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Abstract 

May 25, 2011, Reuters’ headline read: "New York State is prepared for summer 
electricity demand". The NY operator forecasts for next summer a peak of 33GW, close to the 
record ever reached. With soaring cooling demands, the electricity peak load represents a substantial 
concern to the energy system. In the goal of peak shaving, research on alternative solutions based on 
Thermal Energy Storage (TES), for both cooling and heating applications, has been largely performed. 
This thesis addresses thermal comfort applications with use of active free cooling through implementation 
of latent heat based TES. Active free cooling is based on the use of the freshness of a source, the outside 
air for example, to cool down buildings. This work conceptualizes the implementation of TES based 
cooling system with use of Phase Change Material in an in-house-built model. The principle of Phase 
Change Material, or Latent Heat TES (LHTES), lies on latent energy which is the energy required for the 
material to change phase.  In order to properly size this cooling system, a multi-objective optimization is 
adopted. This optimization, based on minimization of multi-objective functions, led to optimal design 
configurations. In parallel, the electrical consumption of the system and the volume uptake of the system 
were also considered. Through the obtained optimization studies, we identified non-linear 
interdependency between the two objective functions: the cost of the system and the acceptable remaining 
cooling needs. By remaining cooling needs, we mean the cooling needs that the system cannot meet. As a 
matter of fact, sizing the system according to these cooling needs would imply a very high cost. It was 
found that for a certain amount of remaining cooling needs, the PCM-based cooling system reveals to be 
an interesting solution compared to conventional air conditioning in terms of electrical consumption and 
overall system cost.  



-3- 
 

Table of Contents 

Abstract ........................................................................................................................................................................... 2 

1. Introduction .......................................................................................................................................................... 5 

1.1 Background .................................................................................................................................................. 5 

1.2 Objectives ..................................................................................................................................................... 5 

1.3 Methodology ................................................................................................................................................ 5 

2. Literature Review ................................................................................................................................................. 7 

2.1 Introduction to Thermal Energy Storage ................................................................................................ 7 

2.2 Review on the Phase Change Materials ................................................................................................... 8 

2.3 Free cooling.................................................................................................................................................. 8 

2.4 Passive free cooling with PCM ................................................................................................................. 9 

2.5 The PCM as part of an active free cooling system ................................................................................ 9 

2.5.1 Thermal comfort .................................................................................................................................. 10 

2.5.2 Control of the system .......................................................................................................................... 10 

2.5.3 Comparison between different climates ........................................................................................... 11 

2.5.4 Sizing of the PCM system ................................................................................................................... 11 

2.5.5 Financial aspects ................................................................................................................................... 11 

2.6 TRNSYS: a simulation tool dedicated to thermal energy systems .................................................... 11 

2.6.1 Description of TRNSYS ..................................................................................................................... 11 

2.6.2 A study based on the use of a TRNSYS PCM component developed by the University of 
Graz 12 

2.7 MOO: a method of analysis adapted to the study of energy systems .............................................. 13 

3. Part 1: Creation of the model ........................................................................................................................... 15 

3.1 Simulation setup ........................................................................................................................................ 15 

3.1.1 Description of the model .................................................................................................................... 15 

3.1.2 Study of the model with the simulation software TRNSYS .......................................................... 17 

3.2 Results and discussions ............................................................................................................................ 19 

4. Part 2: Creation of the system .......................................................................................................................... 25 

4.1 Objectives ................................................................................................................................................... 25 

4.2 A preliminary study dedicated to a pre-sizing of the component ..................................................... 27 

4.2.1 A sizing which has to take into account the required cooling power .......................................... 27 

4.2.2 Control strategy: A use of direct air when possible and the implementation of a PCM 
component for the remaining cooling need ................................................................................................... 28 

4.2.3 Conclusion of the preliminary study ................................................................................................. 33 

4.3 Simulation setup ........................................................................................................................................ 35 

4.3.1 Control strategy .................................................................................................................................... 35 

4.3.2 An analysis based on a multi-objective optimization ...................................................................... 39 



-4- 
 

4.4 Results and discussions ............................................................................................................................ 42 

4.4.1 First study: 5400hr-5736hr .................................................................................................................. 42 

4.4.2 Second study: 4700hr-5036hr ............................................................................................................. 58 

4.4.3 Third study: Optimization of the sizing of the PCM component during the period [4700-
5036] 61 

5. Conclusion ........................................................................................................................................................... 65 

6. Acknowledgments .............................................................................................................................................. 67 

7. List of figures ...................................................................................................................................................... 68 

8. List of tables ........................................................................................................................................................ 69 

9. Bibliography ........................................................................................................................................................ 70 

10. Appendix ............................................................................................................................................................. 72 

10.1 Appendix: Description of the component ............................................................................................ 73 

10.2 Appendix: Plans of the building and the classroom ............................................................................ 76 

10.3 Appendix: Description of the design of the model and the justifications of the choices ............. 77 

10.4 Appendix: Screenshots of the system implemented on TRNSYS .................................................... 81 

10.5 Appendix: Location of Stockholm ......................................................................................................... 82 

10.6 Appendix: Calculation of the power of the fans .................................................................................. 83 

10.7 Appendix: Calculation of the cost due to the comsumption of electricity ...................................... 87 

10.8 Appendix: Description of the simplified control strategy used in the preliminary study .............. 89 

10.9 Appendix: Elements of the first control strategy ................................................................................. 91 

10.10 Appendix: Construction of the system in TRNSYS ....................................................................... 93 

10.11 Second control strategy ....................................................................................................................... 96 

10.11.1 Differences compared to the first control strategy .................................................................... 96 

10.11.2 Construction of the system in TRNSYS ...................................................................................... 97 

10.12 Code ........................................................................................................................................................ 99 

 
  



-5- 
 

1. Introduction 

In this introduction, the background, as well as the objectives and the methodology of this thesis work are 
presented. 
 

1.1 Background 

Nowadays, the continuous increase of energy demand is facing both a rarefaction of the natural resources 
and energy peaks which the electrical network has to bear. In this context, solutions that may decouple the 
energy demand from natural resources are studied. A chronic problem among these solutions (like solar 
energy or wind energy) is their inability to face peak load. The energy is available when the resource is 
available but this availability does not necessarily correspond to the period of high demand. In view of this 
shift between production and consumption, the study of thermal energy storage (TES) is crucial. As a 
matter of fact, TES enables to face consumption’s peaks and take part in the development of alternative 
solutions for energy production. 
 

1.2 Objectives 

This thesis work consists in the conception of a case study of active free cooling with TES technology. 
During the year, two types of peak demands have to be faced. In France, this consumption’s peak is 
reached during the winter because of the high demand for heating. In the USA, this peak occurs during 
the summer when all the air conditioning devices are working. Considering these stakes represented by 
heating and cooling, the study of the possible applications of TES is crucial. The cooling aspect and more 
specifically the use of TES based on Phase Change Material (PCM) were the focus of this study. 
The objectives of this thesis, based on the use of the software TRNSYS are: 1) a study of the dynamics of 
passive buildings in summer, 2) the setup and the validation of a control strategy, 3) design of the PCM-
based Latent Heat Thermal Energy Storage through multi-objective system optimization. 
 

1.3 Methodology 

The first part of this report presents a literature review on the field of study. The aim of this review is to 
define more precisely and see what has been done on the subject. 
 
The second part of this work consisted in the conception of a model. The software used for this 
conception is TRNBuild. For the design of this model, new Swedish and French standards were taken 
into account, and a school with high performances in terms of building structures was designed. Due to 
these norms, new buildings have to respect high performances which are aimed at improving indoor 
comfort in winter. Nevertheless, as these recommended measures are aimed at a decrease of the thermal 
losses, their effect can be negative during the summer when the indoor temperatures can reach very high 
levels. This negative effect on the summer comfort will be discussed in the report after the presentation of 
the model. 
 
The third part of this work addressed the design of the system including the model and the cooling 
system. The software used for this conception and to perform the simulations is TRNSYS. This cooling 
system is incorporated into the ventilation system of the classroom and lies on the use of PCM. A 
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simplified control strategy was designed so as to control the indoor climate and optimize the use of the 
PCM component. Once this system designed, a study of the parameters of the system, including the sizing 
parameters of the PCM component and the choice of the flow rates of the ventilation system, was 
performed using a multi-objective optimization. The aim of this optimization was to find all the cases 
which enable a minimization of two crucial parameters of the system: the amount of remaining cooling 
needs that we accept and the cost of the system. The use of an air conditioning device is benchmarked 
against these solutions. 
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2. Literature Review 

The first section is dedicated to a literature review on the subject. 
 

2.1 Introduction to Thermal Energy Storage  

Thermal Energy Storage (TES) includes two aspects, the storage of heat on one hand, and the storage of 
cold on the other hand. The aim of this storage is to cut the link between the use of thermal energy from 
its production. As a matter of fact, the production of heat or cold usually takes place when the electrical 
network is already in a critical state. In these moments of electrical consumption peaks, the pollution also 
reaches peaks because of the use of the most polluting thermal and electric plants, plants which are 
necessary to equalize the production with the consumption. Thus, in order to shave these peaks, the use 
of TES must be considered. TES presents many advantages, by displacing the production of heat or cold, 
it can result in a reduction of the CO2 emissions. Moreover, as the production is independent from the 
consumption, other solutions for the production of heat and cold can be imagined, like solar energy or 
natural cooling during the night in summer. Among other advantages, TES also allows to reduce the 
running costs. Halford (1), showed the potential of peak shaving that a PCM based TES system can have. 
Zhang (2) analyses the use of TES in buildings and introduces the different advantages of TES. Moreover, 
in countries where the electricity price depends on the period of the day or the year, TES allows, by 
disconnecting the production from consumption, on a daily basis or a seasonal basis, to reduce cost for 
both energy suppliers and end users.  
 
The need for thermal energy storage is obvious in winter when the heating needs are high. In view of 
these high needs, new norms and labels are appearing, like the passive house in Germany. The aim of 
these initiatives is to encourage the building sector in changing its practices, by improving the isolation of 
the walls or by choosing more efficient windows for example. Nevertheless, as most of these 
improvements aim at preserving indoor heat to cut down heating demand in winter, these measures can 
have, in return, negative impact on the thermal comfort in summer. This problem was studied by Persson 
(3). 
 
TES includes the use of sensible energy, latent energy and reversible chemical reactions. Sensible TES 
includes the storage of chilled or hot water. It requires the use of larger storage material mass, which, 
through increase in temperature leads to thermal storage. Specific heat capacity is specific to each material 
and makes some materials more interesting than others. Latent TES includes Phase Change Material 
(PCM) based TES (ice is an example of PCM). Two types of PCMs exist: the organic ones and the 
inorganic ones. Among these two categories, some materials are also said to be eutectic. The term 
“eutectic” means that the material is composed by more than one chemical and that it freezes or melts at a 
constant temperature. The principle of Latent Heat TES (LHTES) lies on latent energy which is the 
energy required for the material to change phase.  
Martin (4) compares the storage capacities of sensible and latent energy. Whereas cold water with a 
temperature change of 10K leads to a storage of 12 kWhcold/m³, PCM allow storage between 25 and 60 
kWhcold/m³ where ice provides more than 73 kWhcold/m³ storage capacity. According to these figures, 
ice presents a very interesting potential for cooling applications. Nevertheless, the comparison between 
the storage temperatures and the needed temperatures show that the temperatures of some PCM are 
within the temperature range required for cooling applications whereas ice is not often adapted, both in 
terms of temperature and in terms of technical feasibility. 
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2.2 Review on the Phase Change Materials 

Phase Change Materials (PCM) have been extensively studied during the last few decades, due to the 
increased need in efficient buildings. Moreover, the materials are now commercially available on the 
market. PCM can be classified into two categories, organic materials and inorganic materials.  
 

 
Figure 1: Classification of the PCM adapted from (5) 

 
Organic materials include materials like paraffin and fatty acids. Inorganic materials are for example salt 
hydrates. A comparison between these two categories, in terms of advantages and disadvantages, was done 
by Cabeza (5). Among these advantages and disadvantages, we identify the problem of subcooling. In this 
study, in the extent that an inorganic material will be used, the process of subcooling will be taken into 
account.  
 
The choice of a PCM for a storage application is based on different parameters which were described by 
Cabeza (5). Four categories of parameters are highlighted, the thermophysical properties, the nucleation 
and crystal growth, the chemical parameters and the financial factors. Some research has been led to 
improve some of these characteristics, by mixing the PCM with another material for example. 
 
A possible application of PCM is the integration in the structure of the building. Most of the time, the 
incorporation of PCM in the structure of the building is done by encapsulation, but other strategies are 
studied like direct incorporation or immersion. Concerning encapsulation, different solutions exist: 
microencapsulation (diameter of the container < 1mm) or macroencapsulation (diameter of the container 
> 1cm). 
 

2.3 Free cooling 

Free cooling is based on the use of the freshness of a source, the outside air for example, to cool down 
buildings. The aim is reduction of use of air conditioners. If we consider the outside air as a source, when 
its temperature is low, this air is used either directly by intensive night ventilation, or through an air 
cooling system. In that context, the aim of TES is to enable a storage of the free cooling for a later use. 
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We can also consider other sources like earth-to-air heat exchangers or lakes for example. Breesch (6) 
studies the impact of different techniques of free cooling and shows that free cooling can take part in the 
process of cooling of the buildings in the summer. 
 

2.4 Passive free cooling with PCM 

LHTES can also be used in the context of a passive free cooling by incorporating PCM in the building 
envelope. The system is said to be passive as no electrical device is needed. During the winter, the system 
can also be used for heating by taking benefit of the solar energy during the day. 
 
Zhang (2) shows that different kinds of incorporation methods exist: direct incorporation, immersion, 
encapsulation, laminated PCM board, and others. PCM can be incorporated in different parts of the 
building envelope: within the walls, ceiling, floor, windows. PCM can also be combined with an under-
floor electric heating. 
Bogdan (7) studied the incorporation of PCM board in the walls, Arnault (8), in the floor. The aim of 
Bogdan was to study the impact of external parameters (occupancy pattern and ventilation) on the 
performances of the wall. He showed that the occupancy pattern has an impact on the value of the PCM 
optimum melting point, and that ventilation represents a load that can reduce the performance of the 
system. Arnault (8) studied the impact of the use of PCM on the HVAC (it reduces its needed size) and on 
the thickness of the wall (the thickness can be decreased by incorporating PCM). More generally, in (9) 
and (10), the incorporation of PCM in building material components is considered. Heim shows that the 
performance of the thickness of the wall with PCM depends on the gains. When considering direct gains 
(light, people…) thin layers with high latent capacity are better, on the contrary, for indirect gains like 
solar gains, thick layer with lower latent capacity are more interesting. Studying the incorporation of PCM 
into porous building construction materials, Ibañez (10) concludes that each situation is unique, as a 
matter of fact, the climate, the design, the orientation of the construction, and the parameters of the PCM 
are very important parameters which have an impact on the thermal comfort. In order to take into 
account these specificities, the aim of Ibanez was to develop a tool that takes into account these 
parameters and perform thermal studies corresponding to the panel of parameters chosen. 
 

2.5 The PCM as part of an active free cooling system  

An active free cooling system is said to be active because of the use of electric devices. A free source of 
cooling is used, the night freshness for example, and the storage of this coldness is ensured with an active 
system.  
A number of research papers have been published on the implementation of PCM in the ventilation 
systems of buildings (11) (12) (13) (14). This implementation can answer two objectives, first it can be a 
free source of cooling during the day in summer, but it also helps in reducing the ventilation load. As a 
matter of fact, direct ventilation is a real problem in terms of thermal comfort, especially in the new highly 
isolated buildings, it cools down the building in winter and heats it up during the summer. The idea of 
implementing PCM in the ventilation system is to control the temperature of the inlet air and try to reach 
a temperature close to the indoor comfort temperatures corresponding to the season. During the day in 
the winter, solar thermal panels can be used to heat up the PCM system which enables heating of the 
building. During the summer, the opposite process can be implemented, night cooling can be stored for 
daytime cooling of the building. To perform these thermal exchanges, as in all ventilation systems, fans are 
needed, that is why we speak about active free cooling. 
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The articles quoted study the thermal behaviour of buildings or rooms and some of these articles compare 
the experience with a numerical model. It appears that the implementation of PCM in the ventilation 
system can help in reducing the ventilation load and decreasing the cooling needs, these conclusions are 
developed below. 
 

2.5.1 Thermal comfort 

In 2006, Arkar (11)studied the implementation of PCM (Paraffin RT20) in a ventilation system, associated 
with intensive night ventilation, for cooling applications. His system involved two storage systems, one 
was linked to the input air and the second one was used to cool down the recirculating air. This study 
showed that, as expected, the use of PCM enables a better thermal comfort in the building. Moreover, 
thanks to the implementation of PCM, the need in intensive night ventilation decreases, so do the size of 
the ventilation system and the electrical consumption. In terms of thermal comfort, Takeda, (12), with his 
system based on GR PCM (Rubitherm), leads to the same conclusions. Moreover, as shown in (15), a 
PCM system storage, more than enabling a decrease of the size of the ventilation system, could be used 
during the winter for the storage of heat. Consequently, this system presents some advantages compared 
to intensive night ventilation. 
 

2.5.2 Control of the system 

Such systems imply a control of the storage to enable a charge, a discharge or a non-use of the storage. In 
the article of Takeda (12), this control is based on three temperatures: the outside temperature, the inside 
temperature and the PCM outlet temperature. The control implemented is an on/off one; according to 
the values of the temperatures, the fans are switched on or switched off. This type of control is introduced 
by other authors (13). The authors showed, comparing the ventilation load without PCM and with PCM, 
that the consequence of this control was a reduction of this ventilation load, but also a reduction of the 
cooling load. This type of control strategy which uses room temperature feedback is very simple and other 
solutions exist. Sourbron (16) showed that a better control can have a very interesting impact on the 
energy performances of heating and cooling systems. Different systems, a conventional one and control 
strategies based on hysteresis were compared. The impact of the dead band chosen for the hysteresis 
option was studied, and it was shown that, in the system studied, a slight change of this dead band could 
have very interesting impacts. Zhao (17) designed, for a solar heating system, a control strategy based on 
the use of on/off differential controllers and the set of dead bands. Thus, many articles consider controls 
based on on/off strategies, adding dead bands so as to avoid fluctuations around the set temperature. In 
parallel of these solutions, more elaborated solutions are proposed. Le Breux (18) designed a fuzzy and 
feedforward control applied to a hybrid thermal energy storage. The study of this control system showed 
higher performances than conventional control systems, for both the thermal comfort, and the electrical 
consumption. Moreover, in this article, some of the disadvantages of control solutions based on 
Proportional Integral Derivative controllers are evoked, among them the necessity to adapt this controller 
for every new application. Thus, the study of control strategies applied to thermal comfort applications is 
experiencing a boom and many solutions, from the simplest one to the most elaborated one are studied. 
Different strategies of storage can also be considered concerning the use of the PCM component. Three 
storage strategies are described in the article (19): full load storage, load demanding partial storage and 
load leveling partial storage. These strategies lead to different sizes and costs of the equipment. 
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2.5.3 Comparison between different climates 

Takeda (12) compared the implementation of the system based on PCM (described in section 2.5.1) in 
different cities in Japan and concluded, like other authors (13) (14), that the parameter to consider is not 
the average temperature but the daily range of temperature of the site. The larger the range of temperature 
is, the better the PCM will be used. Zalba (14) is more accurate and says that the difference of temperature 
between night and day must be at least 15˚C for the system to be interesting. In 2007, Medved (13) also 
studied the behaviour of different cities using a Paraffin (RT20) and concludes that the melting 
temperature of the PCM should be chosen considering the average air temperature of the hottest month. 
According to Arkar in (15), for a continental climate, the melting temperature should be around 20-22˚C. 
 

2.5.4 Sizing of the PCM system 

From the PCM point of view, Zalba (14) studied the different parameters which have an influence on the 
solidification and melting processes. The thickness of the encapsulation, the inlet temperature of the air, 
the air flow and the interaction between thickness and temperature are highlighted. In his article, Arkar 
(15) also gives optimum values for the PCM parameters, corresponding to his case study. 
 

2.5.5 Financial aspects 

As it was underlined before (11) (12), this system enables a reduction of the size of the ventilation system 
and consequently a reduction of the electric consumption. Zalba (14) compared this system with a 
conventional refrigeration system and concluded that a system with a storage by PCM is 9% more 
expensive considering the investment, but has a return of investment of 3-4 years and enables a reduction 
of the need in electric power by 9.4. 
 

2.6 TRNSYS: a simulation tool dedicated to thermal 
energy systems  

This thesis work is based on simulations performed on a model that will be introduced later on in this 
report. The model and the simulations are based on the use of the software TRNSYS. 
 

2.6.1 Description of TRNSYS 

The simulation program TRNSYS was created in 1975 and is under continual development. As said in the 
documentation, “TRNSYS is a complete and extensible simulation environment for the transient 
simulation of systems, including multi-zone buildings. It is used by engineers and researchers around the 
world to validate new energy concepts”. It proposes accurate models of components which can be 
extended as TRNSYS is an open, modular structure. The use of TRNSYS implies the creation of a project 
with Simulation Studio. In this project, different components are linked. Some additional applications, like 
TRNBuild, permit to build a model which is then represented by a component in Simulation Studio. Some 
components also allow the use of weather files, like Meteonorm files. In addition, some applications like 
Excel or Matlab, even if some problems of version may occur, can be used through the use of dedicated 
components. 
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In (17), an example of the different components which can be used in an energy system implying the 
cooling of a multi-zone building by a PCM component is given. 
 

2.6.2 A study based on the use of a TRNSYS PCM component 
developed by the University of Graz 

In 2007, Andreas Heinz from the University of Graz in Austria proposed a model for the transient 
simulation of bulk PCM tanks with an immersed water-to-air heat exchanger (20).  This model, known as 
component 842 in TRNSYS, is used in this study and described here. Figure 2 and Figure 3 enable a 
visualization of the system. 
 

                
Figure 2: Pictures extracted from the presentation of the component- Details of the geometry of the component 

 

 
Figure 3: Pictures extracted from the presentation of the component- Details of the geometry of the component 

 
The heat exchanger used in this component is a fin-tube heat exchanger. The fluid (air in our case) 
circulates in the tube and exchanges heat with the outdoor environment. The spaces outside the tubes and 
between the fins are filled with PCM. The air circulates in several independent parallel tubes. The finned 
tubes are arranged in series; each section of the tube has a length denoted as L_tubes. This system 
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composed by the heat exchanger and the PCM is contained in a rectangular casing. Some of these 
geometrical parameters will be used as variables for the optimization calculation. 
The hypothesis and the description of the equations used in this model can be consulted in (20). 
 
In terms of thermal properties, the temperature range, the temperature difference of subcooling and the 
temperature difference between melting temperature and crystallization temperature (hysteresis) are 
adjusted by the user. These parameters are represented on Figure 4. 

 
Figure 4: Parameters considered in the TRNSYS type842 

Moreover, some of the parameters of the component had to be adapted to the case studied in this thesis. 
For example, the parameters of the fluid which circulates in the tubes had to be adapted. As a matter of 
fact, the component was initially planned to be a water-to-air heat exchanger. In the context of a use of 
the component in the ventilation system, this water-to-air heat exchanger had to be changed to an air-to-
PCM heat exchanger. The list of the parameters and the selected value, as well as the inputs and outputs 
of the component are described in appendix 10.1 
 

2.7 Multi-Objective Optimization: a method of analysis 
adapted to the study of energy systems 

As presented in (21) and (22), multi-objective optimization appears as a good solution to face the 
complexity of some energy systems. As a matter of fact, this tool enables the optimization of energy 
systems considering conflicting objectives. 
The process of optimization used in this thesis is based on the use of an evolutionary algorithm. An 
evolutionary algorithm copies the principles of natural evolution, and enables, as natural evolution, to 
select the regions where the best solutions are. To begin with, a first population of solutions is generated 
randomly. Then, as natural evolution, evolutionary algorithms reproduce the different steps of selection, 
crossover and mutation.  
This method is not an exact method which would orientate the system towards the best solution. On the 
contrary, different solutions are selected. After a certain number of evaluations, which depends on the 
complexity of the problem, the selection of the different optimized solutions constitutes a Pareto front. 
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Figure 5: Example of a Pareto front 

  
Figure 5 represents a Pareto front for two objective functions that have to be minimized. The area on the 
left of the curve is an impossible zone, as a matter of fact, both function are minimized on the curve. The 
area on the right of the curve is a non-optimized area. For each point on the right of the curve, it is 
possible to further minimize one of the objectives. 
 The optimization tool used in this thesis was developed by the Industrial Energy Systems Laboratory of the 
Swiss Federal Institute of Technology thanks to the work of Molyneaux (21) and Leyland (22). It is based on 
different steps coded with Matlab. Some of these steps are general to all optimization problems and some 
others are adapted to this specific case. The ranges of the different variables have to be chosen by the 
user. Then, the tool selects a set of variables, calls and runs the simulation program, TRNSYS here. The 
outputs obtained at the end of the simulation are sent to Matlab which calculates the objective functions. 
According to the values of these objective functions, another set of variables is selected and the process 
goes on. 
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3. Part 1: Creation of the model 

The first part of this thesis work consisted in the creation of a model. A classroom was designed and 
modelled. The justifications of the different choices are presented in the following section. Then, a first 
study of the model follows and more particularly a study of the impact of the ventilation on the cooling 
needs. In the context of this first study, the implementation of a cooling system based on the use of PCM 
is not yet considered. 

 
 

 
Figure 6: Flowchart of the simulation study 

 

3.1 Simulation setup 

This section aims at presenting the model and the choices made in terms of building structures, loads, 
ventilation rates and comfort temperatures, then, the TRNSYS tool used to simulate the behaviour of this 
model is introduced. 
 

3.1.1 Description of the model 

In a first part, the model is described, a summary is given here, the whole justifications are available in 
appendix 10.3. 
 

3.1.1.1 Why a passive school? 

Nowadays, the awareness on the importance of insulation is well spread in the building industry. To face 
these stakes implying energy efficiency in houses, new standards are appearing, the concept of passive 
house is an example to answer these new needs. The basic principle of a passive house is to improve the 
insulation of the house and thus to avoid heat losses during the winter. In such houses, the sun, and the 
inhabitants heat the living space. However, what appears as an advantage in summer becomes a 
disadvantage during the summer, (23) and (3). As a matter of fact, such houses have temperature peakings 
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during the hottest months of the year. Therefore, the study of cooling in passive houses is of crucial 
importance. 
Currently, in the literature, many articles (24) (25) deal with thermal comfort and air quality in schools. A 
study has been carried out by the US Environmental Agency (26). It is shown that this desired comfort is 
usually not reached and has as consequence a negative effect on the pupils. 
 
Considering these two aspects, a model inspired from passive houses’ concepts was built. The building 
considered is a school; it implies that the building should be empty during the summer. However, even if 
it is not realistic for this type of building, we will consider that the occupation profile is the same during all 
the year. The periods of holidays are not considered in this study. 
 

3.1.1.2 Description of the building structures 

The building structures include the dimensions of the room, the windows and the walls. 
 
Dimensions of the room 
According to ASHRAE regulations (27) in a classroom, the value of 0.5pers/m² should not be exceeded. 
In a classroom of 25 pupils and a teacher, it implies a surface area of 52m². Taking 2m² of margins we can 
consider a room of 54m². The plans of the room and the building are available in section 10.2. The whole 
building was designed (three classrooms and a corridor) so as to take into account the impact of the other 
rooms on the classroom we are studying. The classroom we are studying is situated in between the other 
two classrooms. The same indoor comfort is set in the four rooms. 
 
Windows 
The orientation of the building is indicated on the first plan of appendix 10.2. The classrooms are south-
facing and the corridor north-facing. The idea is to take benefit of the solar contribution for natural 
lighting in the classrooms. The description and the justifications of the choices made for these windows 
can be consulted in appendix 10.3. 
 
Description of the walls 
For the choices concerning the walls, the regulations of both Sweden and France were used, as well as 
scientific articles. The description and the justifications of the choices can be consulted in appendix 10.3. 
 

3.1.1.3 Description of the loads 

Two types of loads are considered, the human gains and the lighting gains. 
 
Human gains 
We will consider the following schedule for the human gains: 
 
Moments of the week From Monday to Friday Week End 
Human gains 
 

9 – 12: 26 persons
14 – 17: 26 persons 

Empty

Degree of activity Seated at rest (from ISO 7730)
 
The corridor is not a living area, therefore we will consider that no human gains have to be taken into 
account. 
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Lighting gains 
The values taken for the lighting gains are presented and justified in appendix 10.3. 
 

3.1.1.4 Ventilation and infiltration 

The ventilation is a very important aspect of the conception. Moreover, an infiltration rate has to be 
considered. 
 
Ventilation 
The ASHRAE standard recommends a minimum value of 8 l/s.person in classrooms. To calculate this 
minimum value, they consider a limit value of 700ppm CO2 inside the room. The Swedish law 
recommends a rate of CO2 lower than 1000ppm with an optimal value of 800ppm for classrooms. R. 
Becker, M.Mysen and L-G Mansson (24) (28) (29) studied thermal comfort in schools and consider 
respectively flow rates of 5, 8 and 7.5 l/s.person. In line of the best practice, we consider a flow rate of 8 
l/s.person in the system modelling. Considering a classroom with 25 pupils and a teacher, it implies a flow 
rate of 208 l/s or 749 m³/h. For the classroom designed in the model, it represents a ventilation rate of 
4.6 volumes/h. In this study, we will concentrate on the classroom, consequently, to simplify the model, 
we will consider that the corridor has the same ventilation rate as the classrooms. 
Moreover, the ventilation rate is considered constant and equal to 4,6 volumes/h during school time 
(from 9 to 17) and equals to 0.3 volumes/h the rest of the time. The ventilation rate of the example (30), 
which studied the example of a house, was equal to 0.3 volumes/h. We could even stop the ventilation 
but it was preferred to take into account the possibility of an occupation of the classroom beyond the 
schedule considered. 
 
Infiltration 
M.L. Persson, who studied thermal comfort in passive houses (23) considers an infiltration rate of 0.035 
air changes per hour. In the case of a school, with the comings and goings, it was decided to multiply this 
infiltration rate by two, this is an arbitrary choice; it implies an infiltration rate of 0.07 air changes per 
hour. 
 

3.1.1.5 Comfort temperatures 

According to the Swedish recommendations (31), during the winter, the range of comfort temperatures is 
20-24˚C, and in the summer, 23-26˚C. These ranges take into account the clothing factor corresponding 
to the season. During the summer, a temperature higher than 26˚C can be accepted if it is 3˚C below of 
the outside temperature. 
 

3.1.2 Study of the model with the simulation software TRNSYS 

In order to simulate the evolution of the indoor climate in the classroom, the outside temperatures are 
considered. The weather data used is provided by the Meteonorm database. This database proposes a 
catalogue of meteorological data among which the dry bulb temperature, the effective sky temperature and 
data on solar radiations, these are the parameters used in this study. 
 
Moreover, the model includes the whole building (three classrooms and a corridor) and not only the 
classroom which is studied. The aim is to consider a real case, which implies to take into account the 
environment of the classroom. 
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The figure in section 10.4 shows the system used to study the indoor climate without any addition of 
cooling system. A complete flowchart is depicted in Figure 7. The weather data file is used as an input of 
the type 56. The conception of the building is done with the tool TRNBuild which is called by the type 56. 
The interesting outputs of the type 56 are sent to the printer and can be studied using Excel.  
 
 
 

 
Figure 7: Flow Chart of the implementation in TRNSYS 
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3.2 Results and discussions 

The city which is studied in that work is Stockholm in Sweden (See appendix 10.5 to locate this city on a 
map). A first study is done to observe the impact of ventilation and evaluate the cooling needs of the same 
classroom. 
 

 
Figure 8: Flowchart of the simulation study 

 
Once this model done and implemented within TRNSYS, some simulations permit to show the impact of 
the ventilation on the indoor thermal comfort. Figure 9 represents the annual evolution of the 
temperatures in Stockholm. As we can see, the temperatures evolve within the range [-20; 26], the 
maximal temperatures are consequently rather low. 
 

 
Figure 9: Evolution of the temperatures in Stockholm Arlanda during a whole year 
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Considering these outside temperatures, three scenarios of ventilation are tested. The aim is to study the 
evolution of the temperature and the cooling need in the classroom according to the ventilation rate. The 
first scenario considers a case with no ventilation. Figure 10, Figure 11 and Figure 12 show the impact of 
these choices on the indoor comfort. No maximal temperature is set for the first two graphs; on the 
contrary, the third graph represents the cooling need with a maximal temperature set to 26ºC.  The second 
simulation was performed for a scenario including a constant ventilation rate of 4,6vol/hr and the third 
one for a scenario based on two ventilation rates according to the occupation of the classroom, as 
described in 3.1.1.4. 
 
These graphs show the impact of the ventilation on the indoor thermal climate. In a scenario which does 
not include any ventilation, the temperatures in the classroom can be very high during the summer (up to 
80ºC). The higher the ventilation rate is, the lower the indoor temperatures are. As a matter of fact, during 
the summer, the maximal temperatures reached for the second scenario (Constant ventilation rate 
4,6vol/hr) are close to 32ºC whereas for the third scenario (Ventilation rates 4,6vol/hr-0,3vol/hr 
according to the occupation), the maximal temperatures reach 45ºC. Thus, we can see that the ventilation 
system has a very important impact on thermal comfort. This impact is particularly important in our case 
in the extent that the model, due to the choices made in terms of building structures, is considered as a 
very efficient building.  
In his paper (3), Persson shows the evolution of temperatures in a passive house. His reference case is 
based on a ventilation rate of 45 l/s (in our case, 4,6vol/hr corresponds to 207 l/s and 0,3vol/hr to 
13,4l/s) and leads to temperatures included in a range [28ºC-32ºC]. The results of the second scenario are 
close to this reference case. Concerning the third scenario, the maximal temperatures reached are higher 
than this reference case. It can be explained by the fact that, most of the time, the ventilation rate is 
0,3vol/hr and is consequently too low to cool down the classroom. 
 
If we study the impact of the ventilation in winter, we can observe that, as expected, the higher the 
ventilation rate is, the lower the indoor temperatures are. The result is the same as in summer but the 
conclusions are different in the extent that the aim is opposed. During the winter, the aim is to avoid 
thermal losses towards the outside, the good insulation typical of efficient buildings permits to reach that 
goal. During the summer, due to solar contributions and these low thermal losses, the temperature inside 
the classroom increases, leading to a cooling need. Consequently, the impact of the ventilation depends on 
the season. A high ventilation rate enables a decrease of the maximal temperatures during the summer but 
leads to thermal losses which are problematic during the winter. 
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Figure 10: Evolution of the temperatures in the classroom for different ventilation cases in Stockholm 

 

 
Figure 11: Evolution of the temperatures in the classroom for different ventilation cases in Stockholm 
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Figure 12: Evolution of the cooling needs in the classroom for different ventilation cases in Stockholm 

 
To take benefit of the advantages and avoid the disadvantages, different solutions can be considered. 
During the winter, a system of heat recovery can be implemented so as to reduce the thermal losses due to 
the ventilation rate required. A heat recovery system consists in a heat exchanger which permits thermal 
exchanges between both input and output air. During the summer, it is obvious that high ventilation rates 
can be interesting to cool down the building. However, different aspects have to be considered, among 
them the aspect of comfort. As a matter of fact, we saw that a minimal ventilation rate is required to 
respect a good indoor climate, but the same can be said concerning a maximal ventilation rate. From a 
certain value, the ventilation can be problematic in terms of comfort for the occupants. Moreover, high 
ventilation rates lead to high energy consumptions. Consequently, when considering this solution of 
cooling, the occupation’s schedule (a high ventilation rate during the night could be considered but maybe 
not during the day) as well as the energy consumption have to be taken into account. Thus, the use of the 
ventilation to cool down the classroom is interesting but must be considered as a part of the solution. 
Moreover, in some situations, the outside air can help in cooling down the building but that is not always 
the case. Above a given outside temperature, the outside air does not permit to keep the inside 
temperature under the maximal temperature of 26ºC. In that case, another cooling solution is needed. The 
solution of thermal energy storage based on PCM can then be considered. When the outside air is too 
warm, the PCM could enable a cooling of the outside air and consequently a cooling of the classroom. 
The aim now is to study the implementation of a cooling system for this classroom. This cooling system is 
based on the use of the outside air when it is possible and the use of PCM when the outside air becomes 
too warm to cool down the classroom. This cooling system is described in section 0. 
 
In the extent that the aim of the study is to analyse a cooling system, we will concentrate on the summer 
period. According to the reference case (4,6/0,3), there is a need for cooling during the period [3000hr-
6000hr] (See Figure 13: Cooling load in the classroom during the period [3000-6500]), that is to say from 
the beginning of May to approximately mid-September. 
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Figure 13: Cooling load in the classroom during the period [3000-6500] 

 
To simplify the simulations, we will concentrate on two periods of two weeks during the summer, a period 
including the highest cooling load and a period with a high density of peak loads. 
 
 

 
Figure 14: Focus on the period 5400-5736hr which is characterized by the most important cooling load 

This period of the year is characterized by the highest cooling peak load which reaches more than 3.5kW. 
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Figure 15: Focus on the period 4700-5036hr which is characterized by a high density of cooling peak loads 

This period of the year is characterized by regular cooling peak loads which are around 3kW. 
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4. Part 2: Creation of the system 

The second part of this report consists in a presentation of the cooling system applied to the model. First, 
the objectives will be evoked. Then, a pre-study, based on the data obtained from the simulations 
performed on the model will be presented. The presentation of the experimental setup will follow. Finally, 
the results will be introduced and discussed. 
 

4.1 Objectives 

The objective of this system is the sizing of a cooling system based on the use of PCM. The building 
which has to be cooled down is the model designed in section 0. Section 0 presents first the pre-study 
which was done in order to have a global idea of the sizing of the system, then the control strategy 
implemented is explained before a short presentation of the implementation of the whole system on 
TRNSYS. To finish, the analysis method based on a multi-objective analysis is described. 
 
The cooling of the classroom is based on the use of the ventilation system of the room with the addition 
of a PCM component. The idea is to use the freshness of the outside air as long as it is possible and to 
switch to the PCM component when the outside air can’t cool down the classroom anymore.  A scheme 
of the real system is presented Figure 16. To enable the different working modes of this system, a control 
strategy is necessary. The different working modes are presented Figure 17. 
 

 
Figure 16: Real system 
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Figure 17: Three different working modes which can be divided into six modes 

 
Three different working modes are possible. The first on the right is defined by a ventilation of the 
classroom through the PCM component which allows a cooling of the outside air, in this case, the PCM 
component is discharging cold. The second working mode is based on a direct use of the outside air to 
ventilate the classroom while the PCM is charging cold thanks to the Fan2. As for the second one, the 
third mode is based on a direct use of the outside air, but in this mode, the PCM is in stand-by. These 
three different working modes can be divided into six different modes according to the flow rate of the 
Fan1. As a matter of fact, this flow rate will depend on the occupation of the classroom and on the 
cooling need. Outside school time, when a ventilation of the classroom is not required, the idea is to 
decrease the flow rate if no cooling is needed. 
 
These different working modes are controlled using the two fans and their different speeds, and using the 
valves which allow a control of the air flow. The control strategy is based on tests performed on different 
temperatures of the system, see Section 4.3.1. 
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4.2 A preliminary study dedicated to a pre-sizing of the 
component 

 

 
Figure 18: Flowchart of the simulation study 

 
Once the model designed, simulations were performed to evaluate the impact of ventilation on thermal 
comfort. Among these simulations, the model with the required ventilation rates described in section 3 
(4.6 volumes/hr during school time and 0.3 volumes/hr the rest of the time) was tested. The study which 
follows is based on that reference case which does not include any adding of cooling system based on 
PCM. Nevertheless, a maximal temperature of 26˚C is set so as to obtain the cooling need as an output. 
The aim here is to study this cooling need and to make a pre-sizing of the PCM component according to 
this cooling need. 
 

4.2.1 A sizing which has to take into account the required cooling 
power 

First, the cooling power has to be considered. Knowing the cooling period at each instant, the yearly 
cooling consumption can be calculated. For the PCM, the cooling power means that at a given moment, it 
has to be able to provide a certain cooling power. If we had considered a conventional air conditioner, 
considering the maximal cooling power would have been enough, as a matter of fact, the air conditioner 
can provide cold continually. Nevertheless, when considering a PCM component, we also have to 
consider the alternation between charging and discharging cold periods. As a matter of fact, the PCM is a 
storage and can’t provide cold continually. 
 
Thus, the study of the cooling power evolution enables to know the maximal cooling power needed to 
cool down the classroom so as to reach an indoor temperature lower than 26˚C. Nevertheless, taking into 
account this maximal cooling power to size the PCM component is not necessarily the optimal solution. 
As a matter of fact, this high cooling power can be an isolated case in the year, and sizing the PCM 
according to it can lead to very high costs for a very limited use. In that context, a shaving of the peaks 
has to be studied. Shaving the peak load by 10% means that the PCM will be sized according to the 
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highest cooling demand peak lowered by 10%. Considering this peak shaving, a new consumption can be 
calculated. 
 
The values of the current situation are the following ones: 
 
Cooling load peak in kW 3,69 
Cooling consumption in kWh 906,91 

 
Considering theses values, the aim is to study the impact, in terms of sizing, of a peak shaving. Within the 
Excel file which contains the data, it was made possible to choose the percentage of peak shaving. The x 
that follows equals 50. The new values are available in the following table: 
 
  Percentage Maximal load in kW Cooling consumption in kWh after shaving 
  10% 3,32 906,26 
Please enter a % 50% 1,84 860,77 
 
 

 
Figure 19: Evolution of the cooling needs with different levels of peak shavings 

 

4.2.2 Control strategy: A use of direct air when possible and the 
implementation of a PCM component for the remaining 
cooling need 

The idea of this control strategy is to take benefit of the freshness of the outside air when it is available, 
and to use the PCM component when this cooling method cannot be used. 
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4.2.2.1 Use of direct air 

Within the control strategy, which is described in 4.3.1, we consider that, when a cooling of the building is 
needed, there is a limit temperature under which the outside air can be directly used to cool down the 
building. To determine this temperature, the heat exchange that is possible between the outside air and the 
inside air when a cooling is needed is calculated for each hour. Afterwards, this heat exchange is compared 
with the cooling need. 

 
Heat exchange between the outside air and the inside air: 
 
 Φ=qmas*Cpair*(Tin-Tout) 
 
With qmas = 897kg/hr = 4.6 vol/hr 
 
As long as the heat exchange between outside and inside air can cover the needs, the outside air can be 
used directly to cool down the classroom. The PCM must be used when this solution is no more 
sufficient. Using the data from the reference case (without any cooling system), a maximal outside 
temperature below which the use of the outside air can’t cover the cooling needs during the whole year 
was found. This temperature will be used as an order of magnitude for the choice of the limit temperature 
set in the control. A simple study performed with Excel enables to find this limit temperature (for 
Stockholm this temperature equals 17.8˚C).  
 
Using Excel, we can study the impact of this limit temperature on the cooling needs that can be provided 
by the outside air and the cooling needs that remain. 

 
Figure 20: Evolution of the cooling needs of the reference model 
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Figure 21: Evolution of the cooling needs and use of the outside air to cool down the building 

Figure 20 and Figure 21 show that the outside air can play a very important role in the cooling of the 
classroom. Nevertheless, as the whole cooling needs can’t be provided by the outside air, the use of a relay 
solution is necessary. 
 

4.2.2.2 Implementation of a PCM component 

When the outside air is too hot to provide fresh air to the building, a PCM component must be used. 
 

4.2.2.2.1 Brief presentation of the simulated control strategy 

To simplify, in a first part, we will consider an ideal PCM component with a fixed phase change 
temperature. The simulations enabled to obtain the evolution of the thermal comfort inside the building 
with the hypothesis described in the presentation of the model. From these values and for a given phase 
change temperature, we can deduce, by data processing, a rough approximation of the needs that the PCM 
component will have to answer. 
 
To simulate the use of PCM, different cases, based on a simplified control strategy, were defined. As this 
study is only a pre-study, the PCM is not yet considered and consequently, the control strategy only 
depends on the data available (outside temperature and inside temperature). 
 
The description of this simplified control strategy is available in section 10.8. A program coded with VBA 
Excel enabled to manage the data according to this control strategy. The cooling needs corresponding to 
periods when the PCM is needed (when a cooling is needed and the outside air cannot be used) were 
summed so as to deduce the global cooling need during the entire discharging cold periods. Concerning 
charging cold periods, the interesting data, that is the time duration, was obtained summing all the 
consecutive hours characterized, for the PCM component, by a charging cold process (during these 
periods, the value of the outside temperature enables this charging cold process). 
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4.2.2.2.2 Study of the impact of the phase change temperature on the 
alternation between discharging cold periods and charging cold 
periods 

We saw before that a rough evaluation of the limit temperature of use of the outside air can be determined 
using the data of the reference case. If we consider the model described and the weather data of 
Stockholm, this limit temperature is 17.8˚C. Let Tlim be this limit temperature. Within the control 
considered, if the limit temperature is fixed, one parameter can still be modified, the phase change 
temperature of the PCM. 
 
The following graphs show in blue the number of hours of each charging cold period, and in red, the 
needed capacity corresponding to the discharging cold period that follows each charging cold period. 
 
 

 
Figure 22: Confrontation between the charging cold period (blue) and the discharging cold period (red) that follows 

along the year for Tpcm = 12˚C 
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Figure 23: Confrontation between the charging cold period (blue) and the discharging cold period (red)  that follows 

along the year for Tpcm = 14˚C 
 

 
Figure 24: Confrontation between the charging cold period (blue) and the discharging cold period (red)  that follows 

along the year for Tpcm = 16˚C 
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Figure 25: Confrontation between the charging cold period (blue) and the discharging cold period (red)  that follows 

along the year for Tpcm = 17˚C 
From these graphs, we can observe that when the phase change temperature decreases, the number of 
alternations between discharging cold periods and charging cold periods decreases. As a matter of fact, 
when the phase change temperature decreases, the cases when the outside temperature is lower than the 
phase change temperature occur less often. Consequently, the duration of the discharging cold periods 
increases. Moreover, as the discharging cold periods are longer, the needed capacities at each discharging 
cold period increase. For a phase change temperature of 17˚C, the maximal needed capacity reaches 
23kWh, for 16˚C, this maximum equals about 38kWh, for 14˚C, it is about 72kWh and for 12˚C about 
80kWh. The same can be observed for the duration of the charging cold periods. The lower the phase 
change temperature is, the shortest the charging cold periods are. 
The comparison between these four cases permits to highlight the importance of the choice of Tpcm 
(phase change temperature). This parameter has to be well chosen so as to permit a good balance between 
charging cold periods and discharging cold periods.  
The tables accompanying these graphs show that the cooling needs corresponding to discharging cold 
periods are the same for the four cases. That can be explained by the fact that this case (the PCM is 
discharging cold) doesn’t depend on Tpcm but on Tlim. As a matter of fact, the PCM component will be 
used only when the outside temperature is higher than the limit temperature. The rest of the time, the 
outside air can be directly used. 
To conclude, with Tpcm = 17.8˚C, we see that, on 927 kWh of cooling needs, 536 kWh have to be 
provided by the PCM. It means that for the remaining 391 kWh, the outside air can cool down the 
classroom (See also Figure 21).  
 

4.2.3 Conclusion of the preliminary study 

This preliminary study, based on the reference model, enabled to highlight some important aspects of the 
cooling system.  
First, we evoked the maximal cooling load and the possible peak shaving. To answer the whole cooling 
needs, the sizing has to take into account this cooling peak load. Nevertheless, a shaving of the peak load 
can also be considered. With a peak shaving of 10%, the maximal power of the cooling system will equal 
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the maximal cooling load decreased by 10%. This implies that during some periods of the year, the 
temperature inside the classroom will be higher than 26˚C. In exchange, by decreasing the sizing power, 
the price of the system can be decreased. 
Then, the limit temperature of use of the outside air was studied. With a simplified control strategy applied 
to the data obtained from the first simulations (the model without any cooling system based on PCM), it 
was found that for the case of Stockholm, this limit temperature is 17.8˚C. Below this temperature, the 
outside air can always cool down the building, above this temperature, it happens that this solution does 
not enable a cooling of the room. Such a limit temperature will be used in the real control strategy and the 
temperature of 17.8˚C will be used as an order of magnitude. As a matter of fact, as the implementation of 
the cooling system will modify the whole system, this value will be adapted according to the new needs. 
The last part of this preliminary study was dedicated to the phase change temperature of the PCM. We 
saw that to enable a good alternation between charging cold and discharging cold periods, this 
temperature has to be well chosen. In the extent that we chose a limit temperature of use for the outside 
air of 17.8˚C, the highest phase change temperature, 17˚C, appeared to be the most interesting in terms of 
alternation between charging cold and discharging cold periods, which was expected. This will be taken 
into account in the real sizing of the PCM. Moreover, concerning this phase change temperature, 
according to Medved (13), the melting temperature of the PCM should be chosen considering the average 
air temperature of the hottest month. In Stockholm, the average air temperature of the hottest month is 
16.2˚C and is obtained for the month of July. This will also be taken into account in the real sizing of the 
PCM. 
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4.3 Simulation setup 

This section includes a description of the control strategy implemented, the presentation of the 
components used in TRNSYS, and an introduction to the analysis method. 
 

 
Figure 26: Flowchart of the simulation study 

 

4.3.1 Control strategy 

The first simulations performed on the model considered two ventilation rates corresponding to two 
different periods, 4.6 vol/hr when the classroom is occupied and 0.3 vol/hr the rest of the time (the 
justifications of these choices are presented in section 3.1. As a matter of fact, when the classroom is 
occupied, a ventilation rate of 4.6 vol/hr is necessary to have a good indoor comfort in terms of air 
contaminants. The rest of the time, this ventilation rate can be decreased in order to save energy. Thus, 
with this type of control, based on the use of the ventilation when the building is occupied, the ventilation 
is only considered from the contaminants point of view. The idea here is to study the cooling possibilities 
of ventilation.  
According to the temperature of the outside air, two solutions can be implemented. If the outside air is 
enough cool, it can be used directly; on the contrary, if the temperature of this outside air does not permit 
to cool down the room, the use of a PCM component has to be considered. 
 
We will use the expression “discharging cold” when the energy of the PCM increases, so when it takes 
heat from the input air so as to cool it down. The PCM is “charging cold” when its temperature decreases, 
so when it is crossed by a fresh air that cools it down. In that case, the air heated by the PCM is sent back 
to the outside.  
 
The following notations are used in the control strategy. 

• Tin is the temperature inside the classroom 
• Tout is the outside temperature 
• Tcooling is the limit temperature between cooling’s need and non-cooling’s need (described after) 
• Tlim  is the limit temperature of use of the outside air (described after) 
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The first control strategy implemented is a very simplified control, based on on/off working modes. 
Different temperatures are considered to specify these different working modes. The second control 
strategy proposed is based on the same different working modes but hysteresis components allow an 
enhancement of the stability and the robustness of the system. Currently, in the industry, some fields like 
aeronautics require the use of elaborated control systems; recent research showed that the implementation 
of such control strategy in the field of thermal comfort could both improve the thermal comfort and 
decrease electrical consumptions (See section 2.5.2). As a consequence, it could have been interested to 
develop a more elaborated control strategy but for time reasons a simplified strategy was chosen.  
 

4.3.1.1 First control strategy 

4.3.1.1.1 Unoccupied periods 

As we said before, two periods have to be considered. Let’s consider first the unoccupied periods. When 
the classroom is unoccupied, as no need for contaminants level is required, the ventilation rate can be 
decreased to 0.3 vol/hr so as to save energy and money. Nevertheless, it can be interesting, in some cases, 
to keep a high ventilation rate in order to cool down the building. Let Tcooling be this limit temperature 
between cooling’s need and non-cooling’s need. If we now look at the period characterized by a cooling’s 
need, a limit temperature of use of the outside air Tlim is introduced in the control strategy. This 
temperature indicates when the outside air can be used to cool down the classroom or not. 
 
In the presentation of the model, we introduced the limit temperatures [23-26˚C] accepted in a building 
during the summer. So as to take into account the inertia of the system and the building, we will consider 
a Tcooling of 23˚C. Above 23˚C, we will consider that the classroom needs to be cooled down; as a 
consequence, this case implies high ventilation rates. Below 23˚C, the classroom doesn’t need to be cooled 
down, it implies that the ventilation rate can be lowered so as to avoid a loss of cold (It has to be noticed 
that when the classroom is occupied, the situation will be different as the ventilation rate can’t be 
lowered). To know the remaining cooling needs, a maximum temperature of 26˚C is set in the parameters 
of the model (in TRNSYS). Thus, by setting a Tcooling of 23˚C, we also avoid an interaction between both 
cooling systems. 
 

4.3.1.1.1.1 Cases characterized by Tin > Tcooling (the classroom needs to be cooled 
down) 

When a cooling is needed, the level of the ventilation rate is high. According to the type of period, 
occupation or non-occupation, this ventilation rate can be different. When the children are present, a 
minimum ventilation rate of 4.6 vol/hr is required. We will consider, for comfort reasons, this rate is also 
the maximal ventilation rate. However, when the classroom is unoccupied, which is the case we are 
studying in this section, a higher ventilation rate can be considered. 
 
Case: Tout < Tlim 
If the temperature of the outside air is lower than Tlim, the ventilation is provided directly by the outside 
air with a high ventilation rate. A pre-calculation of this limit temperature, based on the model without the 
cooling system designed in this study, is presented in section 0. During those periods when the ventilation 
does not imply the PCM component, this component can be in two different states, either in a charging 
cold state, either in stand-by. The description of these two states is available in appendix 10.9. 
 
Case: Tout > Tlim 
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If the temperature of the outside air is higher than Tlim, two cases have to be considered. If the outside 
temperature is higher than the PCM output temperature, the PCM component will be put into operation 
by discharging cold. On the contrary, if the outside temperature is lower than the PCM output 
temperature, the outside air is preferred and the PCM is put in stand-by.  
 

4.3.1.1.1.2 Cases characterized by Tin < Tcooling (no cooling is needed) 

In this case, as the classroom is unoccupied and no cooling is needed, the ventilation rate of the classroom 
is set low (0,3 vol/hr). The control strategy will now imply a maximal temperature accepted inside. Let 
Tlim_bis be this temperature. The purpose of this temperature is the same as Tlim, but, as no cooling is 
needed, this temperature can be higher. 
 
Case: Tout > Tlim_bis 
Thus, if the temperature of the outside air is higher than Tlim_bis, the PCM component will be put into 
operation to cool down the inlet air.  
 
Case: Tout < Tlim_bis 
On the contrary, if the temperature of the outside air is lower than Tlim_bis, the outside air can be used 
directly. In that case, the PCM component can have two different behaviours. These two behaviours were 
already introduced above in the case Tin > Tlim. 
 

4.3.1.1.1.3 Summary 

A summary of this control strategy is available in appendix 10.9. 
 

4.3.1.1.2 Occupied periods 

As we said before, two periods have to be considered. During the periods of occupation, because of 
contaminants aspects, the ventilation rate cannot be decreased, and for comfort aspects, it cannot be 
increased too much. To face these two aspects, we will consider that during the occupied periods, the 
ventilation rate is set to 4.6vol/hr. We first considered the unoccupied periods and presented the control 
strategy. The control strategy applied during the occupied periods is nearly identical apart from the 
ventilation rates which, is that case, have to be always high. 
 
A summary of this control strategy is available in appendix 10.9. 
 

4.3.1.1.3 Choice of the values of the reference temperatures of the 
control 

The choice of Tcooling was explained in section 4.3.1.1.1. Concerning the choice of Tlim, the pre-study 
presented in section 4.2 introduced a limit temperature deducted from the study of the reference case. For 
Stockholm, this temperature equals 17.8˚C for the reference case (case without cooling system based on 
PCM). Simulations performed on the whole system, with different values of Tlim, showed that a 
temperature of 16˚C was more appropriate. Concerning the choice of Tlim_bis, as we said before, a higher 
temperature can be chosen. To avoid a useless discharge of the PCM component, the value of 26˚C was 
chosen. 
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4.3.1.2 Construction of the system on TRNSYS 

A description of this construction is available in appendix 10.10. A Flowchart is given Figure 27 to 
summarize this implementation in TRNSYS. Two different arrows are used, the white ones stand for the 
information exchanges, and the dark ones represent the air flows. For more explanation, please refer to 
appendix 10.10. 
 
 

 
Figure 27: Flow Chart of the implementation in TRNSYS 

 

4.3.1.3 Second control strategy 

The same working modes as for the first control strategy are used. The difference lies in the use of 
hysteresis components which implies the introduction of temperature ranges. The transitions from a 
working mode to another don’t only depend on the result of the tests performed on the temperatures but 
also on the state of the system at the previous time step. The differences between both control strategies 
are presented in appendix 10.11. The descriptions of the components used for this control strategy and of 
the construction on TRNSYS are also available in appendix 10.11.  
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4.3.2 An analysis based on a multi-objective optimization 

An introduction to the multi-objective optimization is presented in this section. 
 

 
Figure 28: Flowchart of the simulation study  

 

4.3.2.1 Introduction to the method 

The first part of this work consisted in the conception of a model. As we said before in the report, this 
model of a classroom is characterized by high performances in terms of building structures. These high 
performances, which represent an advantage during the winter, can constitute a disadvantage during the 
summer as they might imply an important increase of the cooling needs. Considering the cooling needs of 
this classroom, a control strategy was worked out. This control is based on the use of the outside air when 
this air can cool down the building and on the use of PCM the rest of the time. Consequently, the aim of 
the PCM component is to take care of the remaining cooling. Considering the implementation of this 
PCM component, two problems have to be faced: the ability of the component to take care of the whole 
remaining cooling needs and the price of the system. However, these two aspects of the problem are 
conflicting. As a matter of fact, to improve the supply of the required cooling needs, different solutions 
are possible, an increase of the mass of PCM, a modification in the sizing of the heat exchanger or a 
modification of the ventilation rate. Nevertheless, these three possible solutions conflict with the other 
parameter, the price of the system, which has to be taken into account when sizing the system. The three 
possible solutions evoked previously could enable a decrease of the remaining cooling needs but imply an 
increase of the price of the system. Considering these two conflicting objectives, the remaining cooling 
needs and the global price of the system, which we want to decrease as much as possible, a multi-objective 
optimization was chosen to help within the process of decision. A description of the method is available 
in section 2.7. 
 

4.3.2.2 Presentation of the two objective functions 

The analysis is based on two objective functions which have to be minimized: the cost of the system and 
the remaining cooling needs. 
 



-40- 
 

4.3.2.2.1 Objective function 1: Cost of the system 

The cost of the system is composed by four different costs : the cost of the PCM, the cost of the heat 
exchanger, the cost of the electricity consumed by the fans and the cost of the space occupied by the 
system. Let the period of study be expressed in years. 
 

4.3.2.2.1.1 Cost of the PCM 

We will consider for this cost that the PCM can be used during 15 years. To simplify the calculation of the 
price, inflation and discount rates are not considered.  
The calculation for the cost of the PCM is: 
 

   
 

 

 
A quote was obtained from a PCM producer “PCM products” (32). The cost given was: 

£ (GBP) 3.50 ~ 5.00 / kg 
 

Considering that price, we chose to take a price of 4.5€/kg 
 

4.3.2.2.1.2 Cost of the heat exchanger 

The useful life of the heat exchanger is taken the same as for the PCM and the same simplification is 
done. 
We will consider that the cost of the heat exchanger equals the cost of the aluminium. 
 

   
 

 

With 
 _  

 
Figure 2 permits to visualize this volume and gives the definition of the different parameters. 
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The price of the aluminium was obtained thanks to the software CES EduPack2009 (33) 

1 kg Alu = 1,6USD = 1,1 € 
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4.3.2.2.1.3 Cost of the electricity consumed by the fans 

The calculation of the cost of energy implies to calculate the consumption of the fans in kWh and is based 
on the price of electricity. The price of electricity implies fixed costs and variable costs and can 
consequently be expressed as a function of the electrical consumption. 
 
Let  _  and _  be the cost of electricity and the electrical consumption of the fans, the 
cost of energy can be expressed as: 
 

1,25 0,105     1,033 /8,89 
 
The calculation of the consumption of the fans is described in appendix 10.6. The calculation of this 
consumption is based on the pressure drops (friction and single losses) that the fans have to face. 
The calculation of the price of the electricity, which is described in appendix 10.7, is based on an 
electricity bill in Stockholm. 
 

4.3.2.2.1.4 Cost of the space 

The cost of space is: 
 

²/      
 
The value for ²/  comes from the article (19) and equals 230€/m²/yr. 
 

4.3.2.2.2 Objective function 2: Remaining cooling needs 

The remaining cooling needs are calculated with the output “demand of cooling” of the model (type 
Multi_Zone Building). This hourly value, which is in kJ/hr, is summed on the period studied and 
multiplied by the time step in hour. 
 

4.3.2.3 Presentation of the code 

The code specific to our case can be consulted in appendix 10.12.  



-42- 
 

4.4 Results and discussions 

The results of the optimization performed on the system are presented in this section. The step time of 
the simulations had to be as small as possible; a step time of six minutes was chosen. Using such a small 
step time implies very long simulation times. In this study, two periods of two weeks were studied, the 
periods in terms of hours of the year: [5400hr-5736hr] and [4700hr-5036hr] correspond respectively to 
two weeks in August and two weeks in July. The required simulation time for the studied period of two 
weeks took two days. 
Two periods of study, characterized by a different load profile, were chosen in order to analyse the impact 
of this load profile on the sizing and the performances of the system. 
These simulations were performed with the first control strategy. As future work, the second control 
strategy, which is more stable and robust, should be used to run new simulations. It could also be 
interested to create a more elaborated control strategy and compare the impact of these different control 
strategies on the results. 
 

4.4.1 First study: 5400hr-5736hr 

The first study is performed for the period [5400-5736]. To study the working of the system, different 
aspects must be considered. First, the cooling needs of the model, without any cooling system, have to be 
known. Then, to enable a comparison with a conventional air conditioner, such a method has to be 
studied by calculating the cost and the electrical consumption. Once these two aspects studied, the system 
designed in that thesis can be studied. 
 

4.4.1.1 Study of the cooling needs during the period 5400hr-5736hr 

The first step of the study during the period [5400hr-5736hr] consists in studying the cooling needs during 
that period. 
 

 
Figure 29: Evolution of the cooling load during the period [5400hr-5736hr] 
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A first simulation is performed on the system without any cooling system. The cooling needs during the 
period of study [5400-5736] comes to 81kWh and the highest peak load reaches about 3.7kW. The aim 
now is to analyse the implementation of a cooling system based on the use of PCM and to compare this 
system with the use of a conventional air conditioner. As a consequence, the second step of this analysis 
consists in evaluating the price of a conventional cooling device. Once this price is calculated, we will 
study the cost of a system based on PCM and the performances of such a system. 
 

4.4.1.2 First method: Implementation of a cooling system based on the 
use of a conventional air conditioner 

The cost of such a system based on the use of a conventional air conditioner can be divided into three 
costs, the cost of the device, the cost of the electricity consumed by the device itself to cool down the 
classroom but also the cost of the electricity consumed by the required ventilation. This last cost has to be 
taken into account so as to be able to compare the cost of the conventional air conditioner with the cost 
of the second method based on PCM. As a matter of fact, the second method uses the ventilation system 
and as a consequence includes the price of the required ventilation. 
 

4.4.1.2.1 Cost of the device 

We will consider a cost for the device equal to 385€/kW (19). According to Figure 29, and taking a 
margin, we can size the cooling device considering a maximal peak load of 4kW. This sizing implies an 
investment of: 

       385 4 1540 € 
 
In this study, we consider that this cooling device will be used during 15 years. In the simplified cost 
model, inflation and discount rates are not considered. 
Let D be the duration of the period studied in hours, the cost of the device considered for the period of 
study is: 

_    
   
 

   1540
15 8760

 

 
In our case, it implies a capital cost of 3.9€. 
 

4.4.1.2.2 Cost of the electricity consumed 

The cooling need of the period of study equals 81kWh_therm. We will take as a hypothesis that the 
Coefficient Of Performance (COP) of the system is constant and equals 4. Considering this, the 
consumption of the air conditioner, in kWh, is: 

     
81/4 20 _  

 
The calculation of the cost corresponding to this consumption is described in appendix 10.7. With T the 
duration in hours, and A the consumption in kWh, the final equation is: 
 

    1,25
0,105 1,033

8,89
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    1,25
0,105 5736 5400 1,033 20,25

8,89
7,9€  

 

4.4.1.2.3 Cost of the energy consumed by the required ventilation 

The required ventilation is the following one: 
• Case1: 4.6vol/hr (745 m³/hr) from 9am to 5pm during the week 
• Case2: 0.3vol/hr (49 m³/hr) the rest of the time 

 
We consider a period of two weeks [5400hr-5736hr]. For the first case (4.6vol/hr), it means a time 
duration, in hours, of: 
 

             
        2 5 17 9 80  

And for the second case: 
 

        5736 5400 80 256  
 
The calculation of the electrical consumption of the fans is described in appendix 10.6. We will consider 
here the final equation: 
 

dm/dt 
1,204 3600 1849 dm/dt 

1,204 3600 790 dm/dt 
1,204 3600 13,1 v 23,5; 0

2 

Case1: 
_ 1 100  

 
Case2: 

_ 2 0,02  
 
 

_   1   2

8005   
 
The corresponding cost of energy is obtained from the equation (details are shown in appendix 10.7): 
 

          1,25
0,105 5736 5400 1,033 8

8,89
6,1€  

 

4.4.1.2.4 Global cost of the air conditioning device 

 
  _                

 
, € 
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Thus, during the period [5400hr-5736hr], the implementation of an air conditioner to cool down the 
classroom would imply a cost of about 18€ for a global consumption of electricity of 28kWh. 
 

4.4.1.3 Implementation of a cooling system based on PCM: 
optimization of the two objective functions 

Eight parameters are put as variables for the optimization. These parameters and the variation ranges 
corresponding to each of them are presented in Table 1. The ranges were chosen to be realistic and to 
enable the simulations to run (some ranges provoked problems of convergence and had to be adapted). 
The different parameters are presented in appendix 10.1. 
 
Variable Unit Minimum Maximum 
Mass of PCM kg 40 200 
Length of the tubes m 0,2 1 
Number of tubes in series - 1 40 
Number of tubes in parallel - 8 20 
Diameter of the tube mm 20 30 
Distance between 2 fins mm 0,5 20 
Flow1 kg/hr 50 2500 
Flow2 kg/hr 300 2500 

Table 1: Variation range of the different parameters 
 

4.4.1.3.1 First observations 

A first analysis of the optimization curve and data obtained is shown Figure 30. 

 
Figure 30: Pareto front obtained after the optimization performed on the two objective functions during the period 

of study (x-axis Cost and y-axis Remaining Cooling needs) 
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This curve represents the remaining cooling needs (y-axis) versus the cost of the system (x-axis). As 
expected, we observe that the lower the cost of the system is, the higher the remaining cooling needs are. 
On the contrary, the higher the cost of the system is, the lower the remaining cooling needs are. This 
interrelation between both objectives is the reason of the use of an optimization. Each point of the curve 
represents an optimum between both objective functions. 
The cost of the system is composed by four costs: 1.) the cost of the space, 2.) the cost of the phase 
change material, 3.) the cost of the energy consumed by the fans and 4.) the cost of the heat exchanger. 
Considering this composition of the price, it appears that the cost of the TES system is not linear to the 
storage capacity. On the graph, the optimal cost is reached at about 8€ with 54kWh (66%) remaining 
cooling needs under the studied period. 
As for the remaining cooling needs, the minimum is reached at 12.6kWh with a system cost of 46€. From 
20kWh, a small reduction of the remaining cooling needs implies a very important increase of the global 
cost of the system. 
 
We will consider that the curve can be divided into three parts. One case per part is selected and the 
variables corresponding to these cases can be consulted in Table 2. These cases are representative of three 
different parts of the curve. 
 
Variables Unit Case 1 Case 2 Case 3 
Cost of the system € 8 12,8 45,7 
Remaining cooling needs kWh 53,5 23,7 12,6 
% of the initial cooling needs % 66 29 16 
Mass of PCM kg 42 196 199 
Length of the tubes m 0,20 0,44 0,99 
Number of tubes in series - 14 35 38 
Number of tubes in parallel - 8 8 20 
Diameter of the tube mm 26,6 22,8 23,6 
Distance between 2 fins mm 7,6 5,5 0,64 
Flow1 kg/hr 228 570 609 
Flow2 kg/hr 304 776 2079 
Cost of the PCM € 0,48 2,25 2,29 
Cost of the heat exchanger € 0,02 0,12 3,53 
Cost of energy € 6,9 9,2 32,9 
Cost of space € 0,6 1,2 6,9 
Consumption Ventilation kWh 13,5 29,1 192,3 
CALCULATED VALUES     
Volume of PCM m³ 0,03 0,13 0,13 
Volume of the system m³ 0,035 0,2 1,2 
Ice Packing Factor % 0,86 0,65 0,11 
Volume of the heat exchanger m³ 0,01 0,06 0,74 

Table 2: Optimized parameters corresponding to three different points of the Pareto front 
 
As seen previously, the period [5400hr-5736hr] is characterized by a global cooling need of 81kWh. 
Considering the three points selected, it appears that allowing 66% of remaining cooling needs, the cost to 
pay is 8€, for 29% it is about 13€ and for 16% it costs 46€. Thus, to reduce by 4.2 the remaining cooling 
needs, the cost is increased nearly six folds.  
 
The first optimized case is based on a minimization of the cost. For a cost of about 8€, 34% of the 
cooling needs can be covered. The second case permits a trade-off between both objectives. A cost of 13€ 
permits to take care of 71% of the needs. A huge difference can be observed between cases 1 and 2 in 
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terms of mass of PCM, as a matter of fact, this mass of PCM is multiplied by nearly 5. The third case, 
which permits to cover 84% of the cooling needs, is characterized by a high ventilation rate for the 
discharge of the PCM, this high ventilation rate results in a high cost of energy and a high consumption of 
electricity. The number of tubes in parallel and in series, and the length of the tubes show that this case 
implies a large heat exchanger. Indeed, the volume of the heat exchanger is multiplied by 74 between case 
1 and 3, and by 12 between cases 2 and 3. Concerning the mass of PCM, there is no difference between 
the second case and this third case. Consequently, the improvement of the performances of the system is 
not linked to this parameter. 
 

4.4.1.3.2 System based on PCM: Study of the cost of the system 

As we said before, the cost of the system is composed by four different costs; the respective impacts of 
these costs on the global cost are represented on Figure 31, the remaining cooling needs corresponding to 
each cost is also represented. 
 

 
Figure 31: Impact of the different costs on the global cost [Cost of the system (x-axis) – Cost of PCM / Heat 

exchanger / Energy / Space (y-axis)] 
 
Figure 31 shows that energy represents the main share on the global cost. As a matter of fact, this cost 
represents between 70 and 80% of the global cost. In order to compare the influence of the three other 
costs, a zoom is done (Figure 32) on the prices lower than 20€. 
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Figure 32: Impact of the different costs on the global cost [Cost of the system (x-axis) – Cost of PCM / Heat 

exchanger / Energy / Space (y-axis)] Zoom on the costs lower than 20€ 
 
The comparison between the three other costs shows that the heat exchanger has the lowest impact on 
the global cost. The costs of PCM and space are similar. 
The evolution of these four costs is linked to the evolution of the different parameters of the system. 
Figure 33 and Figure 34 show the values of the different parameters versus the global cost of the system. 
 

 
Figure 33: Evolution of the values of the optimized parameters versus the cost of the system 
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Figure 34: Evolution of the values of the optimized parameters versus the cost of the system - Zoom 

 
Figure 33 and Figure 34 show the impact of the different parameters on the global cost of the system. The 
increase of the flow rates, due to their impact on the cost of energy, has an impact on the global cost as 
we can observe on Figure 33. On the same figure, the impact of an increase of the mass of PCM, included 
in the cost of the PCM, is observable. 
Figure 34 enables to highlight a correlation between the increase of the number of tubes in series, the 
number of tubes in parallel and the length of the tubes and the increase of the global cost. These 
parameters impact the global cost through the cost of space and the cost of the heat exchanger, the higher 
these parameters are, the higher these costs are. We can also observe that the decrease of the distance 
between fins, as it implies a higher number of fins, has a link with the increase of the global cost by 
increasing the size of the heat exchanger. 
 

4.4.1.3.3 System based on PCM: Study of the remaining cooling needs 

The correlation between the different parameters of the system and the remaining cooling needs is shown 
in Figure 35 and Figure 36. 
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Figure 35 Evolution of the values of the optimized parameters versus the remaining cooling needs [Remaining 
cooling needs (x-axis) – Mass of PCM / Length of the tubes / Number of tubes in series / Number of tubes in 

parallel / Diameter of the tube / Distance between 2 fins / Flow1 / Flow2 (y-axis)] 
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Figure 36: Correlation between the evolution of the different parameters and the remaining cooling needs 
 
Figure 36 shows that a decrease of the parameters “Flow1”, “Flow2”, “Length of the tubes”, “Number of 
tubes in parallel”, “Mass of PCM” and “Distance between fins” has an impact on the remaining cooling 
needs. The decrease of the first five parameters can be connected with an increase of the remaining 
cooling needs. Different reasons, specific to each parameter, can explain this relation. On the contrary, the 
decrease of the last of these parameters, the “Distance between fins” is correlated with an increase of the 
remaining cooling needs. 
 
The decrease of the air flows “Flow1” and “Flow2”leads to a decrease of the power of the system which 
impacts its ability to meet the cooling needs, so does the decrease of the mass of PCM which impacts the 
storage capacity of the system. The decrease of the length of the tubes as well as the decrease of the 
number of tubes in parallel provokes a decrease of the size of the heat exchanger which provokes a 
decrease of the heat exchanges. Concerning the distance between fins, the increase of this distance means 
that there are fewer fins in the heat exchanger which implies lower heat exchanges; this leads to an 
increase of the remaining cooling needs. 
 

4.4.1.3.4 System based on PCM: Study of the behaviour of the PCM 
component in the three cases selected 

This section is aimed at studying the behaviour of the PCM component for the three optimized cases 
selected in 4.4.1.3.1. The evolution of the power and the storage capacity of this PCM component during 
the period [5400-5736] are represented in the following figures, Figure 37, Figure 38 and Figure 39. 
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Figure 37: Evolution of the total energy of store and the power exchanged with the storage for case1 

 

 
Figure 38: Evolution of the total energy of store and the power exchanged with the storage for case2 

 



-53- 
 

 
Figure 39: Evolution of the total energy of store and the power exchanged with the storage for the case3 

 
In this study, we are interested in cooling the living area. On these graphs, when the value of Q is low, it 
means that the PCM component can be used to cool down the building, it is charged in cold. When the 
value of Q is high, the PCM can’t be used for cooling applications, it is discharged (in cold). 
 
The comparison between the cases 2 and 3 shows the storage capacity of the component PCM does not 
only depend on the mass of PCM. For a same mass of PCM, the capacity of the third case evolves 
between 4.5 and 20kWh whereas the storage capacity of the second case evolves between 1.3 and 12kWh. 
 
Apart from two specific periods, which are described in the next paragraph, the periods of charge and 
discharge last between 10 and 13 hours, which correspond to the alternation between night and day. 
 
The cases 2 and 3 are characterized by a period between 5490 and 5536 when the PCM component is not 
able to meet the cooling needs. Figure 40 shows this situation is to be linked with the outside 
temperatures of that period, which is higher than during the rest of the period. During that period, the 
outside temperature is not low enough to charge PCM in cold. Another period, from 5600 to 5670hr, is 
characterized by a stand-by of the PCM component. The Figure 29 shows this situation is due to the fact 
that nearly no cooling is asked during that period. 
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Figure 40: Evolution of the total energy of store (blue) and the outside temperatures (green) for case2 
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4.4.1.4 Comparison between the two systems: based on PCM and 
based on a conventional air conditioner 

We consider that the use of an air conditioning device can fulfil the total cooling needs. The following 
graph shows the Pareto front obtained for the system based on PCM, in comparison to the conventional 
air conditioner. 
 

 
Figure 41: Comparison between the system based on PCM and a system using a conventional air conditioner 

 
As we can see, the system based on a conventional cooling device permits to take care of the whole 
cooling needs for a price of about 18€. For the same price, PCM-based system meets 75% of the cooling 
needs. In parallel to the price and the remaining cooling needs, a third parameter, the electrical 
consumption, is considered. Figure 42 allows visualizing these three aspects for five points selected on the 
Pareto front (the three points studied in 4.4.1.3.1 and two other points chosen for their good trade-off) 
and the case of the air conditioner. 
The parameters corresponding to these five points are available in Table 3. 
 
Variables Unit Case 1 Case 2 Case 3 Case 4 Case 5 
Cost of the system € 8 10,7 11,9 12,8 45,7 
Remaining cooling needs kWh 53,5 30,2 25,8 23,7 12,6 
% of the initial cooling needs % 66 37 32 29 16 
Mass of PCM kg 42 159 187 196 199 
Length of the tubes m 0,20 0,35 0,44 0,44 0,99 
Number of tubes in series - 14 37 39 35 38 
Number of tubes in parallel - 8 8 8 8 20 
Diameter of the tube mm 26,6 21,8 21,9 22,8 23,6 
Distance between 2 fins mm 7,6 7,4 7,6 5,5 0,64 
Flow1 kg/hr 228 536 554 570 609 
Flow2 kg/hr 304 529 649 776 2079 
Cost of the PCM € 0,48 1,83 2,15 2,25 2,29 
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Cost of the heat exchanger € 0,02 0,09 0,12 0,12 3,53 
Cost of energy € 6,9 7,8 8,4 9,2 32,9 
Cost of space € 0,6 0,98 1,23 1,2 6,9 
Consumption Ventilation kWh 13,5 19,6 23,7 29,1 192,3 
CALCULATED VALUES       
Volume of PCM m³ 0,03 0,10 0,12 0,13 0,13 
Volume of the system m³ 0,035 0,16 0,22 0,2 1,2 
IPF % 0,86 0,62 0,54 0,65 0,11 
Volume of the heat exchanger m³ 0,01 0,04 0,06 0,06 0,74 

Table 3: Optimized parameters of some points of the Pareto front 
 

 
Figure 42: Comparison between the different cases selected (optimized cases of the system based on PCM) and the 

system based on a conventional air conditioner 
 
Cases Price in € % of remaining cooling 

needs  
Electrical consumption in 
kWh 

Case1 8 66 13.5 
Case2 10.7 37 19.6 
Case3 11.9 32 23.7 
Case4 12.8 29 29.1 
Case5 45.7 16 192.3 
Air conditioner 18 0 28.2 

Table 4: Interesting values of the six cases compared 
 
In terms of cost and electrical consumption, we observe very important differences between the case 5 
and the other cases. Indeed, the case 5 is characterized by a high cost associated with a very high electrical 
consumption. As we said before, this high cost is directly related to this high electrical consumption. 
Considering these two aspects, even if 84% of the cooling needs are provided, the air conditioner option 
is more interesting considering both the electrical consumption and the cost.  
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The case 1 is interesting in terms of cost and electrical consumption but fulfils only 34% of the needs. 
 
The cases 4 and Air conditioner are close in terms of electrical consumption, the case 4 has a price a bit 
lower than the price of the air conditioner but it only provides 71% of the cooling needs.  
 
The study of these three cases and their comparison with the air conditioner option enables to underline 
the importance of considering the electrical consumption of the system. Figure 43 represents the relation 
between this parameter and the remaining cooling needs. From an electrical consumption of 28.2kWh and 
below, the system based on PCM implies a cost lower than the option based on the air conditioner (it can 
be deduced from Figure 41 and Figure 43). Consequently, below an electrical consumption of 28.2kWh, 
two parameters of the PCM system become interesting, both the cost and the electrical consumption. 
Below this consumption, a trade-off must be done between the amount of acceptable remaining cooling 
needs and the decrease of the electrical consumption enabled by the PCM system. 
 

 
Figure 43: Relation between the electrical consumption and the remaining cooling needs 

 
For example, the cases 2 and 3 permit to decrease the electrical consumption by respectively 30 and 16% 
compared to the air conditioning device, while taking care of respectively 63 and 68% of the cooling 
needs. Compared to the air conditioner option, these optimized cases imply a cost decreased by 
respectively 41 and 34%. 
The analysis of the optimized parameters of these two cases highlights the use of an important quantity of 
PCM combined with a middle-sized heat exchanger (compared to the other cases).  
 
As a conclusion to this first study, the electrical consumption appears as a very important parameter. The 
interesting solutions are the solutions which imply a lower electrical consumption than the conventional 
system. Then, the choice between this set of interesting solutions must be done considering a trade-off 
between the acceptable remaining cooling needs and the electrical consumption. When a solution is 
chosen, the curves of the section 4.4.1.3.3 enable to know the corresponding optimized parameters of the 
system. Two cases, the cases 2 and 3 described previously, are given special attention here. However, even 
with 63 and 68% of the cooling needs reached, they are not very interesting. The high remaining cooling 
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demand is due to the profile need. As a matter of fact, the period [5400hr-5736hr] is characterized by a 
small cooling need, with one high peak load. It can be interesting now to study another period of the 
summer with a different profile. 
 

4.4.2 Second study: 4700hr-5036hr 

A second study is done for the period [4700hr-5036hr]. The parts which are similar to the previous study 
are not evoked. We will concentrate on the final results. 
 
The cooling need during the period 4700hr-5036hr comes to 216kWh. Compared to the previous period, 
this period is characterized by a more important cooling demand (81 kWh during the period [5400-5736], 
see Figure 29) and by lower peak loads but which are more numerous. 
 

 
Figure 44: Evolution of the cooling load during period2 

 
 The cost of the air conditioning device for this period equals 46€ and the electrical consumption is 
54kWh (for the details of the calculation, refer to 4.4.1.2). We consider that the device is sized for a peak 
cooling power of 4kW. 
The same variation ranges as before are set for the parameters, see Table 1.  
The optimization permits to obtain the Pareto front presented in Figure 45. 
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Figure 45: Pareto front obtained after the optimization performed on the two objective functions, the remaining 

cooling needs are given as a percentage of the initial cooling needs 
 
Four different optimized points of the Pareto front (spread on the front) are selected. The parameters 
corresponding to these points are available in Table 5. Some interesting parameters of these points are 
represented on Figure 46. 
 
Variables Unit Case1 Case2 Case3 Case4 
Cost of the system € 7,9 13,9 23,2 44,3 
Remaining cooling needs kWh 162,3 67,2 52,4 44,9 
% of the initial cooling needs % 75,1 31,1 24,3 20,8 
Mass of PCM kg 40 200 200 200 
Length of the tubes m 0,2 0,46 0,96 1 
Number of tubes in series - 1 40 39 40 
Number of tubes in parallel - 8 8 18 16 
Diameter of the tube mm 24,36 26,92 22,7 29,4 
Distance between 2 fins mm 8,44 1,17 0,54 0,57 
Flow1 kg/hr 50 503 495 560 
Flow2 kg/hr 300 954 1058 2335 
Cost of the PCM € 0,46 2,3 2,3 2,3 
Cost of the heat exchanger € 0,001 0,4 3,75 2,8 
Cost of energy € 6,9 9,9 11 33,5 
Cost of space € 0,57 1,3 6,1 5,6 
Consumption Ventilation kWh 13,3 34,5 41,6 196,5 
CALCULATED VALUES      
Volume of PCM m³ 0,026 0,13 0,13 0,13 
Volume of the system m³ 0,003 0,23 1,08 1,02 
IPF % 8,7 0,56 0,12 0,13 
Volume of the heat exchanger m³ 0,001 0,12 0,72 0,75 

Table 5: Optimized parameters of four points of the Pareto front 
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The value of the Ice Packing Factor for case1 shows that this case is not realistic; this case will not be 
taken into account. 
 

 
Figure 46: Comparison between the different cases selected (optimized cases of the system based on PCM) and the 

system based on a conventional air conditioner 
 
A trade-off must be done between the cost, the acceptable remaining cooling needs and the electrical 
consumption. Considering Figure 46, cases 2 and 3 are the most interesting. These two cases permit to 
decrease the cost by respectively 70 and 50% while taking care of respectively 69 and 76% of the cooling 
needs. Moreover, these cases enable a decrease of the electrical consumption by 36 and 23%.  
These two cases are based on a mass of PCM of 200kg. In terms of sizing, they are very different; the 
volume of the system in the case 3 is more than four times higher than the volume of the case 2. We can 
conclude from that comparison that the case 3 is as interesting as the case 2 in terms of storage capacity, 
but has better performances due to its sizing which has an impact on power. 
 
If it is acceptable to have 30% unfulfilled cooling needs, case 2 seems the most adequate in terms of 
electrical consumption optimization and cost minimization. 
 
The curves representing the evolution of the different parameters versus the remaining cooling needs can 
also be obtained. With these curves, once a trade-off has been done among cost, remaining cooling needs 
and electrical consumption, the corresponding design parameters of the TES system can be known. 
 
The comparison between these two periods [5400hr-5736hr] and [4700hr-5036hr] shows that the system 
based on PCM is more interesting during the second period studied [4700hr-5036hr]. It underlines that 
performing the simulations during a whole summer would be very interesting, so as to take into account 
the whole profile and find an optimized case for the whole period. As a matter of fact, Figure 47 shows 
that the cost of the system is load profile dependent. 
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Figure 47: Comparison between the Pareto fronts obtained for the two periods studied 

 
For these first two studies, some of the parameters of the PCM component were put as constants so as to 
simplify the simulations. The aim now is to optimize the whole sizing parameters of the PCM component 
and put the values of air flow as constants. This optimization is very important because in practice, the 
sizing of the PCM is chosen and then fixed, whereas, the ventilation rates can still be adjusted afterwards 
by the user. This new study is performed for the period [4700-5036]. The values of air flows of the case 2 
are used for this optimization. 
 

4.4.3 Third study: Optimization of the sizing of the PCM component 
during the period [4700-5036] 

The parameters considered in the previous study combined sizing parameters of the PCM component and 
the flow rates of the two fans used in this system. We will now concentrate on the optimization of the 
sizing parameters of the PCM component. Thus, we will focus on the impact of the PCM component in 
terms of reduction of the remaining cooling needs. 
Ten parameters are optimized in parallel in this section. These parameters and the variation ranges are 
shown in Table 6. The different parameters are presented in appendix 10.1. 
 
Variable Unit Minimum Maximum 
Mass of PCM kg 40 200 
Length of the tubes m 0,2 1 
Number of tubes in series - 1 40 
Number of tubes in parallel - 8 20 
Diameter of the tube mm 20 30 
Distance between 2 fins mm 0,5 20 
Wall thickness of heat exchanger pipe mm 0,5 3 
Fin thickness mm 0,1 0,4 
Lengthwise distance between  pipes mm 40 70 



-62- 
 

Crosswise distance between  pipes mm 40 70 
Table 6: Variation range of the different parameters 

 
The interesting parameters in this study are the remaining cooling needs, the cost of the system and the 
volume of the system. Concerning the electricity consumption cost, we already know that, due to the fixed 
ventilation rates, the cost will be lower than the cost of the air conditioning device. As a matter of fact, in 
the previous study, these ventilation rates had the major impact on the overall cost of the system.  
 

 
Figure 48: Pareto front obtained after the optimization performed on the two objective functions [4700-5036] with 

the parameters of the third study 
 
Figure 48 represents the Pareto front obtained from the minimization of the two objective functions. We 
can see, as expected, that the cost is always lower than the cost of the conventional air conditioning device 
at 46€. 
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Figure 49: Evolution of the volume of the system versus the remaining cooling needs [4700-5036] 

 
We can see on Figure 49 that the lowest remaining cooling needs imply a volume of more than 3m³. As a 
consequence, this parameter also has to be taken into account in the choice of the sizing of the system. If 
we consider that a volume of 1 m³ is acceptable, then we can have a percentage of remaining cooling 
needs of 28% with the parameters of Table 7. 
 
 
Variables Unit Optimized case selected 
Cost of the system € 18,7 
Remaining cooling needs kWh 60,3 
% of the initial cooling needs % 27,9 
Mass of PCM kg 200 
Length of the tubes m 0,84 
Number of tubes in series - 38 
Number of tubes in parallel - 8 
Diameter of the tube mm 20,8 
Distance between two fins mm 0,94 
Wall thickness of heat exchanger pipe mm 2,07 
Fin thickness mm 0,35 
Lengthwise distance between  pipes mm 59 
Crosswise distance between  pipes mm 68 
Cost of the PCM € 2,3 
Cost of the heat exchanger € 2,9 
Cost of energy € 10 
Cost of space € 3,5 
Consumption Ventilation kWh 34,8 
CALCULATED VALUES   
Volume of PCM m³ 0,13 
Volume of the system m³ 1,02 
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IPF % 0,13 
Volume of the heat exchanger m³ 0,43 

Table 7: Parameters of the optimized point selected 
 
Considering this third study, if a volume of 1m³ is acceptable, an optimized case was selected. This case 
represents an arbitrary choice. In practice, thanks to this optimization tool, any imposed criteria can be 
chosen to reach an optimization of the different design parameters. 

The selected case permits to take care of 72% of the cooling needs, costs 18€, which is 61% lower than 
the cost of a conventional system, and enables a decrease of the electrical consumption by 35%.  
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5. Conclusion 

The first part of this study consisted in the creation of a model. It was decided to design the model of a 
classroom including very efficient building structures. Some simulations performed on that model showed 
the impact of the ventilation on the indoor climate. It was observed that, for the climate of Stockholm, the 
increase of the ventilation rate could decrease the cooling needs during the summer. Thus, the use of free 
cooling is very interesting in Stockholm, and especially for very well insulated buildings. However, free 
cooling cannot cover the whole cooling demand; as a consequence another system is necessary, the aim of 
this work is to study the implementation of PCM-based Thermal Energy Storage. 
 
The second part of this work consisted in the design of the cooling system based on free cooling with 
integrated PCM-based TES. A first pre-study, based on the data obtained from the first simulations, 
enabled to determine the order of magnitude of some of the parameters of the system. It was shown that 
the choice of the phase change temperature results from a trade-off between the cooling needs that can be 
covered during the discharging cold periods, and the need for the PCM to be charged in cold. Then, a 
simplified control strategy was designed; this control strategy is based on on/off working modes which are 
based on different temperatures of the system (the outside temperature, the temperature in the classroom, 
as well as two temperatures of the PCM component are used in this control). Once this control strategy 
was designed, the system was built in TRNSYS which is the simulation tool used in this study. The 
simulations performed in the classroom highlighted the impact of the implementation of this cooling 
system on the thermal behaviour of the building. It was shown that this system can help in covering a part 
of the cooling needs. Once this system was implemented, we focused on its optimization, as a matter of 
fact, it was first found that the system could help in reducing the cooling needs, but due to its complexity, 
the study of this system required the use of an optimization tool.  
 
Thus, the aim of this thesis work was an optimization of the cooling system. To perform this sizing, a 
multi-objective optimization was used. Two objective functions were chosen: the cost of the system and 
the remaining cooling needs. The objective of this optimization is to minimize these two functions. The 
sizing parameters of the PCM component are put as variables of this optimization, realistic ranges are 
chosen for these variables. The choice of these two objective functions is due to the fact that sizing a 
system to answer the whole cooling needs implies very high costs that the decision-maker is not 
necessarily ready to pay. A trade-off between the acceptable remaining costs, the cost of the system and 
other parameters has to be done by the decision-maker. Among the other parameters that have to be 
considered, the electrical consumption is very important. As a matter of fact, the aim of the system is to 
peak shave and to decrease the electric consumption. A good performance of the system can be obtained 
with high ventilation rates but, as shown in this investigation, this sizing would lead to a higher electric 
consumption than for the case of a conventional air conditioning device. It was also shown that another 
important parameter is the volume of the system which has to be considered for a realistic sizing of the 
TES. Considering all these aspects, the choice of the decision-maker is complex. In that context, this study 
introduced the use of a multi-objective optimization which appeared to be a good solution to face this 
complexity. As an example, with the hypothesis taken and simplifications made in the conception of the 
system, if, as a decision-maker, we consider that the volume of the system cannot exceed 1m³ and that we 
can accept 28% of remaining cooling needs, one optimized case selected in the study showed that the 
system could enable a decrease of the electrical consumption by 35% for a cost 61% lower than the cost 
of a conventional system. The ranges set in this study as well as the variables considered were chosen 
arbitrarily and led to a certain set of optimized solutions. These choices must be adapted to each case of 
study, according to the acceptable values of the different parameters. Thus, the decision-maker can deduce 
the set of optimized cases corresponding to his situation. 
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 This study also showed that the optimization depends on the period of study, thus a good sizing implies 
to take into account the whole period of use of the component. 
 
As a conclusion, this investigation showed that, accepting some trades-off, a cooling system combining 
free cooling and LHTES-based TES can be economically and environmentally interesting. 
 
In this study, passive building in Stockholm was considered, as a matter of fact, the choices made in terms 
of buildings structures as well as the control strategy were adapted to a certain type of climate. It could be 
interested, as a further study, to analyse the performances of a similar system adapted to another climate. 
To simplify this study, the addition of shadings was not considered, this simple solution could now be 
considered and its impact on the cooling needs analysed. Moreover, a simplified control strategy based on 
on/off working modes was setup; it could also be interesting to study the implementation of a more 
elaborated control strategy and analyse its consequences in terms of energy savings.  
  



-67- 
 

6. Acknowledgments 
I am grateful to the thermal energy storage group at the Energy Technology department of Royal Institute 
of Technology, KTH, Stockholm for giving me the opportunity to work with them on that project. I 
would like to thank especially Justin Chiu and Associate Professor Viktoria Martin for their guidance and 
support throughout this project. 
 
I would also like to show my gratitude to Amir Vadiei, James Spelling and Matthias Russ who helped me 
in understanding the working of TRNSYS and MOO. 
 
Thanks are given to the Industrial Energy Systems Laboratory of the Swiss Federal Institute of 
Technology, Lausanne for the use of their multi-objective optimization algorithm: QMOO. 
 
I am grateful to Andreas Heinz from the University of Graz to enable me to use his PCM component. 
 
Thanks are also given to VESAM AB for giving me the opportunity to visit a house equipped with a PCM 
system in Katrinehlom, and know more about Swedish traditions. 
 
Finally, I am grateful to the whole department for the good atmosphere and the Friday fikas! 

  



-68- 
 

7. List of figures 

Figure 1: Classification of the PCM adapted from (5) ............................................................................................................. 8 
Figure 2: Pictures extracted from the presentation of the component- Details of the geometry of the component ... 12 
Figure 3: Pictures extracted from the presentation of the component- Details of the geometry of the component ... 12 
Figure 4: Parameters considered in the TRNSYS type842 ................................................................................................... 13 
Figure 5: Example of a Pareto front ........................................................................................................................................ 14 
Figure 6: Flowchart of the simulation study ........................................................................................................................... 15 
Figure 7: Flow Chart of the implementation in TRNSYS .................................................................................................... 18 
Figure 8: Flowchart of the simulation study ........................................................................................................................... 19 
Figure 9: Evolution of the temperatures in Stockholm Arlanda during a whole year ....................................................... 19 
Figure 10: Evolution of the temperatures in the classroom for different ventilation cases in Stockholm ..................... 21 
Figure 11: Evolution of the temperatures in the classroom for different ventilation cases in Stockholm ..................... 21 
Figure 12: Evolution of the cooling needs in the classroom for different ventilation cases in Stockholm.................... 22 
Figure 13: Cooling load in the classroom during the period [3000-6500] ........................................................................... 23 
Figure 14: Focus on the period 5400-5736hr which is characterized by the most important cooling load ................... 23 
Figure 15: Focus on the period 4700-5036hr which is characterized by a high density of cooling peak loads ............. 24 
Figure 16: Real system ............................................................................................................................................................... 25 
Figure 17: Three different working modes which can be divided into six modes ............................................................. 26 
Figure 18: Flowchart of the simulation study ......................................................................................................................... 27 
Figure 19: Evolution of the cooling needs with different levels of peak shavings ............................................................ 28 
Figure 20: Evolution of the cooling needs of the reference model ..................................................................................... 29 
Figure 21: Evolution of the cooling needs and use of the outside air to cool down the building ................................... 30 
Figure 22: Confrontation between the charging cold period (blue) and the discharging cold period (red) that follows 
along the year for Tpcm = 12˚C............................................................................................................................................... 31 
Figure 23: Confrontation between the charging cold period (blue) and the discharging cold period (red)  that follows 
along the year for Tpcm = 14˚C............................................................................................................................................... 32 
Figure 24: Confrontation between the charging cold period (blue) and the discharging cold period (red)  that follows 
along the year for Tpcm = 16˚C............................................................................................................................................... 32 
Figure 25: Confrontation between the charging cold period (blue) and the discharging cold period (red)  that follows 
along the year for Tpcm = 17˚C............................................................................................................................................... 33 
Figure 26: Flowchart of the simulation study ......................................................................................................................... 35 
Figure 27: Flow Chart of the implementation in TRNSYS .................................................................................................. 38 
Figure 28: Flowchart of the simulation study ......................................................................................................................... 39 
Figure 29: Evolution of the cooling load during the period [5400hr-5736hr].................................................................... 42 
Figure 30: Pareto front obtained after the optimization performed on the two objective functions during the period 
of study (x-axis Cost and y-axis Remaining Cooling needs) ................................................................................................. 45 
Figure 31: Impact of the different costs on the global cost [Cost of the system (x-axis) – Cost of PCM / Heat 
exchanger / Energy / Space (y-axis)] ....................................................................................................................................... 47 
Figure 32: Impact of the different costs on the global cost [Cost of the system (x-axis) – Cost of PCM / Heat 
exchanger / Energy / Space (y-axis)] Zoom on the costs lower than 20€ ......................................................................... 48 
Figure 33: Evolution of the values of the optimized parameters versus the cost of the system ..................................... 48 
Figure 34: Evolution of the values of the optimized parameters versus the cost of the system - Zoom ....................... 49 
Figure 35 Evolution of the values of the optimized parameters versus the remaining cooling needs [Remaining 
cooling needs (x-axis) – Mass of PCM / Length of the tubes / Number of tubes in series / Number of tubes in 
parallel / Diameter of the tube / Distance between 2 fins / Flow1 / Flow2 (y-axis)] ..................................................... 50 
Figure 36: Correlation between the evolution of the different parameters and the remaining cooling needs ............... 51 
Figure 37: Evolution of the total energy of store and the power exchanged with the storage for case1 ....................... 52 
Figure 38: Evolution of the total energy of store and the power exchanged with the storage for case2 ....................... 52 
Figure 39: Evolution of the total energy of store and the power exchanged with the storage for the case3 ................. 53 
Figure 40: Evolution of the total energy of store (blue) and the outside temperatures (green) for case2 ...................... 54 
Figure 41: Comparison between the system based on PCM and a system using a conventional air conditioner ......... 55 
Figure 42: Comparison between the different cases selected (optimized cases of the system based on PCM) and the 
system based on a conventional air conditioner ..................................................................................................................... 56 
Figure 43: Relation between the electrical consumption and the remaining cooling needs ............................................. 57 



-69- 
 

Figure 44: Evolution of the cooling load during period2 ..................................................................................................... 58 
Figure 45: Pareto front obtained after the optimization performed on the two objective functions, the remaining 
cooling needs are given as a percentage of the initial cooling needs ................................................................................... 59 
Figure 46: Comparison between the different cases selected (optimized cases of the system based on PCM) and the 
system based on a conventional air conditioner ..................................................................................................................... 60 
Figure 47: Comparison between the Pareto fronts obtained obtained for the two periods studied ............................... 61 
Figure 48: Pareto front obtained after the optimization performed on the two objective functions [4700-5036] with 
the parameters of the third study ............................................................................................................................................. 62 
Figure 49: Evolution of the volume of the system versus the remaining cooling needs [4700-5036] ............................ 63 
Figure 50: Plan of the building including 3 classrooms and a corridor (Dimensions A = 2m, B = 9m, C = 6m) ....... 76 
Figure 51: Plan of the classroom including the desks (Dimensions a = 25cm,   b = 1m,    c = 1m,    d = 50cm,    e = 
1.50m,   f = 60cm,   g = 1m) ..................................................................................................................................................... 76 
Figure 52: The two systems highlighted .................................................................................................................................. 83 
Figure 53: PCM component, description of the parameters D, L_tubes and nr_par ....................................................... 85 
Figure 54: Composition of the electricity bill for Stockholm for the months of July, August and September ............. 87 
Figure 55: Screenshot of the construction on TRNSYS of the first control strategy ....................................................... 94 
Figure 56 : Contents of the macros .......................................................................................................................................... 95 
Figure 57: Principle of the hysteresis ....................................................................................................................................... 96 
Figure 58: Screenshot of the construction on TRNSYS of the second control strategy .................................................. 97 
Figure 59 : Contents of the macros .......................................................................................................................................... 98 
 

8. List of tables 

Table 1: Variation range of the different parameters ............................................................................................................. 45 
Table 2: Optimized parameters corresponding to three different points of the Pareto front ......................................... 46 
Table 3: Optimized parameters of some points of the Pareto front ................................................................................... 56 
Table 4: Interesting values of the six cases compared ........................................................................................................... 56 
Table 5: Optimized parameters of four points of the Pareto front ..................................................................................... 59 
Table 6: Variation range of the different parameters ............................................................................................................. 62 
Table 7: Parameters of the optimized point selected ............................................................................................................. 64 
Table 8: List of parameters and selected values for the PCM component ......................................................................... 74 
Table 9: List of the inputs of the PCM component ............................................................................................................... 74 
Table 10: List of the outputs of the PCM component .......................................................................................................... 75 
 
  



-70- 
 

9. Bibliography 

1. Modeling of phase change material peak load shifting. Halford C.K, Boehm R.M. 2007, Energy and Buildings, 
pp. 298-305. 
2. Application of latent heat thermal energy storage in buildings: State-of-the-art and outlook. Zhang Y, Zhou G, Lin 
K, Zhang Q, Di H. 2007, Building and Environment, pp. 2197-2209. 
3. Simulations of comfort cooling strategies in Passive Houses in a Swedish climate. Persson J, Westermark M. 
Stockholm : s.n., 2011. World Renewable Energy Congress. 
4. Direct contact PCM-water storage. Martin V, He B, Setterwall F. 2010, Applied Energy, pp. 2652-2659. 
5. Materials used as PCM in thermal energy storage in buildings: A review. Cabeza L.F, Castell A, Barreneche C, 
de Gracia A, Fernández A.I. 2011, Renewable and Sustainable Energy Reviews, pp. 1675-1695. 
6. Passive cooling in a low-energy office building. Breesch H, Bossaer A, Janssens A,. 2005, Solar Energy, pp. 
682-696. 
7. Thermal energy savings in buildings with PCM-enhanced envelope: Influence of occupancy pattern and ventilation. 
Diaconu B. 2011, Energy and Buildings, pp. 101-107. 
8. Internal surfaces including phase change materials for passive optimal shift of solar heat gain. Arnault A, Mathieu-
Potvin F, Gosselin L. 2010, International Journal of Thermal Sciences, pp. 2148-2156. 
9. Isothermal storage of solar energy in building construction. Heim D. 2010, Renewable Energy, pp. 788-796. 
10. An approach to the simulation of PCMs in building applications using TRNSYS. Ibáñez M, Lázaro A, Zalba 
B, Cabeza L.F. 2005, Applied Thermal Engineering, pp. 1796-1807. 
11. Efficiency of free cooling using latent heat storage integrated into the ventilation system of a low energy building. Arkar 
C, Vidrih B, Medved S. s.l. : International Journal of Refrigeration p134-143, 2007, International Journal 
of Refrigeration, pp. 134-143. 
12. Development of a ventilation system utilizing thermal energy storage for granules containing phase change material. 
Takeda S, Nagano K, Mochida T, Shimakura K. s.l. : Solar Energy p329-338, 2004, Solar energy, pp. 
329-338. 
13. Correlation between the local climate and the free-cooling potential of latent heat storage. Medved S, Arkar C. 2008, 
Energy and buildings, pp. 429-437. 
14. Free-cooling of buildings with phase change materials. Zalba B, Marín J.M, Cabeza L.F, Mehling H. 2004, 
Int Journal of Refrigeration, pp. 839-849. 
15. Free cooling of a building using PCM heat storage integrated into the ventilation system. Arkar C, Medved S. 2007, 
Solar Energy, pp. 1078-1087. 
16. Efficiently produced heat and cold is squandered by inappropriate control strategies: A case study. Sourbron M, De 
Herdt R, Van Reet T, Van Passel W, Baelmans M, Helsen L. 2009, Energy and Buildings, pp. 1091-
1098. 
17. Optimal study of a solar heating system with pebble bed energy storage. Zhao D.L, Li Y, Dai Y.J, Wang R.Z. 
2011, Energy Conversion and Management, pp. 2392-2400. 
18. Fuzzy and feedforward control of an hybrid thermal energy storage system. LeBreux M, Lacroix M, Lachiver G. 
. 2006, Energy and Buildings, pp. 1149-1155. 
19. Chiu J, Martin V, Setterwall F. . System integration of latent heat thermal energy storage for comfort cooling 
integrated in district cooling network.  
20. Heinz A. Type 842: Model for the transient simulation of bulk PCM tanks with an immersed water-to-air heat 
exchanger.  
21. Molyneaux A. A Practical Evolutionary Method for the Multi-Objective Optimisation of complex Integrated Energy 
Systems including Vehicle Drivetrains, PhD Dissertation . Lausanne : Ecole Polytechnique Fédérale de Lausanne, 
2002. 
22. G, Leyland. Multi-Objective Optimisation applied to Industrial Energy Problems, PhD Dissertation. Lausanne : 
Ecole Polytechnique Fédérale de Lausanne, 2002. 
23. Influence of window size on the energy balance of low energy houses. Persson M.L, Roos A, Wall M. 2006, 
Energy and Buildings, pp. 181-188. 



-71- 
 

24. Improving energy performance of school buildings while ensuring indoor air quality ventilation. Becker R, 
Goldberger I, Paciuk M. 2007, Building and Environment, pp. 3261-3276. 
25. Thermal comfort in Japanese schools. Kwok A.G, Chun C. 2003, Solar Energy, pp. 245-252. 
26. http://www.epa.gov/iaq/schooldesign. U.S. Environmental Protection Agency. [Online]  
27. American society of Heating, Refrigerating and Air Conditioning Engineers.  
28. Occupancy density and benefits of demand-controlled ventilation in Norwegian primary schools. Mysen m, Berntsen 
S, Nafstad P, Schild P.G. 2005, Energy and Buildings, pp. 1234-1240. 
29. Månsson L.G. Demand- Controlled Ventilating Systems: Case Studies, Swedish Council for Building Research. 
Stockholm : International Energy Agency Energy Conservation, 1993, 
http://www.ecbcs.org/docs/annex_18_case_studies.pdf. 
30. Analysis and modelling of window and glazing systems energy performance for a well insulated residential building. 
Gasparella A, Pernigotto G, Capelletti F, Romagnoni P, Baggio P. 2011, Energy and Buildings, pp. 
1030-1037. 
31. L, Eckberg. Riktlinjer För specifikation av inneklimatkrav . s.l. : WS Tekniska föreningen, 2006. 
32. Ure Z. PCM products info@pcmproducts.net. Contacted on May 13 2011. 
33. CES Edu Pack 2009.  
34. http://pcmproducts.net/. PCM Products. [Online]  
35. Arrêté du 26 octobre 2010 relatif aux caractéristiques théoriques et aux exigences de performance énergétique des 
bâtiments nouveaux et des parties nouvelles de bâtiments. Paris : Journal Officiel de la République Francaise, 27 
octobre 2010. 
36. Building Regulations mandatory provisions and general recommendations. BBR 2006:22. 2006, p. 
Section 9 Energy management. 
37. Assessment of the performance of organic and mineral-based insulation products used in exterior walls and attics in 
dwellings. Valdbjørn Rasmussen T, Nicolajsen A. 2005, Building and Environment, pp. 829-839. 
38. Durability of 20-year-old external insulation and assessment of various types of retrofitting to meet new energy 
regulations. Stazi F, Di Perna C, Munafò P. 2008, Energy and Buildings, pp. 721-731. 
39. Investigation of the most suitable location of insulation applying on building roof from maximum load leveling point of 
view. Ozel M, Pihtili K. 2007, Building and Environment, pp. 2360-2368. 
40. An analysis of energy-efficient light fittings and lighting controls. Li D.H.W, Cheung K.L, Wong S.L, Lam 
T.N.T. 2010, Applied Energy, pp. 558-567. 
41. Lighting and discomfort in the classroom. Winterbottom M, Wilkins A. 2009, Journal of Environmental 
Psychology, pp. 63-75. 
42. http://www.energieplus-lesite.be/energieplus/page_10576.htm. Energy Plus. [Online]  
43. Granryd E, Ekroth I, Lundqvist P, Melinder Å, Palm B, Rohlin P. Refrigerating engineering 
Department of Energy Technology, Division of Applied Thermodynamics and Refrigeration. Stockholm : Royal Institute 
of technology, KTH, 2005. 
44. Jonsson H, Bohdanowicz P. Sustainable Energy Utilisation, Department of Energy Technology, Division of 
Applied Thermodynamics and Refrigeration. Stockholm : Royal Institute of technology, KTH, 2005. 
45. McQuiston F.C, Parker J.D. Heating, ventilating and air conditioning, analysis and design, Fourth Edition . 
s.l. : John Wiley & Sons, 1994. 
 

 
 

  



-72- 
 

10. Appendix 
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10.1 Appendix: Description of the component 

List of parameters and selected values 
 
Parameter Unit Description Value 
UA_losses  Heat loss rate * Surface area of the storage This value depends on 

the other parameters 
according to the 
equation described 
below 

L_tubes m Length of a tube Variable 
a_tubes - Arrangement of tubes: aligned or staggered Aligned 
nr_tubes_ser - Number of serial tubes of length L_tube Variable 
nr_tubes_par - Number of tubes in parallel Variable 
d mm Outer diameter of the heat exchanger pipe Variable 
dw mm Wall thickness of the heat exchanger pipe 1 
tf mm Distance between 2 fins + fin thickness Variable 
sf mm Fin thickness 0.3 
tl mm Lengthwise distance between pipes 40 
tq mm Crosswise distance between pipes 40 
λt W/m.K Thermal conductivity of tube material 210 

t kg/m� Density of the tube material 2700 
cpt J/kg.K cp of the tube material 942 
λf W/m.K Thermal conductivity of the fin material 210 
cpf J/kg.K cp of the fin material 942 

f kg/m� Density of the fin material 2700 
fhx kg/m� Density of the heat exchanger fluid 1.204 

cpfhx  J/kg.K cp of the heat exchanger fluid 1005 
Mass PCM kg Mass of PCM in the storage tank Variable 
λPCM W/m.K Thermal conductivity of storage medium 0.43 

PCM kg/m� Density 1525 
cpsPCM J/kg.K cp of storage medium in the solid state 1900 
cplPCM J/kg.K cp of storage medium in the liquid state 1900 
hmPCM J/kg Latent heat of the storage medium 160000 
Tm1 ˚C Temperature at which melting of the storage 

medium begins 
14.5 

Tm2 ˚C Temperature at which storage medium is fully 
melted 

19.5 

dT_sc ∆ ˚C Temperature difference of subcooling 4.5 
dT_hyst ∆ ˚C Temperature difference between melting 

temperature and crystallization temperature 
2 

mass_add_cap kg Mass of additional thermal capacity (e.g. the 
storage casing) 

This value depends on 
the other parameters 
according to the 
equation described 
below 

cpadd J/kg.K cp of additional thermal capacity 500 
Pos_T1 - Relative position of the first PCM temperature 

sensor on the heat exchanger tube 
0.12 
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Pos_T2 - Relative position of the second PCM temperature 
sensor on the heat exchanger tube 

0.37 

Pos_T3 - Relative position of the third PCM temperature 
sensor on the heat exchanger tube 

0.63 

Pos_T4 - Relative position of the fourth PCM temperature 
sensor on the heat exchanger tube 

0.88 

Table 8: List of parameters and selected values for the PCM component 
The value for UA_losses is calculated from the example given in the description of the component. This 
value is adapted to the new casing surface: 

UA  
1,8
0,8

_  

With  
• UA_losses (example) = 1.8 
• Surface_casing (example) = 0.8 m² 

And, with tl and tq in m: 
 

2 nr nr tl tq L nr tl L nr tq  
 
The calculation is the same for the parameter mass_add_cap with 

• mass_add_cap (example) = 30 
 
 
The material chosen for the tube and for the fins is aluminum (reference:  Aluminum alloy 6082 (AL 
4212)). 
 
The PCM considered in this study is a hydrated salt. The data concerning the PCM is inspired from the 
data available on the website of the company PCM Products (34), the product S17 of this company was 
used as a model. The parameters “Density”, “Latent Heat Capacity”, “Thermal conductivity”, “Specific 
Heat Capacity” could be filled in thanks to the datasheet product. The missing data was provided by a 
similar product tested in the laboratory.  
To simplify, we will take the same value for the cp of the storage medium in the solid state and in the 
liquid state. 
 
Inputs of the component 
 
The PCM component has 5 different inputs. In this study, we will only work with the connection1. The 
input “T_in1” is linked with the outside temperature. As a simplification, we will consider that the fans 
don’t have an impact on the temperature. In reality, fans imply an increase of the temperature. This 
simplification is due to the fact that, in TRNSYS, fans have a non-realistic impact on the temperature 
(very high difference between the input and the output). 
 
 
Name Unit Description
T_in1 ˚C Inlet temperature at connection1
mdot_in1 kg/hr Inlet flow rate at connection1
T_in2 ˚C Inlet temperature at connection2
mdot_in2 kg/hr Inlet flow rate at connection2
T_amb ˚C Ambient temperature of the tank

Table 9: List of the inputs of the PCM component 
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Outputs of the component 
 
The outputs used in this study are: 
 
Name Unit Description
T_out ˚C Temperature at the outlet of the tank
Flow_out kg/hr Flow rate at the outlet of the tank
P kW Power exchanged with the storage
T_PCM1 ˚C Temperature at the position 1
T_PCM2 ˚C Temperature at the position 2
T_PCM3 ˚C Temperature at the position 3
T_PCM4 ˚C Temperature at the position 4
Q_tot kWh Total energy of storage

Table 10: List of the outputs of the PCM component  
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10.2 Appendix: Plans of the building and the 
classroom 

I designed these plans which respect the rules stated in the body of the report. The height of the building 
is 3m. 

 

 
Figure 50: Plan of the building including 3 classrooms and a corridor (Dimensions A = 2m, B = 9m, C = 
6m) 
 

 
Figure 51: Plan of the classroom including the desks (Dimensions a = 25cm,   b = 1m,    c = 1m,    d = 50cm,    e = 

1.50m,   f = 60cm,   g = 1m) 
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10.3 Appendix: Description of the design of the 
model and the justifications of the choices  

Building structures 
 
WINDOWS 
 

According to the new French regulation (35), the ratio “Surface of windows / Surface of space living” 
must be at least equal to 1/6, or 16%, which is higher than the percentage recommended by the Swedish 
regulation. However, attention must be paid to the surface of windows implemented on the south face, as 
a matter of fact, during the summer; these windows will increase the cooling load due to the solar 
contribution. 
 

According to M.L. Persson (23), in terms of heating, when considering an efficient building, large 
windows areas are not so interesting. As a matter of fact, when the building is already well insulated, it 
does not need extra solar contributions. Moreover, large windows areas can be a problem during the 
summer because of the same solar contributions. In this article, the windows’ area of the passive houses 
considered represents 16% of the total floor area. The authors show that to avoid a high cooling demand 
during the summer, this percentage should be reduced by a percentage between 20 and 50%. Gasparella 
(30) also discusses the impact of the size of windows on the energy performance of efficient buildings. 
Four different window sizes are studied, 16%, 25%, 34% and 41%, and different types of glazing. 
Gasparella shows that the cooling peak load increases with the window surface ratio. Moreover, he shows 
the impact of the solar transmittance on the cooling demand and the interest of choosing a low-solar 
transmittance window. Considering these articles, it seems better to avoid large windows area. 
Nevertheless, in our case, we consider a classroom and schools are usually characterized by large window 
areas. Taking into account these different aspects, we can consider a percentage of 20%, which implies 
43.2m² of windows (Surface of space living = 216m²). If 50% of the south surface is composed by 
windows (40.5m²), then it means it remains 2.7m² for the north wall (Surface of south face = Surface of 
north face = 81m²). In a real case, we can imagine that the internal walls also include windows to bring 
some light to the corridor. 
 

According to the Swedish Building Regulation (36), in non-residential premises, the maximum average 
heat transfer coefficient must not exceed 0.70 W/m²K. It is an average so it means that the value for 
windows can be higher if the walls compensate. To have an order of magnitude, the same regulation says 
that for buildings which characteristics are different from the ones given for dwellings and non-residential 
premises, the U-value of windows should not be higher than 1.3 W/m²K. From the French side, the new 
French Regulation (35) imposes a maximum average heat transfer coefficient of 0.36 W/m²K. In this case, 
like in the Swedish case, the walls can compensate the less interesting performances of the windows. Thus, 
the regulations give a global U-value but don’t give more details. The two articles previously evoked 
consider efficient buildings; we can then get inspired by them for the choice of the windows. The 
windows considered in (23)are triple-glazed windows with a U-value of the glazing of 0.74 W/m²K and 
for the frame of 1.20 W/m²K. In (30), the best window in terms of cooling peak load is the triple-glazed 
one with a U-value of 0.6 W/m²K and a solar transmittance of 0.4. Considering this, I chose a window 
with a lower U-value for the glazing considering the fact that the model in this study is a school and 
consequently needs a higher window area. The characteristics of the window chosen are the following 
ones: 
 
Name INSE_XE_2 available in Basic Library
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Description 3-INS Xenon 4/8/4/8/4 (ID=4002, U=0.4 W/m²K, g=0.408), 10%frame (u=2.27 
W/m2K) 

Total U-value 90%.0.4 + 10%.2.27 = 0.59 W/m²K
 
 
WALLS 

According to the Swedish Building Regulation (36), in non-residential premises, the maximum average 
heat transfer coefficient must not exceed 0.70 W/m².K. From the French side, the new French Regulation 
(35) imposes a maximum average heat transfer coefficient of 0.36 W/m².K. If we refer to the article of M. 
L. Persson (23) which considers efficient buildings, the U-value for the external wall and the roof are 
respectively 0.09 and 0.07 W/m².K, and the internal walls are considered adiabatic. In (14), the average U-
value is around 0.17-0.18 W/m².K. Considering these examples and the regulations, the U-values of the 
walls considered can be consulted in the following table. 
 

The choices concerning the insulation products and the setting up (outside insulation) are motivated 
by recommendations from the building sector. Moreover, the choices made are very close to the walls 
studied in an article of Torben Valdbjørn Rasmussen (37) which aim is to compare different insulation 
products. Stazi (38) also shows the performances of outside insulation in terms of durability. Ozel (39)as 
for him studied the impact of the position of the insulation on the walls’ performances. He shows that 
putting it outside is better that inside even if the best option is splitting it between the inside and the 
outside. Considering these articles, I chose an outside insulation with a mineral-based insulation. 
 
Wall Layers (from 

inside towards 
outside) 

Thickness 
in cm 

Characteristics (Conductivity in 
kJ/h.m.K, Capacity in kJ/kg.K, 
Density in kg/m³) 

Total U value 
in W/m².K 

External Wall Aerated concrete 
Mineral wool 

20 
15 

(0.433 , 1.011 ; 400)
(0.1476 ; 0.92 ; 300) 

0.182 

Terrace roof Aerated concrete 
Mineral wool 
Glass 
Sand Grave 

15 
20 
1 
5 

(0.433 , 1.011 ; 400)
(0.1476 ; 0.92 ; 300) 
(0.181 ; 0.84 ; 130) 
(2.52 ; 1 ; 1800) 

0.152 

Internal Wall Aerated concrete 15 (0.433 ; 1.011 ; 400) 0.706 
Window 3-INS Xenon 

4/8/4/8/4 
 0.4 glazing

2.27 frame 
0.59 total 

 
Calculations of the U-values of the envelope including the windows: 
South wall 
We can consider the wall of one of the classrooms; the U will be the same for the two other ones as they 
are all three identical. 
50%.Uwindow + 50%.Uwall = 0.386 W/m².K 
North wall 
3.3%.Uwindow + 96.7%.Uwall = 0.195 W/m².K 
 
The average U-value of the envelope, including the four sides and the roof is then: 
(Snorth*Unorth + Ssouth*Usouth + Swest*Uwest + Seast*Ueast + Sroof*Uroof )/Stotal 
 
Uenvelope = 0.208 W/m².K 
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With 
Stotal = Snorth (81 m²) + Ssouth (81 m²) + Swest (24 m²) + Seast (24 m²) + Sroof (216 m²) Stotal = 426 m² 
 

The composition of the walls enables to reach a global U-value which respects the Swedish 
Building Regulations. As a matter of fact, the U-value does not exceed 0.70 W/m².K. It also respects the 
new French Building Regulation (35) which considers a maximum average heat transfer coefficient of 0.36 
W/m².K. Thus, the U-values considered in this model respect the regulations and are in the order of 
magnitude of the values for a passive house, but a bit higher. 
 
 

Lighting gains 
 

According to Swedish recommendations (31), the value of 300lux must be respected in classrooms. 
Other values given by the CISBE recommend lighting between 300 and 500lux. As Li says (40), natural 
lighting is always better in terms of comfort, which is why buildings must be thought to take benefit of 
this natural light. Our model takes into account this with the large windows area on the south face. Most 
of the classrooms are lighted with fluorescent lamps (41), the performances of the different types of 
fluorescent lamps were tested (40), and it appears that the T5 fluorescent lamps are the most interesting in 
terms of energy efficiency and comfort. The article studies the case of a classroom which characteristics 
are the following ones: 
 
Surface of the classroom 66 m² 
Height 3 m 
Lighting 2*28W Non-dimmable luminaries + 5W ballast    16 lamps 

1*26W Dimmable luminaries 12 lamps 
Lighting load 1288W 
Average interior illuminance 750 lx 
 
The website Energie+ (42) gives a lighting sizing for a classroom: 
 
General lighting 2*36W 9 lamps 
Board lighting 50W 3 lamps 
Average interior illuminance 420 lx
Board illuminance 436 lx
Lighting load without the ballasts 798 W
Global lighting load considering a ballast power of 5W, 
value taken from the article (40) 

858 W

 
In this model, we will consider the second example and implement it to our classroom. We cannot 

compare the surface of our classroom and the surface of the classroom taken as an example because this 
data is not given, but we will consider that the same order of magnitude is respected. Thus, we will 
consider a lighting load of 858W, or 15.9W/m². We will consider in this study that a lighting control was 
implemented. Thus, the lights are on only when pupils are present. 
 

Concerning the corridor, as the surfaces of the corridor and the classrooms are equal, we will consider 
the same lighting load but divided by 2, that means 429W, or 8 W/m². As a matter of fact, corridors need 
less lighting than classrooms. 
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Once the choices made, we have to apply them to the model. The software does not let the 
opportunity to the user to choose his own value, but proposes pre filled levels of lighting. The choice, in 
our case, must be done between “13W/m2 EVG direct” and “17W/m2 EVG direct/indirect”, I will 
choose 17W/m2 for the classroom. For the corridor, the level chosen is 5W/m2. 
 

When considering lighting gains, the convective heat has to be considered. For fluorescent lamps, the 
software proposes a value of 40% for the convective part. We will consider that value for our model. 
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10.4 Appendix: Screenshots of the system 
implemented on TRNSYS 

System used to analyse the model: 

 
System including the control: 
See appendix 10.10 and appendix 10.11 
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10.5 Appendix: Location of Stockholm 
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10.6 Appendix: Calculation of the power of the 
fans 

These calculations were done using (43) (44) (45) 
 
Let system1 be the case when the air does not go through the PCM component and system2 the case 
when the air goes through the PCM component and then through the system composed by system1. 
 

 
Figure 52: The two systems highlighted 

Pressure drop in the ventilation system without PCM component 
 
Hypothesis 
We consider that the ventilation system is composed by a tube (diameter 0,25m, length 24m), with eight 
90˚ elbow and eight 45˚ elbow. Four diffusers permit to deliver the air inside. 
Consequently, we have for S, the surface of the tube: 

 П
2

0,05  ² 

 
 
Let dm/dt be the flow rate in kg/hr and P the hydraulic power provided to the air by the fan 
 

   
/  

1,204 3600
∆P   

 

With ∆P the pressure drop in Pa and   /
,

 the flow rate in m³/s 

 
The pressure drop can be divided into three parts, the part linked to the friction, the part due to single 
losses and the part due to the fan itself, as a simplification, this last contribution will not be considered. A 
margin is taken on the electric power so as to take into account the simplifications of the calculations. 

∆P  ∆Pf   ∆Ps   
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Friction 

 

∆Pfsystem1 f
  ²
2

 

 
With L the length of the tube, d the diameter of the tube,   the density of air (1,204kg/m³ at 20˚C), f the 

friction factor and v the velocity of the air in the tube   /
,

 /S) in m/s. 

 
As a simplification, we will take for the friction factor a value corresponding to a high roughness. In the 
case of a relative roughness of 0,05, the friction factor is constant and equals to 0,08. For a better 
accuracy, the number of Reynolds should be taken into account. In our case, such accuracy is not taken 
into account. 
 

∆Pfsystem1 1849
dm/dt 

1,204 3600
² 

 
 
Single losses 

 
Let n be the number of single losses 

∆Pssystem1    K
  ²
2

  

 
Type of single loss Value of K
90˚ elbow 0,25
45˚ elbow 0,16
 
Single losses due to 90˚ elbow and 45˚ elbow 

∆Ps1system1  8 0,25 8 0,16
 
2

 

∆Ps1system1  8 0,25 8 0,16
 
2

 dm/dt
1,204 3600 S

² 

∆Ps1system1  790
dm/dt 

1,204 3600
² 

Single losses due to diffusers 
 
According to (45), we can apply the following equation for the calculation of the pressure drop due to 
diffusers: 
If v > 1,8m/s 

∆Ps2system1 13,1 v 23,5 
If v > 1,8m/s,  

∆Ps2system1 0 
V is the velocity of the air in the tube 
 
 
Total pressure drop 
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∆Psystem1  ∆Pfsystem1 ∆Ps1system1 ∆Ps2system1 
 

∆Psystem1  1849
dm/dt 

1,204 3600
790

dm/dt 
1,204 3600

13,1 v 23,5; 0  

 
The hydraulic power, in W, is: 

dm/dt 
1,204 3600

∆Psystem1 

dm/dt 
1,204 3600

1849
dm/dt 

1,204 3600
790

dm/dt 
1,204 3600

13,1 v 23,5; 0  

 
And 

 

With  the overall yield of the fan (mechanical, transmission and electrical) 
We will consider a yield of 60%. Moreover, for security reasons, the system is over-sized by multiplying by 
2 the electrical power required. 
 
 
Specific case of the fans which send air through the PCM component 
 
The dimensions of the PCM imply a velocity of air and a pressure drop different from the pressure drop 
in the ventilation system. This pressure drop has to be taken into account in the calculation of the 
consumption of fans when the PCM is used. 
 
Let D be the diameter of the tube, L_tubes the length of the tube and nr_par the number of tubes in 
parallel. 
 

 
Figure 53: PCM component, description of the parameters D, L_tubes and nr_par 

 
The global diameter of the tube is: 

Dglobal D nr_par 
The global surface of the tube is: 
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 П
D nr_par

2
 

 
 
Friction due to the PCM component 
 

∆PfPCM f
L

D nr
 
2

 f
L

D nr
 

2 П
D nr

2 ²

dm/dt 
1,204 3600

² 

 

∆PfPCM 0,078
L

D nr ^5
dm/dt 

1,204 3600
² 

And 
 

∆Pfsystem1 1849
dm/dt 

1,204 3600
² 

 
 
Single losses 
 
Considering the PCM component design (see Figure 1), we will have a number of 90˚ elbow equals to: 
 

   90˚ elbow 1 2 

∆Ps1PCM  1 2 0,25
 
2

 

∆Ps1PCM  0,301 1
1

 П
D nr

2 ²

dm/dt 
1,204 3600

² 

∆Ps1PCM  0,03 1
1

 
D nr

2

dm/dt 
1,204 3600

² 

 
And 

∆Ps1system1  790
dm/dt 

1,204 3600
² 

 
Single losses due to diffusers 
 
If v > 1,8m/s 

∆Ps2system1 13,1 v 23,5 
If v > 1,8m/s,  

∆Ps2system1 0 
Total pressure drop 
 

∆P  ∆Pfsystem2 ∆Ps1system2 13,1 v 23,5; 0  
∆P  ∆PfPCM ∆Pfsystem1  ∆Ps1PCM  ∆Ps1system1 13,1 v 23,5; 0  

 

With 
/  

,  
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10.7 Appendix: Calculation of the cost due to the 
comsumption of electricity 

In this appendix, the calculation of the cost related to the electricity consumption is explained. 
 

 
Figure 54: Composition of the electricity bill for Stockholm for the months of July, August and September 
 
The electricity bill includes fixed prices and variable prices. 
 
1 El, rörligt pris Variable price 54,81 öre/kWh 51,42 cts/kWh (average 

on the 3 months) 
2 Arsavgift Annual Fee 69,56SEK for 3 

months 
0,031 for 1hour*

3 Energiskatt Energy tax 28 öre/kWh 28 cts/kWh 
4 Moms (25%*(1+2+3)) 

(E.ON Försäljning Sverige 
AB) 

VAT (E. ON Sales 
Sweden AB) 

110,56 SEK for 3 
months 

Depends on the 3 prices 
above 

    

5 Abonnemang Subscriptions 164,35 SEK for 3 
months 

0,074 for 1hour*

6 Elöverföring Electricity distribution 23,92 öre/kWh 23,92 cts/kWh
7 Moms (25%*(5+6)) (E.ON 

Elnät Stockholm AB) 
VAT (E. ON 
Electricity Stockholm 
AB) 

69,25 SEK for 3 
months 

Depends on the 2 prices 
above 

*The three months considered in the electricity bill are composed by 2208 hours. 
 
Let T be the duration, in hours, of the period considered in the simulation and A the energy consumption 
in kWh 
 
The price in SEK is: 
 

    100% 25% 0,031 0,074 51,42 28 23,92 0,01  
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    1,25 0,105 1,033  
 
If we consider an exchange rate of 8.89 

1€ = 8.89 SEK 
 
The cost in € is: 

    1,25 0,105 1,033 /8,89  
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10.8 Appendix: Description of the simplified 
control strategy used in the preliminary study 

As we introduced it before, as long as it is possible, it is more interesting to use the outside air. To take 
this into account, a macro was developed with Excel VBA. The aim of this macro is to assign, to each 
time step, according to the values of the different temperatures, a number informing on the type of 
configuration the system is at each time step 
 

• Let Tpcm be the phase change temperature of the PCM 
• Let Tlim the limit temperature of the outside air under which the outside air can be used directly 
• Tin is the temperature in the classroom, Tout the temperature outside 

 
Tin Tout Comparison with Tpcm Case Behaviour of the PCM Ventilation rates
>=2
6 

<=Tli
m 

Tout < Tpcm 1 The PCM is charging cold PCM:high/Room:high

  Tout >= Tpcm 2 PCM in stand-by PCM:0/Room:high
 > Tlim  3 The PCM is discharging cold PCM-Room:high
<26 >= 26  4 The PCM is discharging cold PCM-Room:low
 < 26 Tout >= Tpcm 5 PCM in stand-by PCM:0/Room:low
  Tout < Tpcm 6 The PCM is charging cold PCM:high/Room:low

 
 
Case1: Need for cooling. The PCM is charging cold, the ventilation rate of the fan that permits this 
charging of cold must be well-adapted. The cooling is done by the outside air which is sent directly inside, 
the ventilation rate of the fan must be well-adapted (high). 
Case2: Need for cooling. The PCM is in stand-by because the outside temperature is not enough low for 
the PCM to charge cold and the outside air can provide coldness to the classroom. The cooling is done by 
the outside air which is sent directly inside, the ventilation rate of the fan must be well-adapted (high). 
Case3&4: The PCM is discharging cold in the classroom, the ventilation rate of the fan must be well-
adapted. If Tin >= 26, there is a cooling need, the ventilation rate is high. If Tin < 26, there is no need for 
cooling, it is low. 
Case5: No need for cooling. The PCM is in stand-by because the outside temperature is not enough low 
for the PCM to charge cold and the temperature in the classroom is below 26˚C. The minimum 
ventilation required is provided by the outside air. 
Case6: No need for cooling. The PCM is charging cold, the ventilation rate of the fan that permits this 
cold charging must be well-adapted (high). The minimum ventilation required is provided by the outside 
air. 
 
 
We consider by discharging cold period a period when, due to its phase change temperature, the PCM 
component is either discharging cold or partly discharged but in stand-by (the temperature inside is 
enough low and it would not be interested to put the PCM into operation). A discharging cold period is a 
period when all the cases are 3, 4 or 2 or 5 but following a case 3 or 4. We consider by charging cold 
period a period when, due to its phase change temperature, the PCM component is either charging cold 
or partly charged but in stand-by. A charging cold period is a period when all the cases are 1, 6 or 2 or 5 
but following a case 1 or 6. 
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The aim is that the PCM answers the cooling needs that remain when the outside air is no more sufficient. 
To know the storage capacity needed, we have to sum the cooling needs as long as the PCM component is 
in a discharging cold period (be careful, we only sum these cooling needs when the PCM is discharging 
and not when it is in stand-by). As soon as the PCM begins to charge cold, we stop to sum. This method 
is not perfect, as a matter of fact, the beginning of an charging cold period doesn’t mean that the PCM 
component will have the time to be charged in cold completely, so it might be possible that, at the 
beginning of the next discharging cold period, the PCM component won’t be completely charged.  
Nevertheless, the idea for the moment is to consider the sizing, we are interested in the needs and the 
potentials, but we are not considering yet the implementation of the PCM. In order to consider the 
implementation of the PCM, we will also have a look at the charging cold periods. Concerning these 
periods, the aspect that we have to study is their duration. As long as we are in a charging cold period, we 
count the number of hours when the PCM component is charging cold (the hours when the PCM 
component is in a charging cold period but in stand-by are not taken into account). 
To make the sum of the cooling needs corresponding to the discharging cold periods, and calculate the 
duration of the charging cold periods, I used Excel VBA. 
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10.9 Appendix: Elements of the first control 
strategy 

Case: Tin > Tcooling & Tout < Tlim 

 
Let  

• Tin be the temperature inside the classroom 
• Tout be the outside temperature 
• Tcooling the limit temperature between cooling’s need and non-cooling’s need (described after) 
• Tlim  be the limit temperature of use of the outside air (described after) 
• TPCM_in be the temperature measured by the fourth sensor inside the PCM component  
• TPCM_out be the temperature at the output of the PCM component 

 
We use TPCM_in or TPCM_out depending on the type of periods we want to decide between. If we want to 
decide between a charging cold period and a stand-by period, TPCM_in is used. As a matter of fact, in that 
case, we are interested in the charging of the whole capacity. If we want to decide between a discharging 
cold period and a stand-by period, TPCM_out is used. As a matter of fact, in this case, we are interested in 
the temperature of the air that enters the room.  
 
First, let’s consider the case when Tout is lower than TPCM_in. We will consider for TPCM_in the temperature 
of the fourth sensor (See 10.1). We take the temperature of the last sensor to take into account the whole 
capacity of the PCM.  
In that case, if Tout is decreasing, the control strategy will make it possible for the PCM to charge cold. We 
put as a condition that Tout must be decreasing to avoid the kind of situation that is described in the next 
paragraph. 
 
If Tout is decreasing and Tout < TPCM_in, we want the PCM to charge cold, in that case, its temperature will 
decrease imitating the behaviour of the outside temperature. If now the evolution of Tout changes and Tout 
begins to increase, if we still have Tout < TPCM_in and a very slight difference between both temperatures, 
and if we still let the outside air go through the PCM, the evolution of TPCM_in will be the same as Tout and 
TPCM_in will begin to increase, provoking a non-wanted discharge of cold. In fact, what we thought would 
be a charging cold period, can in reality be a discharging cold period. On the contrary, in some situations, 
the difference between these two temperatures is so important that we might want the PCM to go on 
cooling down even if the outside temperature is increasing. To take those situations into account, we will 
introduce a new condition saying that if Tout is increasing, there is still a possibility of charging cold if the 
difference TPCM_out- Tout is higher than 1 (This situation is evoked in the next paragraph). 
 

On the contrary, if Tout is higher than TPCM_in (or lower but increasing with TPCM_out - Tout < 1), the 
control strategy will put the PCM component in stand-by so as to avoid a useless discharge of cold.  
 
 
Summary of the control strategy when the classroom is unoccupied 
 
The following table sums up the control strategy applied during the unoccupied periods: 
 
Tin Tout 2nd test on Tout Case 
>= Tcooling <= Tlim Tout< TPCM_in dTout /dt < 0 1 
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  dTout /dt >= 0 TPCM_in -Tout <1 3 
  TPCM_in -Tout >=1 2 
  Tout >= TPCM_in 4 
  > Tlim Tout < TPCM_out 6 
  Tout >= TPCM_out 5 
< Tcooling >= Tlim_bis 7 
 < Tlim_bis Tout >= TPCM_in 8 
  Tout < TPCM_in dTout /dt < 0 9 
  dTout /dt >= 0 TPCM_in -Tout <1 10 
  TPCM_in - Tout >=1 11 
 
Cases Behavior of the PCM Ventilations rates
1, 2, 9, 11 The PCM is charging cold 1, 2 : PCM:high / Room:high 

9, 11 : PCM:high / Room:low 
3, 4, 6, 8, 10 PCM in stand-by 3, 4, 6 : PCM:0 / Room:high 

8, 10 : PCM:0 / Room:low 
5, 7 The PCM is discharging cold 5 : PCM-Room:high 

7 : PCM-Room:low 
 
 
Summary of the control strategy when the classroom is occupied 
 
The first table above is the same for this case, only the second table slightly changes, as a matter of fact, 
the low ventilation rates are replaced by high ventilation rates: 
 
Cases Behavior of the PCM Ventilations rates
1, 2, 9, 11 The PCM is charging cold 1, 2 : PCM:high / Room: 4.6 

9, 11 : PCM: high  / Room: 4.6 
3, 4, 6, 8, 10 PCM in stand-by 3, 4, 6 : PCM:0 / Room: 4.6 

8, 10 : PCM:0 / Room: 4.6 
5, 7 The PCM is discharging cold 5 : PCM-Room: 4.6 

7 : PCM-Room: 4.6 
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10.10 Appendix: Construction of the system in 
TRNSYS 

PCM component 
 
The PCM component used is described in section 10.1 of this report. 
 
Choice of the fan 
 
Five different fans are used in TRNSYS to simulate the real system (which only implies two fans).  
The cases Tin >= Tcooling of the two types of periods are treated together with two different fans at the 
input. As a matter of fact, apart from the ventilation rates, the control strategy is the same. A fan with a 
ventilation rate of 897 kg/hr (4.6vol/hr) is used for the occupied periods, and a fan with a variable 
ventilation rate for the unoccupied periods. A schedule is needed to make a distinction between both 
periods and therefore change the fan. The component 579 permits to change a control signal at each 
moment and can be used for that purpose. As a matter of fact, with this component, it is possible to 
define periods of the year, the week or the day and to assign to these periods different control signals. 
Concerning the cases Tin < Tcooling, the situation is similar to the previous one, apart from a change in the 
ventilation rates. The occupied periods are characterized by a ventilation rate of 897 kg/hr (4.6vol/hr) and 
the unoccupied periods by a ventilation rate of 58.3 kg/hr (0.3vol/hr) 
 
Thus, we have two fans that are constantly working, one of the fan of the case Tin >= Tcooling and one of 
the fans of the case Tin < Tcooling. The control strategy enables to determine which of these fans will be 
used and what happens to the air flow. 
 
These first four fans simulate the real working of one variable-speed fan, three speed rates are used. 
 
The fifth fan implemented is the fan dedicated to the PCM component, this fan is used during the 
discharging cold periods of the PCM component. 
 
Control of the air flow 
 

The air flow is controlled thanks to the use of several components Type11, called tempering valves. 
This component has two air flow inputs and one air flow output. The choice of the right input (first or 
second) depends on a test performed on temperatures that can be chosen by the user (the outside 
temperature or the temperature in the classroom for example) and put as inputs of the component. The 
different levels of the control are implemented thanks to several components type 11, whose inputs were 
well-chosen. Thanks to these tests, the air flow moves in the system according to the situation and the 
temperatures measured. In the cases 1, 2, 5, 7, 9 and 11, the air flow has to go through the PCM 
component, either to charge or discharge it. At the output of the PCM component, another series of tests 
permit to determine if the PCM is charging or discharging cold, and, according to the situation, the air 
flow is put as an input of the building (the ventilation is performed through the PCM which is discharging 
cold) or not (the PCM is only charging cold). Before entering the building, the unit of the air flow is 
changed (from kg/hr to vol/hr). 
 
Simulations performed on the fans used in TRNSYS showed these fans could have a very important 
impact on the temperatures (up to 7˚C). This impact is not realistic. To simplify the system, we won’t 
consider the impact of these fans on temperatures and we will put as input of the temperature of the 
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ventilation’s air flow the outside temperature, except for the cases when the PCM is discharging cold. For 
these cases, we will put, as input of the temperature of the ventilation’s air flow, the temperature at the 
output of the PCM component. To improve the system, the impact of the fans on the temperature could 
be studied. 
 
This method of control is based on the use of tempered valves. Another solution was imagined, based on 
the use of Matlab, but due to problems of versions, this solution could not be implemented. It could be 
interested to solve these problems of versions and try to use Matlab which would be a more elegant 
solution. 
 

 
Figure 55: Screenshot of the construction on TRNSYS of the first control strategy 
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Figure 56 : Contents of the macros 
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10.11 Second control strategy 

10.11.1 Differences compared to the first control strategy 

The same working modes as for the first control strategy are considered. The difference lies in the the 
choices of the temperatures which mark the limit between the different cases. Moreover, the transition 
from a working mode to another depends on tests performed on the values of the different temperatures 
of the system but also on the state of the system at the previous time step. Figure 57 illustrates the 
principle of the hysteresis. 

 
Figure 57: Principle of the hysteresis 

Test 1: Test performed on Tin 
Tinf 22 
Tsup 24 
 
Test 2: Test performed on Tout  compared to Tlim 
Tinf 15 
Tsup 16 
 
Test 3: Test performed on Tout  compared to Tlim_bis 
Tinf 25 
Tsup 26 
 
Test 4: Test performed on Tout - TPCM_in 
Tinf 0 
Tsup 1 
 
Test 5: Test performed on Tout - TPCM_out 
Tinf 0 
Tsup 1 
 
The new control strategy is summed up in the following table: 
 
Tin Tout 2nd test on Tout Case 
Test1 ON Test2 OFF Test4 OFF dTout /dt < 0 1 
   dTout /dt >= 

0 
Test4 OFF 1bis 

   Test4 ON 10 
  Test4 ON 2 
 Test2 ON Test5 OFF 3bis 
  Test5 ON 3 
Test1 OFF Test3 ON  4 
 Test3 OFF Test4 ON 5 
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  Test4 OFF dTout /dt < 0 6 
   dTout /dt >= 

0 
Test5 OFF 6bis 

   Test5 ON 60 
 

10.11.2 Construction of the system in TRNSYS 

The construction of the system on TRNSYS is based on the use of hysteresis components. One hysteresis 
component allows one test. The temperature which has to be tested is one of the inputs of the 
component; the parameters of the component are then adapted according to the value of the reference 
temperature and according to the temperature range. 
When we want the system to work on the ON level, the output of the hysteresis component, which is a 
control signal equal to 0 or 1, can be used directly. It controls the working of the corresponding fan. On 
the contrary, when we want to work on the OFF level (when Tin < Tcooling for example), the output has 
to be changed doing New_Output = 1 – Output. Thus, we have an inverted control signal which can 
control the startup of the corresponding fan. 
 

 

Figure 58: Screenshot of the construction on TRNSYS of the second control strategy 
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Figure 59 : Contents of the macros 
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10.12 Code  

Here is introduced the section of the code which enables the calculation of the two objective functions. 
 
function [ result ] = PCMopt(x) 
  
%Close all; 
% clc; 
  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%Characteristics of the PCM 
massPCM = x(1); 
l_tubes = x(2); 
nr_ser = x(3); 
nr_par = x(4); 
d = x(5); 
dw = x(6); 
tf = x(7); 
sf = x(8); 
tl = x(9); 
tq = x(10); 
  
%Ventilation Rates 
Flow1 = x(11); 
Flow2 = x(12); 
  
%TRNSYS SETUP 
%Finally these parameters are defined in TRNSYS, because of bugs in TRNSYS 
% TimeStart = x(13); 
% TimeStop = x(14); 
TimeStep = x(13); 
  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%These 2 parameters depend on the above ones. They are calculted using the 
%values of other parameters. The example given in the description of the 
%component is used, and the new value of the parameter is calculating using 
%a rule of three 
  
%Example: 
%massADD=30kg, 
%Casing surface = 
2*(nr_ser*nr_par*tl*tq+l_tubes*tl*nr_ser+l_tubes*tq*nr_par) 
%               =2*(16*3*0,034*0,034+0,536*0,034*16+0,536*0,034*3)=0,8 m2 
massADD = 
30/0.8*(2*(nr_ser*nr_par*tl*0.001*tq*0.001+l_tubes*tl*0.001*nr_ser+l_tubes*
tq*0.001*nr_par)); 
  
%Example: 
%UA_loss=1,8W/K 
%Casing surface =0,8 m2 
UA_loss = 
1.8/0.8*(2*(nr_ser*nr_par*tl*0.001*tq*0.001+l_tubes*tl*0.001*nr_ser+l_tubes
*tq*0.001*nr_par)); 
  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%create TRNSYS parameter file    
fileID = fopen('H:\Documents\TRNSYS\TRNSYS_Inputs\para.txt', 'w');  
fprintf(fileID, 'CONSTANTS 15 \n massPCM = %d \n l_tubes = %d \n nr_ser = 
%d \n nr_par = %d \n d = %d \n dw = %d \n tf = %d \n sf = %d \n tl = %d \n 
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tq = %d \n Flow1 = %d \n Flow2 = %d \n TimeStep = %d \n massADD = %d \n 
UA_loss = %d 
\n',massPCM,l_tubes,nr_ser,nr_par,d,dw,tf,sf,tl,tq,Flow1,Flow2,TimeStep,mas
sADD,UA_loss); 
fclose(fileID); 
  
%calling TRNSYS and run it  
system('"C:\Program Files (x86)\Trnsys16_1\Exe\TRNExe.exe" 
"H:\Documents\TRNSYS\MyProjects\Projet_Ecole\Ecole_Perf_HR_PCM\PCM_Control_
OPT_15_06.dck"  /n '); 
  
%PAY ATTENTION TO THE DELIMITER, CAN BE SOURCE OF BUGS !!!!!!!!!!!!!!!! 
%import TRNSYS output file in MATLAB 
%input=importdata('H:\Documents\TRNSYS\TRNSYS_Outputs\PCMout.txt','',1); 
input=importdata('H:\Documents\TRNSYS\TRNSYS_Outputs\PCMout.txt'); 
  
%This part depends on the outputs of the printer ! 
%Rename the values imported from TRNSYS 
ventil1=input.data(:,2); 
ventil2=input.data(:,3); 
ventilPCM=input.data(:,4); 
ventil3=input.data(:,5); 
Qcool=input.data(:,6); 
  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
  
%Be careful ventil1 is a vector expressed in kg/hr 
n=size(ventil1); 
  
Consoventil1=0; 
Consoventil2=0; 
Consoventil3=0; 
ConsoventilPCM=0; 
inter1=0; 
deltap1=0; 
inter2=0; 
deltap2=0; 
inter3=0; 
deltap3=0; 
interpcm=0; 
deltappcm=0; 
  
%Here I do the calculation from the 100th point because the first points 
%are not very reliable. So it implies that if I want to do a simulation on 
%the period 3000-3500, I will consider a duration of 500hr in the 
%calculations but in TRNSYS, I will put 2900-3500 !!! 
for j = 100:n 
     
    %Conversion to have the flow rate in m^3/s 
    inter1 = ventil1(j)/(1.204*3600); 
    %Calculation of the pressure drop due to diffusers 
    if inter1/0.05 > 1.8  
        deltap1 = 13.1*inter1/0.05-23.5; 
        else deltap1=0; 
    end 
    %The power of the fan depends on the pressure drop due to friction  
    %(1849*inter1*inter1),single losses (790*inter1*inter1) and diffusers  
    %(there are 4 diffusers) 
    %We take a coefficient of security of 2 to calculate the real power 
    %required 
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Consoventil1=Consoventil1+(inter1*(1849*inter1*inter1+790*inter1*inter1+4*d
eltap1)*TimeStep/0.60)*0.001*2; 
     
    inter2 = ventil2(j)/(1.204*3600); 
    if inter2/0.05 > 1.8  
        deltap2 = 13.1*inter2/0.05-23.5; 
        else deltap2=0; 
    end 
    
Consoventil2=Consoventil2+(inter2*(1849*inter2*inter2+790*inter2*inter2+4*d
eltap2)*TimeStep/0.60)*0.001*2; 
  
    inter3 = ventil3(j)/(1.204*3600); 
    if inter3/0.05 > 1.8  
        deltap3 = 13.1*inter3/0.05-23.5; 
        else deltap3=0; 
    end 
    
Consoventil3=Consoventil3+(inter3*(1849*inter3*inter3+790*inter3*inter3+4*d
eltap3)*TimeStep/0.60)*0.001*2; 
  
    interpcm = ventilPCM(j)/(1.204*3600); 
    STubePCM = 3.14*((d-2*dw)*nr_par/2)*((d-2*dw)*nr_par/2); 
    if interpcm/0.05 > 1.8  
        deltappcm = 13.1*interpcm/0.05-23.5; 
        else deltappcm=0; 
    end 
    %Intermediate calculations 
    %Friction 
    DeltaPf = 0; 
    DeltaPf = 1849*interpcm*interpcm + 
0.078*l_tubes/((d*nr_par)^5)*interpcm*interpcm; 
    %Single losses 
    DeltaPs = 0; 
    DeltaPs = 790*interpcm*interpcm + 
0.03*(nr_ser+1)/((d*nr_par/2)^4)*interpcm*interpcm; 
    
ConsoventilPCM=ConsoventilPCM+(interpcm*(DeltaPf+DeltaPs+4*deltappcm)*TimeS
tep/0.60)*0.001*2; 
       
end 
  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%RESULTS 
%Calculation of the COST 
  
%BE CAREFUL, here you have to adapt the duration of the simulation !!!!!!!! 
  
    %Price of the PCM in €/kg, price given by the company PCMproducts 
    %We consider that the lifetime of the product is 15 years or 8760*15 
    %hours 
    PCMcost=4.5; 
    CostPCM = (PCMcost*massPCM)/(8760*15)*(5736-5400); 
     
    %Price of the aluminium in €/kg, price found with the software CES 
    %EduPack2009 
    %1.6USD/kg = 1.1€/kg 
    %We consider that the lifetime of the heat exchanger is 15 years or 
8760*15 
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    %hours 
    ALUcost=1.1; 
    TotalCostALU = 
ALUcost*2700*(nr_ser*nr_par*l_tubes*(3.14*(d*0.001)*(dw*0.001)-
3.14*(dw*0.001)*(dw*0.001)+1/(tf*0.001)*((tq*0.001)*(tl*0.001)*(sf*0.001)-
3.14*(d*0.001)/2*(d*0.001)/2*(sf*0.001)))); 
    %On the period considered 
    CostALU = TotalCostALU/(8760*15)*(5736-5400); 
     
    %Price of the space in €/m2/yr  
    Spacecost=230; 
    CostSpace = nr_par*(tl*0.001)*l_tubes*Spacecost/8760*(5736-5400); 
  
    %Energy cost 
    %The calculations, based on a Swedish electricity bill, are explained 
in the report 
    Consoventil = 0; 
    Consoventil = Consoventil1+Consoventil2+Consoventil3+ConsoventilPCM; 
    %1€ = 8,89SEK 
    CostEnergy = (1.25*(0.105*(5736-5400)+Consoventil*1.033))/8.89; 
  
    %Total cost in € 
    result.CostPCM = CostPCM; 
    result.CostALU = CostALU; 
    result.CostEnergy = CostEnergy; 
    result.CostSpace = CostSpace; 
    result.Cost = CostPCM + CostALU + CostEnergy + CostSpace; 
    result.Consoventil = 
Consoventil1+Consoventil2+Consoventil3+ConsoventilPCM; 
  
%Calculation of the remaining cooling needs in kWh 
%Here I calculate the remaining cooling needs on the period including the  
%100 first extra hours that we need to make sure the simulation is 
reliable. 
%If these 100 hours are added, it is because the first hours are 
characterized  
%by very low temperatures, so we can consider that there won't be cooling  
%needs during that period and it won't impact the result 
    result.CoolNeed=sum(Qcool)*TimeStep/3600; 
  
end 
 
 


