 

Inclination 45°/Horizontal 

Orientation 0°/South 

Simulation Stockholm 

Months 
Sun daily irradiation 

(Wh/m².day) 

Energy provided monthly by the solar panels 

(kWh/month) 

January 1008 86 

February 2026 162 

March 3588 309 

April 4426 373 

Mai 5594 406 

June 6550 387 

July 5638 389 

August 5170 383 

September 3674 329 

October 2089 221 

November 1170 110 

December 1044 69 

Results 

Annual energy provided by the solar panels (kWh/yr) 3221 

Annual energy provided by the solar panels (kWh/m².yr) 256 

Annual domestic hot water demand (kWh) 7511 

Global sun covers (%) 42.9 

 

 

 

 

 

 



 
116 

 2 solar thermal panels: 

 

Capteurs 

(Logasol SKS 4.0 Buderus 

coefficient B: 0.86 

coefficient K: 5.01 W/m².°C) 

Number 2 

Surface 4.2 m² 

Inclination 45°/Horizontal 

Orientation 0°/South 

Simulation Stockholm 

Months 
Sun daily irradiation 

(Wh/m².day) 

Energy provided monthly by the solar panels 

(kWh/month) 

January 1008 43 

February 2026 66 

March 3588 132 

April 4426 191 

Mai 5594 260 

June 6550 289 

July 5638 268 

August 5170 227 

September 3674 145 

October 2089 83 

November 1170 45 

December 1044 38 

Results 

Annual energy provided by the solar panels (kWh/yr) 2029 

Annual energy provided by the solar panels (kWh/m².yr) 483 

Annual domestic hot water demand (kWh) 7511 

Global sun covers (%) 27.0 
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Solar PV 

For the solar PV simulation, we used a free software available on internet named SOLO 

(http://www.tecsol.fr/spv/pv_reseau.htm). The results of the simulation are displayed in the following table: 

 

 50 solar PV panels: 

 

Capteurs 

(Sharp NU-E235 (E1) 

Glass/Polyester 

Puissance 235 Wc) 

Number 50 

Surface 82.1 m² 

Inclination 45°/Horizontal 

Orientation 0°/South 

Total Puissance (Wc) 11.8 

Simulation Stockholm 

Months 
Sun daily irradiation 

(Wh/m².day) 

Energy provided daily by the solar panels 

(kWh/month) 

January 1008 264 

February 2026 487 

March 3588 973 

April 4426 1189 

Mai 5594 1573 

June 6550 1794 

July 5638 1592 

August 5170 1442 

September 3674 976 

October 2089 563 

November 1170 298 

December 1044 270 

Results 

Annual energy provided by the solar panels (kWh/yr) 11421 

Annual energy provided by the solar panels (kWh/kWc.yr) 972 

Annual appliances electricity need (kWh) 14903 

Global sun covers (%) 76.6 
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 100 solar PV panels: 

 

Capteurs 

(Sharp NU-E235 (E1) 

Glass/Polyester 

Puissance 235 Wc) 

Number 100 

Surface 164.2 m² 

Inclination 45°/Horizontal 

Orientation 0°/South 

Total Puissance (Wc) 23.5 

Simulation Stockholm 

Months 
Sun daily irradiation 

(Wh/m².day) 

Energy provided daily by the solar panels 

(kWh/month) 

January 1008 558 

February 2026 1013 

March 3588 1987 

April 4426 2372 

Mai 5594 3097 

June 6550 3509 

July 5638 3121 

August 5170 2862 

September 3674 1969 

October 2089 1156 

November 1170 627 

December 1044 578 

Results 

Annual energy provided by the solar panels (kWh/yr) 22849 

Annual energy provided by the solar panels (kWh/kWc.yr) 972 

Annual appliances electricity need (kWh) 14903 

Global sun covers (%) 153.3 
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J. Appendix 10: Solar simulation for Geneva (118) 

Solar thermal 

For the solar thermal simulation, we used a free software available on internet named SOLO 

(http://www.tecsol.fr/fr/SolterAc2.htm). The results of the simulation are displayed in the following table: 

 

 6 solar thermal panels: 

 

Capteurs 

(Logasol SKS 4.0 Buderus 

coefficient B: 0.86 

coefficient K: 5.01 W/m².°C) 

Number 6 

Surface 12.6 m² 

Inclination 30°/Horizontal 

Orientation 0°/South 

Simulation Geneva 

Months 
Sun daily irradiation 

(Wh/m².day) 

Energy provided daily by the solar panels 

(kWh/day) 

January 1482 180 

February 2175 231 

March 3591 353 

April 4340 370 

Mai 4808 376 

June 5391 355 

July 5837 360 

August 5385 357 

September 4419 351 

October 2871 306 

November 1682 198 

December 1275 158 

Results 

Annual energy provided by the solar panels (kWh/yr) 3597 

Annual energy provided by the solar panels (kWh/m².yr) 285 

Annual domestic hot water demand (kWh) 7511 

Global sun covers (%) 47.8 
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 2 solar thermal panels: 

 

Capteurs 

(Logasol SKS 4.0 Buderus 

coefficient B: 0.86 

coefficient K: 5.01 W/m².°C) 

Number 2 

Surface 4.2 m² 

Inclination 30°/Horizontal 

Orientation 0°/South 

Simulation Geneva 

Months 
Sun daily irradiation 

(Wh/m².day) 

Energy provided monthly by the solar panels 

(kWh/month) 

January 1482 85 

February 2175 110 

March 3591 189 

April 4340 220 

Mai 4808 249 

June 5391 259 

July 5837 279 

August 5385 262 

September 4419 216 

October 2871 154 

November 1682 92 

December 1275 74 

Results 

Annual energy provided by the solar panels (kWh/yr) 2190 

Annual energy provided by the solar panels (kWh/m².yr) 521 

Annual domestic hot water demand (kWh) 7511 

Global sun covers (%) 29.1 
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Solar PV 

For the solar PV simulation, we used a free software available on internet named SOLO 

(http://www.tecsol.fr/spv/pv_reseau.htm). The results of the simulation are displayed in the following table: 

 

 50 solar PV panels: 

 

Capteurs 

(Sharp NU-E235 (E1) 

Glass/Polyester 

Puissance 235 Wc) 

Number 50 

Surface 82.1 m² 

Inclination 30°/Horizontal 

Orientation 0°/South 

Total Puissance (Wc) 11.8 

Simulation Geneva 

Months 
Sun daily irradiation 

(Wh/m².day) 

Energy provided daily by the solar panels 

(kWh/month) 

January 1482 410 

February 2175 544 

March 3591 994 

April 4340 1163 

Mai 4808 1331 

June 5391 1444 

July 5837 1616 

August 5385 1491 

September 4419 1184 

October 2871 795 

November 1682 451 

December 1275 353 

Results 

Annual energy provided by the solar panels (kWh/yr) 11776 

Annual energy provided by the solar panels (kWh/kWc.yr) 1002 

Annual appliances electricity need (kWh) 15010 

Global sun covers (%) 78.4 
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 100 solar PV panels: 

 

Capteurs 

(Sharp NU-E235 (E1) 

Glass/Polyester 

Puissance 235 Wc) 

Number 85 

Surface 139.6 m² 

Inclination 30°/Horizontal 

Orientation 0°/South 

Total Puissance (Wc) 20 

Simulation Geneva 

Months 
Sun daily irradiation 

(Wh/m².day) 

Energy provided daily by the solar panels 

(kWh/month) 

January 1482 697 

February 2175 924 

March 3591 1689 

April 4340 1976 

Mai 4808 2262 

June 5391 2455 

July 5837 2746 

August 5385 2534 

September 4419 2012 

October 2871 1351 

November 1682 766 

December 1275 600 

Results 

Annual energy provided by the solar panels (kWh/yr) 20012 

Annual energy provided by the solar panels (kWh/kWc.yr) 1002 

Annual appliances electricity need (kWh) 15010 

Global sun covers (%) 133.3 

 

 


