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Introduction 
 

Representing more than 40% of our total energy consumption, the building sector is one of the 

largest consumers of energy. The energy being a rarer resource therefore more and more expensive, 

it becomes critical to optimize the design of a building, especially when is considered its lifetime (up 

to 100 years). Moreover, it is acknowledged that the initial investment of a building can represent as 

low as 25% of the life cycle cost meaning that on a financial level, design choices should not be 

compared at a given time as it is today (during the design stage) but a much longer period, increasing 

the complexity of this first step. 

Both energy consumption and financial consideration emphasize the utmost importance of the 

choices made concerning the design stage: these decisions have a much greater impact than what is 

assumed today, and therefore the different options should be much more advanced and detailed 

than it is. 

Alongside with the energy consumption, buildings are also a major element of our everyday life as 

we spend on average 90% of our life in it. Hence, before any energy consumption consideration, the 

thermal comfort for the users should be the driving factor not only during the design stage but also 

during the operation of a building. Its impact is emphasized by the well-known facts that good 

thermal environment favor more efficient work and at the contrary, discomfort leads to increased 

probabilities of witnessing sick building syndrome symptoms appearance. Moreover, as buildings 

become more and more air tight in order to improve their energy performance, infiltration is less and 

less an additional source of fresh air in the indoor space. Required air volume flow rate being fixed 

(since 1983 in France…) the indoor air quality as well as thermal comfort is dropping as revealed by 

some studies (Huizenga, Abbaszadeh, Zagreous, & Arens, 2006). 

Besides, new construction represents only 1% of the existing real estate assets. As a result it seems 

obvious that focusing on new buildings, although it is necessary will not be enough to curb energy 

consumption and reduce GHG emissions, requirements to avoid or at least try to contain global 

warming. 

To conclude, not only the design stage but also (and especially) the operation of a building are critical 

regarding the impacts it has on the environment and our health. The question arising is the following: 

What are the tools available in order to improve the building performances? 

The aim of this study is to bring parts of the answer by focusing on building modelling tools. 
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Overall presentation 
 

1. Context 
 

This study will be carried out as a master thesis, final part of my double-degree between an 

engineering school, the Ecole des Mines de Nantes, in Nantes, France, and KTH: Royal Institute of 

Technology in Stockholm, Sweden the technical university of Stockholm. 

In order to acquire some experience in the energy sector related to buildings and to base my work on 

a real case-study, I am working in parallel as a consultant for Astrance, the Sustainable Development 

division of ARP, a French company working in the building sector located in Paris. 

Working for Astrance also allows me to have access to up-to-date modelling and measuring tools, 

without which it would have been impossible to carry out this study: I greatly thank them. 

2. The Company 
 

Astrance is a consultant company, aiming at helping its clients to: 

 Identify environmental and social concerns linked with buildings 
 Based on these issues, develop a sustainable strategy 
 Turn environmental stakes into activity creation opportunities 
 Involve its team in a federative project 
 Point out innovative sustainable practices 

Astrance has developed a wide range of skills in numerous fields linked to buildings, such as energy 

performance as well as Indoor Air Quality (IAQ) and green areas biodiversity. With the experience of 

several years in this field and multiple international projects, Astrance masters certification processes 

from scratch to bottom. Its team of accredited professionals is able to assist its clients through 

different well-known international labels, such as: HQE, BREEAM, LEED, PassivHaus… 

Faithfull to its ambition of becoming a leader in sustainable buildings and international certification, 

Astrance is involved in several expert groups aiming at developing tomorrow’s sustainable building 

requirements. In parallel, it has adopted a strategy of heavy investment in research in topics as 

diverse as green areas connections and roles in local biodiversity and advanced measurement of 

thermal comfort in buildings with varying occupancy. 

This work is another proof of Astrance’s willpower to enhance buildings performance modelling and 

measurements. 
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3. Objectives 
 

Buildings are very complex and dynamic systems. Regarding the “energy” aspect, it is due to: 

 The complexity of the physical phenomenon taking place: the three types of heat exchange 
(conduction, convection and radiation) are ubiquitous and interrelated; 

 The multitude of parameters impacting the thermal transfers; 
 The complexity of the parameters them-selves: for example the different elements of the 

weather have a great impact and should be taken into account: direct solar and diffuse 
radiation, speed and direction of the wind, composition and humidity of the air… 

The “indoor climate” aspect is also a difficult topic to study for several reasons, the main ones being: 

 The relativeness of the concept of “comfort”, which depends on individual preferences; 
 The sensitivity of the human body: the slightest draught, the radiation temperature of the 

closest walls have an impact on our comfort, although we might not realize it; 
 The fact that while being the judge of the indoor climate, every human has an effect on it (via 

heat exchange and CO² emissions for example) and as a result is also another parameter. And 
a rather complex one as our impact depends on our activity, our clothing, our metabolism 
(size…) and is unique for each one of us. 

However, the significance of taking into account the energy and the indoor climate aspects as early 

as the design stage has been emphasized in the introduction. Hence and due to the complexity of 

energy losses and thermal comfort in a building, the most efficient and only tool able to come close 

to such a complex system is computer simulation. It allows differentiating all the parameters and 

deciding for each one of them what can be a reasonable hypothesis. Then, the hypothesis can be 

assessed separately via a sensitivity analysis: to model the building is the only way to apprehend the 

complexity of the real building. 

As a consequence, it becomes essential to base the design choices on computer simulation. 

However, the questions arising are the following:  

 How relevant are the building modelling tools available? 
 What are the key factors inducing the difference between the results of the simulation and 

the energy bills and the indoor climate achieved? 

The first objective of this study is to assess the relevance of building modelling as a design tool. Key 

parameters requiring a very careful simulation will be identified in order to improve its relevance, 

and thus enhance its use. In order to do so, the results from the simulation will be compared to the 

performance of the building achieved in terms of energy consumption and indoor climate. 

However, there are already two parameters well-known to have a great impact on both energy 

consumption and indoor climate which are impossible to model completely and truthfully: weather 

condition and occupancy. Indeed, both are highly variable and unforeseeable (the building being 

rented to entrepreneurs). 

Now that there are no doubts that our theoretical results will differ from the reality, the question is: 

can the difference be explained only by these two factors? 

Hence, the analysis of the results will focus on the difference between the model and the reality 

while clearly identifying the impact of the weather and the occupancy. The idea is to be able to 

model a building with relevant and reliable results with the impact of the two unforeseeable 

parameters (“weather condition” and “occupancy”) put aside.  
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Now, it has been shown that a greater attention should be given to the operation of the building, 

especially concerning the health given the time spent in it. The critical questions here are: 

 How to monitor and keep track of energy consumption and indoor climate? 
 How to detect anomalies and prevent it from impacting either one or both of these 

performances? 
 How to evaluate measures aiming at improving the performances? 

Here again, it is believed that computer building model can bring if not the best answer, at least an 

acceptable solution in order to deal with all of these issues.  

Consequently, the second objective of this study is to evaluate the potential of the building 

simulation tool as energy and environmental performances tracking tool.  

4. Methodology 
 

As explained in the Objectives, this study will focus on energy consumption and thermal comfort. The 

first issue is the following: how to define it? There are currently no international standards describing 

precisely and exhaustively what represent in concrete terms these concepts. 

Therefore the first step will consist in identifying the indicators. An indicator will be defined as 

follows:  

 It represent a significant aspect or dimension of either the energy consumption or the 
thermal comfort; 

 It is reasonably easy to measure it; 
 It is reasonably easy to model it; 
 The set of indicators will be a complete and relevant representation of what is commonly 

known as “Energy consumption” and “Thermal comfort”. 
An iterative method will be used to check one by one the characteristics above. 

Then, the second step will include the modelling of the building and, in parallel, the 

measurement/evaluation of the real performance achieved. Concerning the modelling, a first model 

will be developed as it would be during the design stage, which means with a standard weather file 

and typical office work occupancy. In order to check its consistency, it will be compared to another 

simpler modelling tool, already applied to the building and described later. Then, a comparison will 

be carried out, for each indicator, between the results from the simulation and what is measured. As 

explained above, it is already known that there will be differences. In order to identify the impacts of 

the two key parameters, a second model will be developed, including: 

 Real weather data from the weather station, located atop the building; 
 A more detailed and relevant occupancy model, based on an analysis of the measurements 

and an interview with the owner of the building. 
A new comparison with the updated model will be carried out. Then, while the results from both the 

measurements and the updated model are not reasonably close, the model will be refined via an 

analysis of the differences. This analysis might lead to reconsider one or several indicators if it 

becomes irrelevant and/or impossible to assess either theoretically or physically. 

The final step will be to determine in concrete terms how a building model could be used in a 

performance tracking strategy: time step, nature of the calculation… 

The methodology is summarized in the diagram below: 
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FIGURE 1 : SCHEME OF THE METHODOLOGY 
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5. Description of the building 

1. The owner 

The building which will be used as the study case is a project named “Ecopolis”. The owner is the 

CREA, which is an inter communal public establishment. In total, it represents 71 communes for 

495 000 inhabitants and has skills in various sectors such as transport, waste management, water 

treatment, environment, tourism, sport, culture, economic development, etc. 

2. The vision and some figures 

The aim of the building is to enhance the creation of innovative companies in the sector of eco-

construction by: 

 Welcoming and supporting project owners and entrepreneurs  
 Offering tools to assist developing these projects 
 Creating an exemplary building for the sector 

The building represents: 

 A total area of 13350 m² 
 100 parking spots 
  1500m² of useful area including: 

o Common spaces, welcoming area 
o 39 offices of 15m² 
o 11 workshops, 4 types: 30m², 45m², 60m² and 90m² 

The total cost of the building was 6 178 230€ including taxes. The method used was “design build 

bid”: the design and construction were operated by the same company (or group of company). 

The objectives were to have: 

 Excellent energy performance: passive building, designed to have reduced energy 
consumption 

 A very comfortable building for the users 
 A building integrated in its environment, via the preservation of biodiversity 
 An exemplary exploitation of the building with an optimization of the consumption 

The owner decided to ask for the German label Passive House as a means to prove and emphasize 

the energy performance of the building, which the building obtained. The main idea of this label is to 

avoid the installation of a whole heating system thanks to excellent shell quality and air tightness 

while being comfortable. Hence, in theory, the only heating system required is the one for the 

ventilation and the rest of the required energy comes from the occupants and other internal gains. 

The criteria required to obtain the label are the following: 

- Heating load lower than 15kWh/m²/year (final energy); 
- Air tightness lower than: n50 ≤ 0,6h-1 (measured under a pressure of 50Pa); 
- Total primary energy consumption lower than 120kWh/m²; 

In order to assess the heating load and the energy consumption, the Passive House Institute 

developed a modelling tool called the “Passive House Planning Packaged” (PHPP) and based on 

several excel sheets. It is a static simulation, with a significant amount of hypotheses being taken but 

it gives a simple means to check the results of the more sophisticated model, which will be done 

later. 
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3. Design 

The building is represented below: 

FIGURE 2: GROUND PLAN OF THE BUILDING 

 

FIGURE 3: OVERALL EXTERNAL VIEWS OF THE BUILDING 

  

Inside hall: 
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FIGURE 4: INSIDE VIEW OF THE BUILDING 

The ground level is mostly made up of the workshops (in yellow) but also some offices, meeting 

rooms and the welcoming area: 

 
FIGURE 5: GROUND LEVEL PLAN OF THE BUILDING 

On the first and second floors, there are mainly offices (brown) and a few meeting rooms (green): 

  

FIGURE 6: 1ST LEVEL PLAN   FIGURE 7: 2ND LEVEL PLAN 
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4. Characteristics 

Thermal performances 

The building has an envelope with better thermal performances than typical new buildings in France 

(such as low consumption building “Batiment Basse Consommation” (BBC) or respecting the new 

strict regulation about thermal performances (RT2012)). The table below presents the U value of the 

main elements and the infiltration rate: 

 Typical U value (BBC-

RT2012) 
U value of the project  ECOPOLIS Difference 

External wall 0,20 W/m².K 

0,17 W/m².K (Ground level – 20cm 

PSE) 

0,16 W/m².K (Upper floors – 24cm 

Hemp/Linen) 

-15 % 

Roof 0,16 W/m².K 0,094 W/m².K (26cm PU) - 40 % 

Low floor  0,259 W/m².K 0,14 W/m².K (19cm PSE) - 40 % 

Windows 
1,7 W/m².K 

(double glazed) 

1,11 W/m².K  

(triple glazed on the North façade) 

1,30 W/m².K  

(double glazed other façades) 

- 35 % 

- 25 % 

Infiltration rate 
n50=5 vol/h  

(eq. Q4=1,7 m3/h.m²) 
n50 < 0,6 vol/h - 85 % 

TABLE 1: DESCRIPTION OF THE ENVELOPE 

Equipment 

The table below summarizes the equipment installed: 

Gas-fired condensing boiler 

(GUILLOT type 

CONDENSINOX) 

 Power : 100kW 

 Efficiency LHV 100% load, 80/60°C : 98,3% 

 Efficiency LHV 30% load, Tr=30°C : 110,4% 

Double flow ventilation 

system with heat exchanger 

 Efficiency heat exchanger 83% (offices) and 84% (workshops) 

 Fan power absorbed <0,42 Wh/m3 (filtres G4 + F7) 

 Air tightness of the ventilation network : class C 

Offices heating : air  Heating by air with a regulation for to each façade 

 Hot water heating fan coil, located in the false ceiling 

Workshop heating   Radiant panels 

Hot water : point of use  Plate heat exchanger and storage tank 

 Anti-legionellae integrated design and operation  

Lights : fluorescents Type T5  Power ratio in office space : 7W/m² 

 Occupancy and light sensors and dimming of the lights 

according to the needs of the users. 

TABLE 2: DESCRIPTION OF THE SYSTEMS 
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Ventilation system 

In winter, fresh air will be distributed by the two AHU with high efficiency heat exchangers. In 

summer, the building will use natural ventilation as a free cooling during the night, in order to keep 

comfortable temperatures during the day. The scheme below describes how the system will operate 

in summer: 

 

FIGURE 8: FREE COOLING FUNCTIONING 

The Building Management System (BMS) opens all the air openings during the night. The heat stored 

during the day will escape through the opening in the roof. As a consequence, it will create a 

depression inside the building, which will entail fresh air entering through the sides. This fresh air will 

absorb some of the heat stored in the building and the process will go on until the building is cooled 

down – and then the sun will rise. 

Thanks to free cooling, there is no need for an additional system to cool down the building in 

summer. 

  

Air openings 

automatically 

opened by the BMS 

South façade 

Air openings 

automatically 

opened by the BMS 

North façade 

Air openings automatically opened 

by the BMS 
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The indicators 
 

1. Characteristics 
 

The main objective of this study is to be able to precisely model, for a given building, energy 

performances and thermal comfort. Hence, two characteristics are critical for the analysis: 

- Its reproducibility: the analysis should be applicable to any kind of building (office buildings, 
schools, hotels, industry…) 

- Its practicality: in order to be relevant and efficient, the analysis must be quite “easy” to run 

 These two characteristics are directly linked to the indicators: if they are too complex, how beautiful 

the analysis might be it will never be used again. And if the indicators are too specific, the range of 

application will also be greatly reduced. Finally, the line of research for the indicators will be 

simplicity, without being a prejudice to the relevance and the quality of the analysis. 

 

2. Scope definition 
 

Before any more practical consideration, the scope of the analysis must be precisely defined. 

In the case study, it might seem relevant to use the building physical boundaries as the boundaries 

for the analysis: everything within the shell of the building will be taken into account, and the rest 

will not. 

However such an approach might not fulfill the requirement concerning the reproducibility of the 

analysis. On the comfort level, it seems obvious that the close environment has an impact on thermal 

comfort via external shading for example.  On the energy level, in the case of a building using a 

ground-source heat pump this equipment is a critical part of the energy system of the building but is 

not located within it. It is the same in the case of district heating and/or cooling: should the efficiency 

of the heat generator taken into account in the analysis? 

If the analysis were focusing on the environmental impact of the building, such information would be 

relevant in order to assess the primary energy consumption and GHG emissions. Nevertheless the 

approach here is more practical, focusing on energy consumption: as a consequence the answer is 

no, for two reasons. Firstly the model will be compared to real energy consumption, which 

represents the energy consumed within the building and its equipment but never takes into 

consideration the efficiency of the heat generator in the case of district heating for example. 

Secondly the aim of the study is to have a precise and detailed overview of the building in order to be 

able to improve its performance. Consequently, the study should not include elements on which the 

owner and/or user does not have any direct means to modify. 

Finally, it yields a scope definition slightly different than the simple physical boundaries: anything 

within the owner and/or user sphere of influence will be included in the analysis, and everything 

which is beyond its abilities will be left aside. This definition might match the physical boundaries of 

the building in some cases but has the advantage to include other cases where it does not.  
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3. Indicators definition 
 

1st set: energy performance indicators 
 

As mentioned above, the primary energy consumption is excluded from the potential range of 

indicators. 

The first obvious indicator is the total energy consumption of the building. It has the advantage of 

being very easy to obtain from both the building model and the energy bill. Although it differentiates 

the energy source (electricity, gas, heat from district heating…), it clearly does not give a precise 

enough picture of the building in order to improve its performance. 

Then the question about what the most relevant break down for the energy consumption would be 

between the three different possibilities arises: 

- By space: it could be by level, surface, thermal zone… 
- By usage: heating, cooling, ventilation… 
- By time period: monthly, daily, hourly…  

The ideal would obviously be to have access to a mix of the three: for any given usage, to be able to 

get the consumption for a specific space during a given period. Nevertheless, it would imply a great 

amount of data, too big to comply with the characteristics required defined above. 

Space definition 

Concerning the first category, it would be relevant to divide the energy consumption according to the 

thermal zones. Because they can have very different usage, the knowledge of their behavior is 

required to have a better understanding of the building performances. Using a raw surface as the 

unit (e.g. 500m²) is physically impractical, and has less meaning than a thermal zone. In our case, the 

workshops do have a very different treatment than the offices (different occupancy, internal gains 

and heating set point): therefore it seems obvious to separate the two. 

Nevertheless it is interesting to go further. It is already known that the solar gains will play a key role 

in the energy balance of the building: therefore it would be relevant to use the façade as a 

differentiation of the space. Indeed, offices facing west will have a rather different thermal behavior 

than those facing east. 

Usage definition 

The second category, usage, is of primary importance. To have the consumption broken down 

according to the usage allows not only to get a precise, detailed overview of the building but also to 

easily identify and improve key-points requiring attention such as deficient equipment, poor building 

management, bad instruction (e.g. heating set point) etc.  Furthermore, it enables to assess and 

determine the most efficient technical solution for a given usage via the model and check that the 

consumptions actually meet the performances aimed via measurements. The following question yet 

to be answered is which sub-category to use. The French regulation defines 6 major energy loads 

that need to be addressed when calculating if the energy performance of a building meets the 

requirements: 

- Heating, 
- Ventilation, 
- DHW, 
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- Air conditioning, 
- Lighting, 
- Auxiliaries (pumps, fans and other equipment used by the systems mentioned above) 

 The main energy consumption sources not included are: 

- Specific consumptions (elevators, restaurant, specific process…) 
- Office equipment (computers, servers, printers…) 

These energy consumption sources can represent as much as 39% of the building total energy 

consumption, of which 14% from office equipment (Manexi, 2012). Therefore, there is no other 

choice than assess for each project the relevant usage to be taken into account. 

In our case, on one hand there is only one elevator and it is quite slow, meaning that people will 

rather walk than wait: it is a fair assumption to neglect its consumption. There is neither a restaurant 

nor any specific process: the few machines used in the workshops will not be used in an intensive 

manner and are not heavy power-consuming equipment. 

On the other hand there are 10 servers turned on 24/7 throughout the year and each office, which 

represents the main area type of the building, is equipped with computer(s) and/or printer(s). 

Finally, the energy loads selected for the study are: Heating, Ventilation, DHW, Air conditioning, 

Lighting, Auxiliaries and Office equipment. Each one of these categories is properly monitored and 

thus the real consumption can be obtained. Similarly, data from the simulation is easy to access: this 

break-down meet the requirements. 

Time definition 

The selection of the time step to be used depends on the precision required for the analysis and the 

capabilities of the software used. Here the software (Virtual Environment, described later) calculates 

the thermal behavior of the building every 10 minutes during a whole year: it is the time step used. 

Monthly data will be used for general comparisons, and daily or hourly data for more precise, 

detailed cases. 

To conclude, it is assumed that studying the energy consumption for each of the categories above in 

the main thermal zones and at a monthly and/or daily scale is a fair approach to have a precise idea 

about the thermal performances of the building. 

2nd set: thermal comfort indicators 

The thermal comfort is by nature difficult to apprehend as it is a subjective feeling: it makes it very 

difficult to put a figure on it. 

Temperature 

The first physical parameter one might think of is the ambient temperature. It does give a clue on the 

thermal comfort, and has the advantage of being really easy to obtain, both from the simulation and 

the real building (every room has a thermometer). Consequently, the ambient temperature will be 

used as a “raw” indicator for thermal comfort, although it does not take into account many 

influencing parameters (such as radiation wall temperature, draught…). 
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PMV and PPD indices 

Nevertheless studies have been carried out and allowed researchers to build a model which links a 

set of physical parameters and the thermal comfort (Fanger, 1970). It is now an ISO standard (ISO 

7730 Moderate thermal environments – Determination of the PMV and PPD indices and specification 

of the conditions for thermal comfort) and it stands among the most recognized thermal comfort 

models, although its usability and validity is criticized (Parsons, 2002).  

First they a range of influencing factors were identified, belonging to two categories: 

- Environmental factors: 
o Ambient temperature; 
o Mean radiant temperature; 
o Local air speed; 
o Local air turbulence; 
o Relative humidity; 

- Personal factors: 
o Clothing insulation of the occupant; 
o Metabolic rate of the occupant; 

Then, the researchers asked a significant sample of people to grade the thermal comfort in different 

indoor environment. They used a simple integer scale between -3 and +3, the negative integers for a 

“too cold” environment and positive notes to mean an environment “hotter” than a comfortable 

indoor climate would be. 

The scale is the following: 

Thermal sensation Note 

Hot +3 

Warm +2 

Slightly warm +1 

Neutral 0 

Slightly cool -1 

Cool -2 

Cold -3 

TABLE 3: PMV SCALE 

From the results they were able to build formulas in order to predict what would be the average 

grade given to a specific environment. The model yields an indicator called the Predicted Mean Vote 

(PMV). As its name indicates, it gives the average forecast of the note given to a specific thermal 

environment from a sample of people. Although the ideal is 0, the recommended limits are -

0.5<PMV<+0.5. 

There is another indicator called the predicted percentage of dissatisfied which is only based on the 

PMV and it gives, as its name indicates, the percentage of people dissatisfied with the local thermal 

comfort corresponding to a given PMV. The graph below shows the PPD as a function of the PMV: 
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The formula to calculate the PPD is the following: 

EQUATION 1: CALCULATION OF THE PPD                          

𝑷𝑷𝑫 = 𝟏𝟎𝟎 −  𝟗𝟓 ∗  𝒆(−𝟎,𝟎𝟑𝟑𝟓𝟑 ∗ 𝑷𝑴𝑽 ^ 𝟒 − 𝟎,𝟐𝟏𝟕𝟗 ∗𝑷𝑴𝑽^ 𝟐)                        

The PPD being calculated only as a function of the PMV, it does not broaden the concept of thermal 

comfort: it only helps to interpret the PMV. Therefore it is considered that both of them represent 

the same indicator and will be used as such in this study, being different figures but for the same 

concept. The PPD will be preferred though, as it is easier to apprehend and analyze (it has more 

precision than the PMV due to its wider scale).  

These two indicators (the ambient temperature and the PMV/PPD) are complementary: while the 

ambient temperature is easily reachable but does not give a very precise idea of the thermal 

comfort, the PMV/PPD indicator is a rather complete one about thermal comfort but is much more 

difficult to obtain, at least via measurements (only a few spaces can be studied). Thus these two 

indicators are assumed to provide a fair compromise between the relevance of the subject studied 

and the constraints from the model and field measurements.  

It should be noted that there is a growing dissatisfaction among researchers concerning the 

relevance of static model of thermal comfort (such as the PMV model), which prescribe relatively 

constant indoor temperature. Alternative models termed adaptive model are being developed, 

taking into account cultural, climatic, social and contextual dimensions of thermal comfort (de Dear 

& Brager, 1998). Although it does represent a very interesting source of improvement for thermal 

models, it is assumed to be too complex and not easily applicable enough to be used in this study. 

Moreover the PMV/PPD model is still widely used nowadays, and is part of several building 

certification (BREEAM, LEED…). Hence this model, although it is not perfect, will be used in the study. 

The interest of the PMV and PPD indices being obvious now come the questions of whether it is 

calculable and even measurable in order to meet our requirements. Concerning the model, Virtual 

Environment allows the user to make assumptions about the personal factors and calculates the 

PMV (and PPD). To measure it is more complicated, but some equipment exists such as the Testo 

480, which has been used in this study and which is described below.  

Similarly to the 1st set of indicators, the space definition and the time step need to be determined. 

  

     FIGURE 9: PPD AND PMV RELATION 
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Space definition 

At first sight, the ideal space definition would be to study all the thermal zones identified for the 

energy performance indicators. Nevertheless it represents a huge amount of work (especially 

concerning the measurements) and in some spaces (such as circulation area) it is not critical. To 

reduce the analysis to spaces with steady occupancy seems more relevant. Unfortunately time and 

field constraints forbid such a definition and a choice had to be made between workshops and 

offices. The latter was selected because of three reasons: 

- In this building, the occupancy is steadier in the offices than in the workshops, where people 
go more frequently outside; 

- In the workshops, the occupants are most of the time standing and working. Therefore they 
have a better mean to adapt to the thermal ambiance (via changing their clothing insulation) 
and it is easier for their metabolic rate to find an equilibrium than office workers sitting 
without moving, more passive concerning the thermal comfort; 

-  It represents the main area of the building. 

Time definition 

Concerning the time step, because the PMV/PPD depends on so many factors it is very sensible to 

any slight difference. Thus, hourly or daily average will be preferred to a 10 minutes time step 

although the latter might be used in situations where “extreme” thermal comfort is achieved.  

To conclude, the indicators identified and the scope definition is assumed to give a clear overview of 

the performances of the building in term of thermal comfort.  
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The model 

The software 
Virtual environment is an integrated building analysis software system developed by the Integrated 

Environmental Solution (IES). It is a well-known building modeling tool used by architects and 

engineers improve the performances of buildings through in-depth simulation. The software uses 

different modules in order to create a model, some of them being optional and dedicated to specific 

aspects of the building. In this simulation, the geometry was created via the module ModelIt, 

SunCast was used to assess the solar radiation on each façade of each room. The thermal zones, 

internal games and HVAC system were then described in ApacheSim and the behavior of the 

openings (critical here, as the building heavily depends on free cooling in order to keep a reasonably 

comfortable indoor climate) is taken care of by the module MacroFlow. Another module, MicroFlow, 

allows the user to run CFD simulations but it was not the objective here. To finish, the results of the 

simulation were analyzed via Vista and VistaPro. 

The geometry 

The pictures below show the building as it is modeled in the module ModelIt.  

 
FIGURE 10: 3D MODEL GEOMETRY 

One can see that the area on the right (the workshops) look like “cut” by the ground: it is a slight 

error of the 3D viewer. The ground of the workshops is actually 50cm lower than the one of the 

office area, but the wall is entirely in contact with outdoor air and not partly buried as it might seem 

to be on the picture. 

 

     FIGURE 11: 3D MODEL GEOMETRY (2) 
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The second step of the modelling corresponds to the definition of the shell components (walls, roof, 

windows, doors, ground floor) and the assignment of the correct one to each surface. There are for 

example 4 different external walls in the project.  

The templates 

Then, the HVAC system needs to be described in the ApacheSim module. The rooms are divided in 

thermal zones defined by: 

- The occupancy; 
- Heating and cooling (if any) set points; 
- Ventilation flow rate; 
- Internal gains; 
- The HVAC system of the room. 

Because the module used is not the most advanced one, there are some limits: 

- The functioning of the heat exchanger is linked to the heating mode. In concrete terms, in 
the reality the boiler will be shut down at a given date. Then, the only heating source for the 
outdoor air will be the heat exchanger (except if there is extreme weather conditions, the 
boiler will be switched on again).  It means that there can be slightly cold days when the heat 
exchanger does not collect enough heat from exhaust air, but there won’t be any additional 
gas consumption. In the model, the boiler is switched off later, only when it is known for sure 
that there is no heating load anymore in order to keep the heat exchanger working. 
Consequently there might be slightly different energy consumption during these periods, but 
it is assumed to be small enough to be neglected. 

- The functioning of the mechanically driven openings is regulated via the indoor temperature, 
outdoor temperature and outdoor weather. The conditions for the openings to be opened 
are the following: it must not be raining or too windy (<10m/s) and the indoor temperature 
must be above 24°C and below outdoor temperature. The openings are connected by level, 
and the indoor temperature used is the average of the temperature of the offices of the 
level. Unfortunately, average temperature cannot be used in VE: an office assumed to be 
thermally in the average of the level is chosen and the difference with the reality is once 
again neglected.  

The screenshot below shows the structure of the software, with each “Template” being affected 

to a thermal zone.  

 

     FIGURE 12: APACHSIM PRESENTATION 
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In order to define the occupancy, ventilation flow rate etc. a daily profile must be created specifying 

either absolute values (e.g. heating set point) or a percentage as below for the ventilation of the 

meeting room on the Wednesday (some rooms are assumed to have a higher occupancy this 

particular day than during the rest of the week): 

 

FIGURE 13: PROFILE DEFINITION 
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First results 

The first runs of simulation revealed many “small” mistakes such as wrong ventilation flow rates, 

excessive internal gains and wrong heating set points. Once these minors’ errors were resolved, two 

means were implemented in order to check that the model was reasonably correct: the study of 

thermal comfort and the comparison with another simple modelling tool used for the Passive house 

certification. 

Thermal comfort modelling 

When thinking about how to check if a model is correct or if there are still many significant mistakes, 

the first idea which comes to mind is to verify for each “main” parameter if it is coherent. The “main” 

parameters being heating set points, ventilation flow rates, internal gains, occupancy… 

Nevertheless it takes way too much time to check it for every space so most of the time, a hopefully 

representative sample is checked, and the rest is assumed to be correct. This method often brings 

unexpected errors to be revealed later in the study, which means with a greater impact on the work: 

additional time is required to go back to the initial model, and changes have to be done at various 

levels. In the worst cases some changes can be forgotten on some part of the study, leading to final 

results with many mistakes and potentially wrong conclusions. 

It turns out that thermal comfort can help to avoid this kind of convoluted situation. Because it takes 

into account many parameters in order to calculate a single variable (PMV/PPD), thermal comfort 

allows identifying extreme and wrong values for each of these parameters. The user only has to 

check the areas where high discomfort occurs: it is most probably due to wrong inputs. 

To use thermal comfort in order to check the consistency of the model also has the advantage of 

being very easy and fast to apply: VE can easily sum all the discomfort hours for each room, allowing 

the user to focus on the rooms where there is most probably a problem instead of using a random 

sample. 

Obviously it does not reveal all the possible mistakes. We can imagine a room where internal gains 

have been forgotten: it will probably not be visible via the thermal comfort indicator (PMV/PPD), 

except if the heating system takes into account these internal gains and rely on it (it might then be 

rather cold without internal gains). 

This method was implemented in the model and some additional mistakes were identified and 

resolved. The final number of hours for different PPD levels in the model is the following: 
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Location People dissatisfied (%) - hours in range 

> 10% > 11,5% > 13% > 14,5% > 16% > 17,5% > 19% > 20,5% > 22% > 23,5% > 25% 

Ground 
floor 

Workshops 12394,7 9567,4 7050,2 5065,2 3639,4 2356,6 1137,9 208,9 48,9 9,5 2,3 

Rooms ground 
floor 

92,2 30,1 4,5 3,5 3,3 3 1,3 0 0 0 0 

Workshops 
offices 

1324,9 735,6 416,8 218,9 83,3 32,5 5,5 0 0 0 0 

1st floor South 565 277,1 157,3 77,3 24 14,5 8,2 6,3 4,2 2,3 1,3 

West 629,3 364,8 217,2 110,7 61,6 32,6 13,8 6,7 1,8 1,3 0 

North 66 20,7 2,7 0 0 0 0 0 0 0 0 

East 461,7 267 155,1 73 21,4 0,5 0 0 0 0 0 

Circulation 0 0 0 0 0 0 0 0 0 0 0 

2nd floor South 559,1 309,3 180,1 74 33 17,2 6 1,2 0 0 0 

West 493,6 278,6 145,8 62,9 15,4 2,3 0 0 0 0 0 

North 66 20,7 2,7 0 0 0 0 0 0 0 0 

East 536,8 297,1 181,3 91,5 32,1 0 0 0 0 0 0 

Circulation 15,8 10,8 5,7 4,2 3,3 3 2,3 0,8 0 0 0 

Total 17205,1 12179,2 8519,4 5781,2 3916,8 2462,2 1175 223,9 54,9 13,1 3,6 

TABLE 4: THERMAL COMFORT ASSESSMENT 

One can see that there is no space where the level of discomfort exceeds a PPD of 26%. In a few spaces, the PPD goes over 20% but only for a few hours. 

The spaces with the higher PPD are the workshops: being heated at 17°C only, it seems coherent. It does not mean the occupants will have such a bad 

thermal comfort: their clothing and activity rate will be different than the rest of the building (which cannot be taken into account) and probably higher, the 

real PPD is probably much lower. 

The second observation is that rooms facing the south tend to have a higher PPD than the others, the north being the most comfortable spaces. It indicates 

that the main issue concerning thermal comfort is probably the risk of having rather high temperatures in summer.  
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Nevertheless this statement has to be qualified: in the model, a single activity level and clothing 

factor are defined for the entire year. On the contrary, it is one of the most basic actions for a human 

to adapt its clothing to its environment: hence clothing adapted in winter is certainly not in summer. 

Here, the clothing factor might be slightly more adapted for the winter than the summer, explaining 

part of the discomfort hours calculated. 

To finish, taking into consideration the two remarks above it seems that the number of discomfort 

hours displayed is not excessive: the model seems correct. 

Comparison with the PassivHaus modelling tool 

In order validate the statement above, the model is further tested and compared to the simple 

modelling tool PHPP, used for the PassivHaus certification. The results are presented below (the 

figures are for the heating period only): 

 Internal gains Solar gains Conduction losses Ventilation losses Heating load 

VE 36,819 11,4324 -36,7082 -9,4486 5,3656 

PHPP 33,061 19,163 -58,308 -16,455 26,3 

TABLE 5: COMPARISON BETWEEN VE AND PHPP 

One can see that the results differ significantly, which might bring to think that the model is 

incorrect. 

It is true that there are several significant differences between the two models, on both gain and loss 

sides. But here are a few explanations. 

Internal gains: in PHPP, a standard ratio of 3,5W/m² is used for the internal gains in all spaces. In VE, 

the characteristics of each equipment are modelled: power, usage profile for each hour of the year, 

location… Therefore the internal gains are precisely calculated for each room and are likely to be 

higher than in the PHPP. A quick calculation yielded a ratio of 6,05 W/m² for offices, which tends to 

confirm this conclusion (other spaces have much less internal gains, which gives a lower average 

value). 

Solar gains (during the heating period): The difference is here significant. It is mainly due to the fact 

that the two figures do not represent the same thing: in VE, it represents the useful solar gains 

whereas in PHPP, it represents the total solar gains including those which do not help to decrease the 

heating load (when the temperature is already above the heating set point): it is naturally higher 

than the ones from VE. Also, both systems do not use the same weather file, which yield different 

solar radiation during the year. 

Conduction losses: Here again the conduction losses are significantly higher in PHPP than in VE. The 

main reason is that PHPP uses a single value for the temperature inside the building (which can be 

assimilated to the heating set point). There is neither time management nor room difference: the 

temperature is assumed to be the same in the whole building during the whole heating period. 

Obviously this is a raw hypothesis, very different from the VE dynamic simulation with varying 

heating profile and heating set points for each space and every hour of the year. 
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Ventilation losses: The ventilation losses are almost twice in PHPP than in VE, due to 2 factors. First, 

the heat exchanger efficiency is not the same in both models: the PassivHaus institute requires the 

heat exchanger to be tested with a different protocol than the standard one in France (and Europe), 

supposedly taking into account more losses so with lower efficiency than the standard one. 

Therefore, for all the heat exchangers that are not tested according to this specific protocol, the 

efficiency has to be lowered by 12%; inducing higher heat losses via ventilation. The second reason is 

the method used to calculate heat loss through infiltration: in PHPP, the measured value under 50Pa 

is reported, and used during the whole period. In VE, this value is used to run real infiltration rate 

calculation taking into account the effect of the wind and the shape of the building: it seems logical 

to obtain rather different results with the two methods. 

Finally, it is not a surprise to obtain a significantly lower heating load with VE than with PHPP. It 

should be noted that the aim of the PHPP tool is not to give the most precise model of the building 

but to assess its general performances in order to be able to compare it with energy efficient 

buildings and check that the results are similar. Moreover the modelling process cannot be too 

complicated due to economic constraints. The use of excel sheets, while reducing the possibilities for 

the model greatly facilitates its manipulation and thus the optimization of the building in the design 

stage. 

To conclude, no great or inexplicable differences were found between the two models. While the 

comparison is difficult, it did allow a raw assessment of the results from the VE model and no major 

inconsistencies were identified. We can now move to the next step: the measurements and data 

collection. 
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The measurements and data collection 

Equipment used and sources of information 

According to the methodology and the sets of indicators chosen, there are 4 types of information 

that need to be collected and/or measured: 

- The energy indicators: energy consumption; 
- The weather data: solar radiation, wind power and direction, outdoor dry-bulb temperature 

and relative humidity. 
- The comfort indicators: the temperatures and the PMV; 

The source of information for the two firsts category is the BMS of the building, theoretically 

measuring and storing all the data required.  

Concerning the comfort indicators, there are different sources: the PMV will be directly measured by 

the equipment described below. The temperature can be either taken from the BMS, or from the 

same equipment: both sources will be compared to ensure the best source. 

The equipment used to measure the PMV index is designed and 

manufactured by Testo, a German company. Testo offers a wide 

range of measuring tools including the Testo 480, specifically 

designed for measuring the PMV. As can be seen on the picture on 

the left, it has 3 captors measuring 4 physical variables: relative 

humidity, ambient temperature, radiative temperature and air 

speed. 

 

 
PICTURE 1: TESTO 480 

 

Both air temperature and relative humidity are measured by the probe 

here opposite. Its characteristics are: 

- Temperature:  
o Range of measure: -20 … +70 °C 
o Precision: ±0,2 °C between +15°C and +30°C, ±0,5 °C for 

the rest 
- Relative humidity:  

o Range of measure: 0 … 100 %RH 
o Precision:  

 ±(1.0 %HR + 0.7% of the measured value (m.v.)) between 0 and 90 %HR; 
 ±(1.4 %HR + 0.7% m.v.) between 90 and 100 %HR. 

The radiant temperature is measured thanks to a black-globe thermometer 

(picture on the left), which characteristics are the following: 

- Range of measure: 0 … +120°C 
- Precision: NA 

 

 

PICTURE 2: HUMIDITY CAPTOR 

PICTURE 3: BLACK-GLOBE THERMOMETER 
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Air speed is measured in accordance with the standard EN 13779 

via the following hot wire anemometer. 

 

Its characteristics are: 

- Range of measure: 0 … +5 m/s 
- Precision: ±(0.03 m/s +4% m.v.)  

 

 

The energy consumptions 

The BMS is installed on a computer located in the server room. Its aim is to allow the building 

manager and any technician to communicate with the different systems of the building, to provide 

information on these systems and on the thermal characteristics of the building as well as to send 

orders. The general home page is the following: 

 
PICTURE 5 : HOME PAGE OF THE BMS 

Each system has its own page with several information displayed (temperatures, flow rates…): 

 
PICTURE 6 : AHU UNIT MODULE 

PICTURE 4: HOT WIRE ANEMOMETER 
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The BMS was theoretically accessible via the internet, but it never worked for us for no reason, the 

computer specialist are working on it and sort it out soon. 

The BMS is also programmed to send alarms when there is a malfunction and it is supposed to store 

all the data acquired in order to be able to analyze it. 

Unfortunately, major issues were discovered when collecting the data from the BMS: many 

measuring points are not available, and there are significant losses of data for all the others.  

The losses occurred almost since the beginning but became more and more frequent until today, 

where the measures are available only for a couple of hours early in the morning and then jump 

directly to the next day.  In order to better understand and resolve this problem, these data losses 

are analyzed later. 

This unexpected lack of data (we were told the system worked fine and the export of data as well) 

induced some change in the indicators studied. 

First of all the only consumptions reported are electricity consumption, the gas meter does not work 

properly: energy used for heating cannot be studied anymore. Also, the electricity consumption used 

for DHW and the AHU units is not reported and is put aside. The only data available concerning the 

energy is: 

- Total electricity consumption; 
- Lighting consumption; 
- Electricity consumption from the plugs (mainly office equipment); 
- Electricity consumption used for heating. 

All these data are given in kWh with a time step of 1hour, and frequent losses. 

Moreover after some analysis, it appeared that the category “Total electricity consumption” was 

merely the sum of the lighting consumption and 1000kWh, with the latter which does not 

correspond to the office equipment consumption. Hence this indicator is put aside, but it appears 

clearly that the data might not be as reliable as it seemed to be. 

The only possible indicators lie in the three remaining sets of data.  

The last set, the electricity consumption used for heating, is not available in VE: there is only energy 

consumption for a given system (e.g. heating) or the total auxiliary electricity consumption of the 

building, but it does not differentiate the consumption of the auxiliary of a given system. 

Concerning the lighting and office equipment consumptions, it appears that with the method used to 

model the internal gains, VE is not able to differentiate internal gains from the lighting and from 

office equipment. It means that only the total of the internal gains (except solar gains and internal 

gains due to occupancy) can be used: this will be the indicator. 

It should be noted that VE does allow a finer break down of the consumption but a complete change 

of the module used to model the systems of the building (the AHU units, the gas condensing boiler, 

the chiller and the fan coils) was needed. This alternative way of modelling (using the module 

“HVAC” instead of “ApacheSim”) required much more knowledge of the software and consequently 

much more time spent on it. It also required a whole new set of very specific technical data on the 

systems used which were neither easy to access nor available. These requirements, plus the fact that 

the data from the BMS was supposed to be workable, are the reasons why this alternative modelling 

was not used. 
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The comfort index 

The temperatures of the rooms from the BMS suffered from the same losses than the other types of 

data: only part of it can be used, and it has “holes”. 

Concerning the measurements with the Testo 480, it was put in 3 different places for approximately 

1 month in total (26/06 – 24/07). The rooms and periods of time chosen are the following: 

- The office of the building manager located at ground level and facing the south, during 1 
week. It was one of the few offices occupied and available to welcome the captors. 

- One of the offices on the first floor facing the south, during 1 week. It was supposed to be 
one of the worst concerning thermal comfort in summer. 

- One of the offices on the first floor facing the north, during 2 weeks. Towards the end of the 
2nd measurement, the weather suddenly cooled down and people from this office 
complained to feel too cold. Moreover it seemed interesting to measure during a longer 
period in order to observe the impact of the probable increase of the temperatures on the 
thermal comfort, and compare it both when it was colder and to the office facing the south. 

Ideally, the captors would have been in several other spaces but it was impossible, the main reasons 

being: 

- The Testo 480 was bought later than scheduled and was used on another project first.  
- The building was close to Rouen, which is between 1 hour and a half and 2 hours from Paris. 

As a consequence it made it difficult to go there only to change the location of the 
equipment, which takes 5 minutes. It was not possible either to ask the building manager to 
do it as some programming had to be done; 

- The Testo 480 is rather invasive equipment due to its size. It is moreover ideally located very 
close to the workers, which is potentially where it bothers the most. Therefore it required 
explanation and goodwill for us to be able to put it somewhere, and might have been more 
complicated if it was to be put in several other places. 

- To place it in a workshop would have been interesting, but almost none of them are 
occupied constantly the whole day every day of the week. Plus the work there is more 
manual which means a greater trouble to find a suitable location: where would it be 
representative of what the worker experience, without bothering him? 

Finally, it appeared that the location of the equipment was more linked to field constraints and needs 

than I first thought. But taking into account all of these parameters was interesting, and required in 

order to address the real issues of the building regarding thermal comfort. The results of the 

measures will be presented later. 
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2nd run of simulation 

As it is explained at the beginning of the report, one of the aims is to incorporate the real data 

concerning the weather and the occupancy. The idea was to create a weather file respecting the 

format required for VE (fwt. or epw.) and including all the data from the weather station. 

However, the losses of data from the BMS regarding weather variables such as solar radiation and 

temperature made it impossible. Instead it was decided to focus on the solar radiation, assumed to 

have the most impact on the thermal comfort, which was measured via separate equipment so not 

subject to data losses. First, the “holes” were filled using interpolation until significant losses 

occurred. The losses being significant after some time, it becomes just as “wrong” as the standard 

weather to interpolate the data: as a consequence, the solar radiation from the weather station is 

used only since the February 26th until April 22nd.  

Then, both of the formats used by VE need the following information: dry-bulb temperature, relative 

humidity, wind speed and direction, solar direct normal and diffuse horizontal radiations. Hence the 

difficulty faced was that the solar radiation from the weather file was global solar radiation only. In 

order to break it into direct and diffuse radiation, the following method was used. A weather file with 

both direct and diffuse solar from a location close enough (Orly, near Paris) was chosen. The relation 

between direct and global radiation was built and a polynomial interpolation created from the excel 

diagram: 

 
FIGURE 14: DIRECT NORMAL RADIATION VS GLOBAL RADIATION 

R² being close enough to 1, the formula is used to break down the global radiation from the weather 

station into direct normal radiation and horizontal diffuse radiation (which will be equal to the 

difference between global solar radiation and direct normal radiation). 

Finally, these two parameters are included in the weather file from Orly for the corresponding period 

of time, and the epw is generated from this excel file. It is then imported into VE, allowing a 

comparison with the previous simulation, with “incorrect” weather. 

Concerning the occupancy, an interview with the building manager was set in order to know: 

- Which offices are occupied; 
- The date of installation; 
- What is the kind of occupancy profile; 
- What is the office equipment used. 

These data were then implemented in the second run of the simulation, taking into account more 

precisely the occupancy and office equipment gains. 

y = 0,0009x2 + 0,0224x - 0,7885 
R² = 0,9235 
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Free cooling functioning 

While collecting the data available, it seemed interesting to check the functioning of the free cooling 

(managed by the BMS). The graph below summarizes the data collected; each symbol represents for 

each level (N0, N1 and N2) the opening of the windows according to instructions given by the BMS, 

with the date on the x-axis and the duration of the opening on the left: 

 
FIGURE 15: FREE COOLING REAL FUNCTIONING 

The first observation is that there are many openings during “00:00:00”. These points correspond 

actually to openings where the beginning is reported but not the end, probably due to either a bad 

communication with the component dealing with the openings or a loss of data from the BMS itself. 

Either way it gives useless data, and prevents anyone to check if the system works fine. It would be 

especially annoying in case of over-heat this summer: the free cooling being the only system aiming 

at preventing this phenomenon, without being able to study and potentially improve it there is 

nothing else to do than wait for the summer to end. 

However, there are some clues that the system works correctly. First, there are more openings for 

the 2nd floor than the 1st, and more for the latter than for the ground floor: this is consistent with the 

instructions, which are to open the 2nd floor windows first, then those on the 1st floor and to finish 

the ones on the ground floor. 

Then, the duration of the openings is also almost correct: the maximum time should be 9 hours, 

there are only two openings that lasted longer than that (12 and 18 hours). For the shorter ones, it 

can be explained partly because the temperature in the building might have reached the threshold 

below which the windows close. It can also be caused by an increase of the wind speed, or some 

raining. These explanations do not apply to the many points from the beginning of June that lasted 0 

minutes. 

To conclude there might be two kind of problems: one linked to the communication and/or storage 

of data, and the other one linked to the functioning of the openings themselves as it appears that it 

open longer than it should. This is assuming that the few data available is correct: the first action to 

undertake is to repair or replace the system of communication and storage and check the 

consistency of the data available. Then, a second analysis should conclude on the good functioning of 

the system of opening itself. 
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Data loss analysis 

As mentioned earlier, there were heavy and multiple data losses for all the variables measured and 

stored by the BMS. 

First of all many variables were simply not available, either the data file did not exist or it was blank. 

This is the consequence of a poor programming and/or connection to the corresponding captors and 

meters. It requires the whole system to be checked and fixed in order to have at least the indicators 

identified in the first part. 

Second, the data available suffer from three forms of “losses”. The three types are listed here by 

frequency of appearance: 

- Temporary loss of data (from 15minutes up to a few days); 
- Sudden malfunctioning of the system for periods of time of approximately a few hours; 
- Constant value to the decimal place during an extended period (e.g. same temperature for a 

few hours). 

The two least frequent types of losses, which are also more specific to certain variables can be 

observed on the graph below, which represent the indoor temperature in the office number 17: 

 
FIGURE 16: INDOOR TEMPERATURE OFFICE N°17 

The second type of losses is visible at the beginning (25th of February) and lasted 4 hours. During this 

period, it seems that unlike the first type there is some kind of communication between the system 

and the captors as there are lines on the data file with the specific date and time: some data are 

reported. But the data file indicates a “nan” as a value, which stands for “not a number”. The 

problem here might be a missing value from the captor, which then forces the system to assign a 

“nan” to the missing value: this is rather different than the pure loss of data (1st type) which will be 

studied later, as the problem seems to come more from the captor than the BMS itself. 

The third type of “loss” occurred since the 7th of March until the 12th for a total of 116 hours. In this 

case, according to the data the BMS was not able to determine in which state was the captor 

(working of not) but there were still some communication as similarly to the previous case, the date 

and time are reported. Once again, the source of the loss might rather be the captor than the BMS. 

The fact that both types of losses are encountered only within a few sets of data support the idea 

that it is linked to the captors and not the BMS. 
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To finish, the first and most frequent type of loss is analyzed. 

In order to understand better these losses and help repair the system, an analysis on the frequency of occurrence and the length of this losses have been 

carried out. This analysis was based on the solar radiation data, but the losses are very similar for all the other variables. The results are the following, with 

each dot representing a loss of data. On the left can be found the time at which the loss began, and on the x-axis the date. The size of the dot is proportional 

to the duration of the loss:  

 
FIGURE 17: OCCURRENCE AND DURATION OF THE DATA LOSSES 

In order to have an idea of what the size of the dot means, it should be known that the two biggest dots on the left represent losses that lasted a couple of 

days. The ones lined up on the right bottom corner represent between a dozen of hours and a day each. 

The first observation is the number of dots. In total, the period of time without data represent 46,8% of the time from the opening of the building and from 

the beginning of June, there are almost no days without any loss: it emphasizes the need for a better knowledge of this phenomenon and a quick fixing. 

Then, one might notice the main characteristic of the losses: most of them occur at the same time, between 1.30am and 2am. This is an interesting fact, 

which will help identify the issue. Because it appears to be a periodic problem it might be some kind of automatic reset which would probably be linked to 

the computer and/or software rather than the captors. The fact that it happens for all the variables tend to support this idea: there are very few chances to 

have several captors resetting on a daily basis and at the same time. 

Finally this quick analysis allowed better grasping the issue and foreseeing a probable or at least potential source of the losses. My lack of knowledge about 

BMS software’s and communication protocol prevents me from going any further, but this study has been transmitted to the person in charge and will 

hopefully help solve the issue.
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Analysis of the results 

Energy indicators 

Lighting and office equipment consumption 

As mentioned earlier despite all the efforts undertaken, the only indicator available concerning the 

energy indicator is the lighting and office equipment. Nevertheless these indicators are far less futile 

than it might seem. Indeed, the whole concept of the building is to base the heating rather on 

internal gains than on a specific system. Hence, in order to better grasp the behavior of the building 

it becomes crucial to know the internal gains.  

In the case of an overconsumption, there is fundamental difference if the exceedance comes from 

the systems of the building or from the consumption related to the occupants, office equipment for 

example. In the first case, it indicates either a malfunctioning of the systems or a reaction to a 

phenomenon affecting the building (e.g. a window broken will induce a dramatic increase of the 

heating load while it is broken). In the second case, it is way more problematic as it means an 

increase of the amount of energy collected by the building which is not designed for. The thermal 

comfort being very sensitive to overheating, this might lead to real situation. Hence the responses 

are very different for the two cases but cannot be distinguished without the knowledge of the 

specific consumption of equipment related to the occupants, and a precise understanding of its 

impacts. 

Similarly, having a sudden decrease of the consumption might also be problematic. We can imagine a 

significant increase in office equipment consumption due to the installation of individual servers in 

each office (which is already the case for some of them). During winter, it would decrease the 

heating load, meaning lower gas consumption. While this decrease might appear to be good news, it 

should in fact be an alarm: having such high office equipment consumption in summer would lead to 

high indoor temperature, sign of a poor thermal comfort. To raise awareness among the occupants 

about this issue and trying to migrate the servers to the server room, designed for it, would be a 

solution. Once again, without a good knowledge of this indicator and of the great impact it has on 

the building thermal comfort, none of it would be possible. 

Now, let’s move to the comparison. The following graph represents the internal gains other than 

from solar radiation and from the occupants themselves. The period of study is since March, 14th at 

3pm until April, 15th at 2pm which makes slightly more than a month. The period is limited due to the 

data losses mentioned earlier. The unit is the kWh, which is the unit of the data from the BMS and 

which allows us to deal with the temporary loss of data. The data from VE was converted from kW to 

kWh by multiplying by the corresponding time factor.  

Concerning the primary value, it has been decided to use the same value as the. The building being 

brand new there was some unpredictable consumption at the very beginning in order to test all the 

systems. Because it was a temporary and very specific use of the building, it was assumed not 

relevant to spend time trying to model it in order to be able to compare the consumption during this 

period: we are more interested in comparing the indicators when the building is fully operational. 

Moreover, it facilitates greatly the analysis to have the same starting point.  
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FIGURE 18: INTERNAL GAINS 

The three curbs in dark blue, violet and light blue correspond to the data from the BMS, respectively the office equipment consumption, the lighting 

consumption and the sum of the two: total internal gains. In red and green are the curbs corresponding to the data from VE, the red one being from the 1st 

run and the green one being from the 2nd run. 

As one can see, the three curbs representing the total internal gains have roughly the same slope. However, the curb from the second is clearly much closer 

to the real consumption. The unit being the kWh, it is similar to an integral of the power (in kW) calculated. Hence what matters here is to compare the final 

point: the one from the 1st run is 51,5% higher, and the one from the 2nd run is only 11,1% higher.  

The values from the 1st run are considerably above the real data. This can be explained by the rather specific current profile of occupancy of the building: it 

is far from being full, which means several empty offices being filled up little by little.  It emphasizes one of the reason causing great contrasts between 

models and reality: the difference of usage between what is scheduled and what is achieved. It is especially true here as the building is not used at its full 

capacity yet, but it can be just as significant in other older existing buildings. 

The value from the 2nd run, taking into account the disparate occupancy is much more precise: it is proportionally 80% closer to the real data than the 1st 

run. It is still 11% too high: it can be explained by hypothesis still slightly “optimistic” about the occupation or the behavior of the occupants. It is assumed 

for example that some computers and the printers are not switched off but only put on hold every night: a few occupants, being aware of the issue of 

energy performance, may switch it off.
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To conclude the model can, as always, be more precise. It would require carrying out a detailed 

analysis of the behavior of each occupant and the consumption of its equipment, and then 

incorporate it in the model. Following such a heavy procedure would entail a gain in the precision, 

but without obtaining a perfect result as human behavior is unpredictable. As a consequence and 

being almost in the range of a 10% error, the additional load of work in order to win a few percent is 

considered not worth it. 

Comfort indicators 

Given the multiple change made necessary by the data losses, the following indicators will be 

studied: 

- The air temperature of several offices since February 26th until April 22nd, with a comparison 
between the temperature from the BMS and from the two runs of simulation; 

- The PMV/PPD of several offices since February 26th until April 22nd, with a comparison 
between the PMV/PPD from the two runs of simulation; 

- The PMV/PPD of several offices since June 26th until July 24th, with a comparison between 
the PMV/PPD from the 1st run of simulation and the Testo 480; 

Temperatures 

The location of the offices studied is shown on the pictures below, with the name or number for 

each: 
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The temperature in the office number 11 is displayed below, each curb corresponding to a different 

source of data: 

 
FIGURE 20: INDOOR TEMPERATURE IN OFFICE N°11 

One can see without surprise the lack of data from the BMS set of data between the 22nd and 25th of 

March, leading to a value of 0°C.  

The second most obvious observation is the “square” profile of the temperatures from the 2nd run of 

the simulation. This is clearly incorrect, and probably a consequence of the change of the weather 

file.  

Indeed, in the process of incorporating the weather data in the model IES (the company which 

commercializes VE) was contacted in order to known how it was feasible. They first sent an excel file 

containing an excel macro supposed to being able to generate a proper epw file. However, when 

selecting it in VE the simulation did not work correctly, with several sudden errors appearing on 

elements which were without problems before. 

As a consequence, the business development manager was contacted and asked to resolve the issue. 

After our data were transmitted to him he sent back a new weather file, created by his support team 

and supposed to work. 

Unfortunately it appears that this new weather file still has some issue and does not work properly. 

IES will be contacted again at their return from the summer holidays in order to sort it out. 

On the contrary, the data from the 1st simulation is already quite close to the real data, although 

there are a few days in March with rather different temperature. This gap can be explained by the 

calendar: the two years of simulation being different, the week-ends are not on the same days. And 

the heating set point being lower when no one is there (ie the evenings and the week-ends), it yields 

very different indoor temperature. 

Nevertheless the results are very similar in total: the difference of the average value (which is a form 

of integral) is only 1,6%. We can imagine that having a set of data from the BMS without “holes” 

might increase this difference, but a proper schedule and the corresponding weather data would 

reduce the percentage such as it would become negligible. 
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PMV/PPD indicator 

The location of the offices studied is shown on the pictures below, with the name or number for 

each:  

 

Building manager office 

The results of the measure and from both runs of simulation are the following: 

 

FIGURE 22: PPD OF THE BUILDING MANAGER OFFICE 

One can see that the curbs are rather different. The one corresponding to the 2nd run of simulation is 

way higher than the two others for the first 3 days, and fits almost perfectly the measurements for 

the last 2. On the contrary, the curb from the 1st run of the simulation fits rather well the one from 

Testo the first day, but then has a flat profile for the rest of the week. The average values for the first 

and second run are respectively 37% lower and 68% higher than the average value from Testo. 

The PMV being negative, it means that the high values of the 2nd run can only be a consequence of 

rather low indoor temperatures. It tends to meet the conclusion from the previous graph about the 
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reliability of the data from the 2nd run, although it seems correct toward the end of the week. 

Concerning the 1st run, we can imagine a different weather, probably with higher temperature during 

the night which means that the building would cool down less than in reality. However, the curbs do 

meet at the beginning and at the end, where the weather data are probably closer: it seems realistic 

to assume that with correct weather data, the results would be better. Unfortunately, it has not been 

possible to go further. 

 

Office n°11 

The results of the measure and from both runs of simulation are the following: 

 

FIGURE 23: PPD OF THE OFFICE N° 11 

Once again the results from the 2nd run of simulation are extreme, not only for the week-end but also 

the rest of the week. Most of the peaks occur because of an increase of the temperature in the 

afternoon and can last until late in the evening. The temperatures reached (up to 28°C) are aberrant 

as proven by the data from Testo, which shows a much lower PPD.  

The data from the 1st run is much more consistent with the ones from Testo, with most of the points 

being close to 5% (the minimum) and a few numbers of “bumps” of the same amplitude. They do not 

occur at the same time though, once again most probably due to the different weather. The two 

sudden peaks during the week-end from the 1st run of the simulation are surprising and could not be 

explained. 

The average values of the 1st and 2nd run of the simulation are respectively 6% lower and 89% higher 

than the average value from Testo, which confirms a much better simulation in the first case than in 

the second. 
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Office n°26 

The results of the measure and from both runs of simulation are the following: 

 

FIGURE 24: PPD IN OFFICE N°26 

The same profile as before is encountered, but more extreme. The temperatures of the office 

according to the 2nd run of the simulation are at their lowest (corresponding to the heating set point) 

which is more than doubtful given the period of the year considered. It explains the very high PPD, 

and confirms the lack of reliability of the data from this 2nd run concerning the temperatures and as a 

consequence the PMV/PPD. 

The PPD from the measurements reach rather high values during the second week-end and the last 

few days, because of the hot weather. This is not the case for the PPD from the 1st run of the 

simulation, which clearly does not suffer from the same high temperatures, but the results are very 

similar during the first week, when the weather was cooler in reality (and in the model).  

Concerning the second week, it might seems alarming to have such high values for the PPD during 

the day in an office facing the north, but it is not really: in order to calculate the PMV and PPD, Testo 

needs a fixed value for the clothing and activity rate (just as VE). This static parameter does not 

reflect the dynamic reality, where people would adjust their clothing according to their feeling. 

To finish, the average value of the 1st and 2nd run of simulation are respectively 33% lower and 126% 

higher than the average value from the measurements. 
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Conclusion 

The first conclusion is the confirmation, for this specific study-case, of the interrelation between 

energy performance and thermal comfort. One example is obviously not enough but it does show a 

potentially interesting method to apprehend thermal comfort and energy performance. These two 

aspects are the fundamental pillars of any building, and not only could not but also should not be 

studied in-depth separately. One might think that energy stakes and thermal comfort often are in 

contradiction with each other: having a comfortable indoor climate in winter does mean spending 

energy to heat the space. However this is the fundamental aim of any building and can never be 

questioned. The whole issue of thermal comfort is then based on the question of how to reach this 

level of comfort required. This issue includes the thermal resistance of the walls, as it plays a 

determining role in the resulting surface temperature which in turns has an effect on the thermal 

comfort. The performance of the heating and air conditioning system (especially the distribution 

part) is also a key element.  At the end, one might realize that energy performance and thermal 

comfort are not only interrelated but also taking into both of the stakes can bring new and innovative 

solutions to come up. Because it forces the user to think from a different point of view but about the 

same elements at the end, it might be a great way to increase the innovation and there are many 

opportunities to catch. A simple concrete example which was found during this study is the use of 

the thermal comfort indices to check the consistency of a model a priori focused on energy 

performance issues: this is a tiny example of the improvement potentially achievable thanks to this 

method. 

Still on a practical level, this study emphasized, for this peculiar project, the unreliability of building 

models as it can be found based on the design stage. The only energy indicator was 50% higher and 

the few thermal comfort ones were between 1,6% and 37% lower: these figures, although fewer 

than planned, are too high to be able to base the commissioning of this building (or any in-depth 

analysis of any of the two aspects mentioned earlier) on such a model. The example is too specific 

and the figures too scarce to be able to generalize it to any building. 

On the contrary, the 2nd run of the simulation brought a real added-value. On one side, the thermal 

comfort indicators, obviously, tend to prove it did not. However the unworkable results are due to 

simulation problems when incorporating the weather file, which somehow impacted the 

temperature of the building. The energy indicator, on the other side, is linked only to the internal 

gains from lighting and office equipment, which is not impacted (but has an impact) on the 

temperature and indoor climate. Hence, the “wrong” results concerning the thermal comfort 

indicators do not impact the reliability of the good results concerning the energy indicator. This good 

result was clearly proven by the 80% gain in precision, which became very close to the 10% margin. 

And this was achieved when applied to a building still in its first months of occupancy, which means 

harder to model than a building with a fixed and well-known occupancy. It only concerns one unique 

indicator unfortunately, but I am convinced that it worth it and can bring excellent result to update 

the weather and the occupancy in order to improve the understanding of a building.  

The question arising is the following: when? The thermal comfort indicators, because they are local, 

were not as impacted as the energy performance one by the fact that the building was so new. 

Indeed, trying to model a building which is such a recent one and with the given usage (welcoming 

start-ups, which means constantly changing occupancy) lead to an increased amount of work 

because the occupancy is changing so fast and becomes a dynamic parameter. In most of the 
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buildings, after a few month/one year the occupancy profile often finds an equilibrium as the 

occupants are settled and have their habits: it becomes more static than dynamic. Hence it appears 

logical to wait a reasonable period of time before trying to model a building more precisely. Then any 

drastic change of the usage and/or occupancy would obviously require updating the model, here 

again with a reasonable time in order to let things settle down. This “reasonable time” would be 

dependent on the scope of the change and the rate at which it occurs, but should not be less than a 

few months. 

To finish, it appears clearly that energy performances and thermal comfort are too complex aspects 

of a building to be studied differently than with a building simulation tool, even in the case of our 

rather small and simple building. If used properly and with the correct input data, this tool can bring 

precise and detailed answer to any of our question regarding a building. One feature with a big 

potential which was not tested during this study is for example the use of building modelling in order 

to assess the relevance of any modification of the building, be it of its envelop or its system (or 

occupancy…). Nevertheless the second condition concerning the input data might seem obvious but 

it is just as significant (if not more) than the first one, and this study proved it was not as easy as it 

looked.  
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Critics of the study 

This study revealed a certain number of unknown but crucial elements to pay attention to when 

carrying out such an analysis on both the energy and the thermal comfort levels. 

First, the most obvious one is the availability of the data. There is a significant lack of data, linked to 

the fact that the building is so new although the losses faced could happen in any other building. It 

was discovered rather late in the study because of a couple of reasons. First the modelling part took 

longer than scheduled due to the use of new software, although I have used other building modelling 

tools. Second, the access to the BMS via internet did not work as planned, despite our effort to sort it 

out. To finish, the relatively long distance at which I was from the building prevented me from going 

there “only” to collect the data. I have had to wait for the Testo to be available in order to go there; 

which also was longer than scheduled. 

However, I decided to persevere and to make the most of the available data but the many losses 

made it difficult. As a result and conscious of this problem, I have tried to analyze the problem and 

find the source of it although it was not supposed to be part of my work: the losses were not either 

though. 

Besides the lack of data, the choice of the PMV/PPD as the thermal comfort indicators is 

questionable given the critics made in several studies (Wagner, Gossauer, Moosmann, Gropp, & 

Leonhart, 2007) (de Dear & Brager, 1998) concerning its relevance in real buildings (as opposed to 

laboratory conditions). Nevertheless, it seemed very interesting to be able to compare a calculated 

indicator with a measurement. Moreover, the PMV/PPD indicators being used within several building 

certification, it represents a real added value for the company to be able to understand, calculate 

and measure these indicators. 

To finish, it is also a pity that the weather file containing (part of) the data from the weather station 

yielded such absurd results. This is a major issue for the company as it was one of the criteria in the 

choice of the modelling tool. Hence, we will shortly be in contact with IES in order to sort it out. 
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