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Preface 
We are both students at the Eindhoven 

Technical university, studying the bachelor 

Architecture, Urbanism and Building Sciences. 

Since we are specialising in Building Physics and 

Services, we chose for the Final Bachelor Project: 

Superlocal. 

Denise Maassen wrote about acoustics, lighting 

and services whereas Paco Bos wrote about 

materialisation, physics and performance. 

Introduction 
This report is about the renovation of four flat 

buildings in Kerkrade. The total of 400 units will 

be reduced to a mere 100. These 100 units must 

be made up to date under the motto of 

‘Superlocal’. This concept is about taking it 

slowly, using less materials and reusing materials 

locally. 

The fields of study of performance and physics 

are in this report combined due to overlapping 

simulation model and for ease of comparison of 

results.  
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1. Concept 
The goal is to create a ‘social castle’. This 

concept consists of two parts. 

First, social, refers to the affordability and 

connection. By affordability we mean to 

facilitate the balance between a comfortable, 

primarily self-reliant home and making it 

affordable for the target group. Our target group 

consists of young families, who are able to 

strengthen the aging social structure of the city 

and can create a strong community. Also, the 

structure of the building (its spacial aspects) and 

surroundings (lots of green, nearby school and 

sports facilities, driving distance to many job 

opportunities) make Kerkrade the perfect place 

for this target group. All these people should be 

connected and thus the building should make it 

able (by designing the semi-public space) for 

people to arrange things for the people. This is 

also done in order to keep the idea affordability. 

Second, castle, implies self-reliance, strength 

and responsibility. The community will be able to 

take care of itself using resources within the 

borders of the site. This will most likely be 

energy, water and maybe even food. Because of 

the self-reliant techniques incorporated within 

the building and the site, the community which 

will form in this social castle will be strong, 

stable. The connection between people and self-

reliance not only means responsibility towards 

each other. The social castle is to take an 

‘example position’ within our society, taking 

responsibility for its actions and choices so that 

problems such as climate change are addressed 

and worked on within the means of this 

affordable castle. 
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2. Design 
To create a certain oversight within the project, 

several decisions greatly influencing the overall 

design of the project are discussed beforehand. 

Later on in the report, reasons for these 

decisions are discussed.  

First of all, to meet the demand of about one 

hundred affordable residential units, much of 

the currently present building complex designed 

to house 300 units, will have to be demolished. 

Resulting in the most prominent decision: the 

building situated most easterly will be 

completely demolished, with its parts and 

materials being reused and recycled to improve 

the two remaining buildings. These two building 

however do not remain completely intact: both 

of them will have their top five floors taken off. 

The situation after these interventions looks as 

shown below. 

 

Fig. 1 New situation 

Furthermore, the current state of the gallery and 

balconies is unsustainable. The balconies on the 

south side will be completely removed and 

replaced with new balconies and bay windows as 

shown in the sketch. 

 
Fig. 2 Sketch new balconies and bay windows 

The galleries on the northern side of the building 

are to remain there, they will be permanently 

supported and shielded by a second facade 

mostly made of the removed window frames 

and windows from the other buildings. 

Furthermore the stairwell is turned into a 

comfortable space in which people can hang 

around, with the addition of a communal room 

above this, looking out on the open space. 

Finally the apartments are rearranged in such a 

manner that all disciplines could flourish. 

 

Fig. 3 Floorplan of apartments  
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3. Acoustics 
To realise a pleasant and comfortable living 

environment, it is not only important to attend 

to obvious requirements such as temperature 

and lighting, but ensuring that no acoustical 

disturbance is either caused or experienced is of 

equal importance. In a building with a residential 

function such as this one, it is to be safeguarded 

that inhabitants can experience the rest and 

comfort they desire. This is not a matter of mere 

pleasantness, environmental noise is 

detrimental to human health and their quality of 

life (Murphy & King, 2014). It mainly causes 

sleep disturbance and annoyance, with a lot of 

cases of cardiovascular diseases, cognitive 

impairment in children and tinnitus also being 

reported (WHO, 2011). Exceedance of 55dB can 

correspond to serious annoyance according to 

the WHO guideline. Sleep disturbance can 

already be experienced at sound levels of 30 to 

40dB. 

Noise is produced both outside and inside the 

building. How this influences the design is 

dependent on what the expected sound levels 

will be. Both external and internal sources are 

therefore investigated in order to draw 

conclusions and thus find solutions to properly 

diminish potential noise problems. 

External noise source 

The municipality of Kerkrade, in which our 

building is situated, has conducted a research to 

investigate potential environmental noise. 

Calculating with modelled traffic intensities and 

certain environmental characteristics, noise 

maps were created in 2012. Noise created by 

industry, trains and traffic both occurring 

throughout the whole day (Lden) as well as 

solely during the night (Lnight), were separately 

mapped. Lden is the energetic average 

throughout the day, evening and night, with 

certain penalties attached for noise created 

during the evening and night. Lnight represents 

the average during the night. The site on which 

our buildings are located does not encounter any 

noise created by industry and trains, thus only 

the noise caused by traffic is pictured in the 

noise maps below. 

 
Fig. Lden 

Fig. Lnight 

  
Fig. Legend in dB 
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As can be seen in the figure depicting Lden, the 

northern building on the Jonkerbergstraat 

experiences an average of less than 45dB 

whereas the building located more southerly on 

the Voorterstraat has an average between 50 

and 55dB as it is situated closer to a noise 

producing road. These values however don’t 

exceed the 55dB boundary after which serious 

annoyance occurs. With regards to the average 

values during the night depicted in the second 

figure, neither of the buildings exceed 45dB. 

However, as these noise maps depict long-term 

averages, they are unsuitable to assess short-

term situations mainly causing noise complaints. 

Nevertheless, more accurate information with 

regards to environmental noise will be difficult 

to obtain. These external noise levels have 

influenced the design of the apartment buildings 

so that the occurrence of noise problems due to 

external noise will be minimal. For example, 

bedrooms are located on the north side of the 

building thus facing a more quiet area instead of 

the noise-producing road. Since external noise 

sources are minimal and the design smartly 

implements measures to reduce noise problems, 

no further measures have to be taken to insulate 

against environmental noise. 

Internal noise sources 

Apart from external environmental noise 

sources, a lot of noise disturbance can come 

from within the building as well. Disturbance can 

occur when these noises are transferred 

between dwellings, either via the floor or 

through the walls. The amount of actual received 

noise can be calculated as the produced sound in 

other dwellings minus the installed absorption in 

that dwelling and the apartment-dividing 

insulating materials. According to the 

bouwbesluit, the minimum requirement of 

insulation in dwelling-dividing walls is 52dB. This 

amount can be achieved by a monolithic wall 

structure of about 400 to 500kg/m². As the 

current structure in place is a 20cm thick 

concrete wall, this requirement will 

approximately be met, especially considering 

extra finishing materials are still to be installed. 

However, since the target group consists of 

younger families, a noise production above 

average can be expected. As the bouwbesluit 

merely gives a minimal requirement, a better 

environment could be created by exceeding 

these values. It is not desirable though to 

insulate the dwelling-dividing walls any further 

as this would decrease the size of the 

apartment. It is therefore a more suitable 

solution to implement a minimal use of 

absorption material within an apartment itself, 

so that lower noise levels will be reached. 

With regards to contact noise, a minimum 

insulation value of 54dB is to be met according 

to the bouwbesluit (Isover). However, it does 

recommend an extra 5dB whereas the NSG goes 

as far to say that an extra 10dB is needed for an 

agreeable living situation. Many issues have 

been reported of noise disturbance in these kind 

of concrete flats built in the 60s (Nederlandse 

Stichting Geluidshinder). Its concrete floors 

easily transfer contact noises, which is only 

exacerbated by the popular use of parquet, 

laminate and tiles. The floor currently consists 

out of a 200mm slab of concrete that does not 

abide to the minimum insulation value given by 

the bouwbesluit, and certainly not by the 

advised higher figures. There are two ways of 

tackling this problem. The first one is by 

installing an acoustic underlayment: a floor layer 

with springy characteristics which is usually 

found effective on top of concrete structures. A 

second option would be to install a lower, free-

hanging ceiling to reduce the perceiving of 

contact noise. This option however would take 

up quite a lot of height in an already not too high 

apartment. It is therefore decided that an 

underlayment would be a more suitable option 

for this particular building.  
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Fig. Sound-reducing floor underlayment 

Besides focussing on what can be done to 

insulate and absorb sound, an intelligent design 

can also contribute in diminishing noise 

complaints. Thus, in neighbouring apartments 

kitchens are connected with living rooms, which 

both create a higher sound level but also have 

less strict requirements. Additionally, bedrooms 

are connected so that quietness can be present 

in these neighbouring rooms, and that even 

when neighbours have different sleeping 

patterns, each can experience their desired rest. 

Not only is the connection between dwellings 

taken into account, within the apartment itself it 

is made sure that the transport between and the 

living area is only possible through the hall, so 

that direct noise cannot travel as easily with 

some family members awake and others trying 

to sleep. 

Fig. Connection apartments 

Gallery 

Not only should a healthy acoustical climate be 

assured within the dwellings, other spaces in the 

building should also be considered. The gallery 

for example is expected to cause noise problems 

if extra absorption materials wouldn’t be 

implemented, because its materialisation 

completely consists of concrete, plaster and 

windows and window frames. The absorption in 

this situation would be calculated as follows: 

Aw = ∑ (αw * S) 

The weighed absorption factors of plaster, 

windows and window frames is approximately 

0.05, whereas the absorption factor of concrete 

is negligible. The gallery is 91 meters long, 2.7 

meters high and has an area of 120m². In the 

current situation the absorption factor would be: 

Aw = (85 + 91) * 2.7 *0.05 = 23.76 

Which is much lower than the recommended 

value of: 

Aw ≥ 0.3 * Sh = 0.3 * 120 = 60 

An additional 36.24 of acoustic energy needs to 

be absorbed. If acoustic panels with an 

absorption value of 0.85 were to be applied, an 

additional 36.24 / 0.85 = 43 square meters of 

this material will need to be implemented. 

However, since this gallery lies next to the 

bedrooms, a higher level of absorption is 

advised. Especially since the insulation qualities 

of windows aren’t great. If these panels were to 

be implemented throughout most of the ceiling, 

an absorption level as follows will be reached: 

Aw = (85 + 91) * 2.7 *0.05 + 100 * 0.85 = 108.76 

This would also lead to a minimal reverberation 

time of: 

Tnom = 0.16 * V / A = 0.16 * 324 / 108.76 = 0.48s 

This value is much lower than the maximum 

reverberation time, which is the lowest value of: 

Tnom < 1.5s 

Tnom < log (V / 50) = log (324 / 50) = 1.87 
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Stairwell 

The stairwell is a seven-storey covering space 

connecting floors with stairs via a sort of atrium. 

This 3.5 by 3.5m² hole only covered by 

staircases, offers a perfect climate for sound to 

reproduce easily. Especially since it is 

materialised mainly out of concrete, a hard 

material that reflects sound well. The minimum 

amount of absorption material according to the 

bouwbesluit is one eighth  of the volume of the 

stairwell in square meters. The stairwell has a 

surface area of 280m² and a volume of 756m³, 

resulting in a minimum amount of absorption 

material of: 

1/8 * 756 = 94.5m² 

Assuming that this absorption material again has 

an absorption factor of 0.85, the total amount of 

absorption in the stairwell would as follows: 

Aw = (26 * 7) * 2.7 *0.05 + 94.5 * 0.85 = 104.90 

This figure is indeed well above the minimum of: 

Aw ≥ 0.3 * Sh = 0.3 * 280 = 84 

The reverberation time that comes with the use 

of these materials is: 

Tnom = 0.16 * V / A = 0.16 * 756 /104.90 = 1.15s 

This again is below the maximum reverberation 

time for such stairwells which is the lowest value 

of: 

Tnom < 1.5s 

Tnom < log (V / 50) = log (756 / 50) = 2.7s  
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4. Lighting 
The lighting of a building is not merely a matter 

of abiding to certain laws. Of course there has to 

be logic in the design and the required daylight 

factor is to be met in some way, but the 

manners in which this can be done vary a lot. 

This means that there is a lot of space for 

creativity in making the design of light. 

The conditions as prescribed by the bouwbesluit 

are that in order to make a room comfortably lit, 

the daylight factor has to be in between 0.5 and 

10. However, as discussed in the CIBSE lighting 

guide, a daylight factor beneath 2% equals an 

inadequately lit room and requires artificial 

lighting. On the other hand, when a daylight 

factor exceeding 5% is reached, even though the 

room is well lid, problems with glare and solar 

gain might be caused. When the daylight factor 

lies between these two values, the room is 

adequately lit, but might nevertheless require 

artificial lighting some of the time. (CIBSE, 1999) 

These restrictions and opportunities have led to 

the following concepts concerning the main hall, 

the gallery and the individual apartments, the 

most prominent architectural pieces. 

Main hall 

The main hall facilitates the entrance of all 

residents and visitors and their transport 

towards the apartments. The overall concept 

states that a social connection between 

residents is desired. This space is the perfect 

opportunity to realise such an idea in. Therefore 

it is decided that to create this connection, an 

inviting and open space is to be created. The 

stairwell will meander through a sort of small 

atrium of about 3.5 by 3.5m² covering all 5 

storeys. On top of this stairwell a meeting place 

is planned, overlooking the atrium. Above this a 

partially glass roof is designed to facilitate the 

incidence of natural light throughout the entire 

stairwell. It should transform the function of this 

space from merely transportational to pleasantly 

connecting. 

 

Fig. Daylight factor floors 5, 3 and 1 

 

Fig. View from the ground floor 
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Fig. View from the top floor 

As can be seen in the simulated pictures of the 

main hall, the incidence of natural light doesn’t 

actually come down all the way to the ground 

floor, with the daylight being only affected by 

the curtain wall adjacent to the gallery. 

However, when looked up from this point of 

view, the light falling through the roof window is 

still visible, thus still creating that connection 

sought after.  

 

Fig. Impression top floor of the main hall 

Gallery 

Many ideas were came up with for these 

transportational arms of the building, but the 

degradation of the concrete structure of the 

gallery leaded us to choose for a second facade 

made of the old window frames thus protecting 

the vulnerable condition of the material. Besides 

shielding the structure, this second facade on 

the north side of the building facilitates a milder 

climate in the gallery leading towards the 

apartments. The openness of this new façade 

will not impose too much on the natural 

incidence of light and creates a very light, open 

and inviting gallery. 
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Fig. Impression of the gallery  

At night lighting in this area should create an 

interesting view from the outside, the 

irregularity of these old window frames will 

create an interesting play of shapes and light. 

 
Fig. Impression of outside view of the gallery 

 

Apartments 

Lastly, but certainly not less important, are the 

apartments themselves. The incidence of natural 

light is important for creating a pleasant and 

functional indoor climate. Electric lighting is thus 

only used to support natural lighting in darker 

areas and on cloudy days as well as at later 

hours. The plan of the dwelling is laid out in such 

a manner that the living areas - the kitchen and 

living room - receive the most natural light as 

these are expected to be occupied the longest 

during the day. As can be seen in the daylight 

simulation as shown below, the major part of 

these rooms is lid between the earlier 

mentioned 2 and 5%. The deeper living areas 

receive more light because of the high windows 

facilitating light to penetrate further into the 

room. The bed rooms have a lower average due 

to their function, with the possibility of placing a 

desk near the windows where the daylight factor 

is higher. The hall is only dimly lit and the 

bathroom and toilet will completely rely on 

electrical lighting. 

 
                 

                Fig. Daylight factor of the apartment 
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Fig. Model of the apartment 
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To check the results given by the simulation, a 

scale model has been made in which 

measurements of illuminance have made. By 

dividing these results by the illuminance 

received in the open sky of the daylight room, 

the daylight factor can be calculated. Over sixty 

positions inside the dwelling have been chosen 

so that a clear comparison can be made. 

It however appears that there seems to be a 

rather large difference between the measured 

figures and the simulated figures. There can be 

several reasons for this, as both methods have 

their shortcomings. The main shortcoming from 

the simulation is that the programme used, 

Velux daylight Visualizer, is practically a black 

box. Values and designs can be inserted, but 

there is no manner in finding out how it got to 

its results. Furthermore, there are limited 

options when inserting the design such as the 

chosen materials. When measuring directly 

within the scale model, there are however also 

quite a few shortcomings. Firstly, it is difficult to 

imitate the properties of the actual materials. 

For instance, the windows used in the scale 

model have a higher transmittance than the 

ones selected in the simulation programme. The 

position at which the measurement is taken is 

also not very accurately fixed and the measuring 

tool hasn’t been calibrated.  

What can be seen is that the figures within the 

lighter living areas seem to have a difference in 

daylight factor of around 3, only slowly 

decreasing further from the windows. This can 

indicate a difference within material properties 

used in both methods, most probably both in the 

glass as well as the surfaces. 

 
Fig. Luminance within the living areas 

measured 

in lux 

calculated 

daylight 

factor 

simulated 

daylight 

factor 

difference difference 

in 

percentage 

159 13.3 9.4 3.9 29% 

165 13.8 11.1 2.7 19% 

155 12.9 11.4 1.5 12% 

130 10.8 10.0 0.8 8% 

127 10.6 4.0 6.6 62% 

154 12.8 6.0 6.8 53% 

144 12.0 6.4 5.6 47% 

125 10.4 5.2 5.2 50% 

86 7.2 2.7 4.5 62% 

100 8.3 3.6 4.7 57% 

101 8.4 3.7 4.7 56% 

90 7.5 2.8 4.7 63% 

67 5.6 1.9 3.7 66% 

72 6.0 2.3 3.7 62% 

74 6.2 2.3 3.9 63% 

75 6.3 2.2 4.1 65% 

59 4.9 1.6 3.3 67% 

65 5.4 1.9 3.5 65% 

63 5.3 1.9 3.4 64% 

55 4.6 1.3 3.3 72% 

37 3.1 0.9 2.2 71% 

133 11.1 7.6 3.5 31% 

135 11.3 8.1 3.2 28% 

148 12.3 8.0 4.3 35% 

140 11.7 7.8 3.9 33% 

94 7.8 4.4 3.4 44% 

97 8.1 5.3 2.8 34% 

85 7.1 5.6 1.5 21% 

81 6.8 5.3 1.5 21% 

64 5.3 3.2 2.1 40% 

62 5.2 3.4 1.8 34% 

60 5.0 3.3 1.7 34% 

56 4.7 2.9 1.8 38% 

47 3.9 1.7 2.2 57% 

51 4.3 2.0 2.3 53% 

52 4.3 2.0 2.3 54% 

46 3.8 1.8 2.0 53% 

49 4.1 1.6 2.5 61% 

47 3.9 1.7 2.2 57% 

45 3.8 1.5 2.3 60% 

2 0.2 0.4 -0.2 -140% 

0 0.0 0.7 -0.7 - 

2 0.2 0.4 -0.2 -140% 

0 0.0 0.4 -0.4 - 

6 0.5 0.7 -0.2 -40% 

12 1.0 1.9 -0.9 -90% 

32 2.7 0.5 2.2 81% 

37 3.1 0.6 2.5 81% 

26 2.2 0.2 2.0 91% 

25 2.1 0.4 1.7 81% 

21 1.8 0.4 1.4 77% 

23 1.9 0.4 1.5 79% 

20 1.7 0.3 1.4 82% 

23 1.9 0.3 1.6 84% 

16 1.3 0.3 1.0 78% 

7 0.6 0.1 0.5 83% 

14 1.2 0.2 1.0 83% 

25 2.1 0.4 1.7 81% 

20 1.7 0.5 1.2 70% 

 

Footnote: all visualisations showing the 

luminance received from the point of the 

camera have been simulated by an overcast sky. 
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5. Materialisation 
Three R’s 

One of the design decisions is to take off the 

upper five floors of two buildings and to 

completely deconstruct one building. This leaves 

quite a lot of debris. One way of dealing with this 

debris is by applying the concept of the ‘three 

R’s’. These are ‘reduce’, ‘reuse’ and ‘recycle’ 

(Charytonowicz & Skowronski, 2015). The first, 

reduce, is about the reduction of products to be 

used and waste that cannot be used again. The 

second, reuse, concerns the direct use of 

otherwise disposable products. By doing so, 

waste and greenhouse gasses will be reduced. 

The third, recycle, products that are retrieved 

from the deconstruction process will be further 

demolished. The acquired material(s) can be 

used to create the original product, another 

product or for incineration (transformation to 

energy). 

In order to apply this the three R’s, 

deconstruction instead of the regular demolition 

has to take place. By doing so, the debris is no 

longer considered debris. A lot of materials can 

be re-used or recycled like ‘A. van Liempd’ does. 

Concrete is, unlike many materials and products, 

hard to recycle and the buildings in Kerkrade are 

constructed with concrete. Thus there will be a 

lot of concrete debris. The way it is recycled 

today is far from optimal. Therefore, additional 

research is carried out.  

On the following pages this research can be 

found. 
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Abstract 

Whenever a structure is demolished, there is a lot of debris of which concrete is almost always an 

important one, let alone the most abundant one. After demolishment of the structure it is downcycled to 

be used as base layer for roads or landfill. Next to regular structures, nuclear facilities and post-disaster 

areas have an abundance of unusable concrete. For these reasons, recycling of concrete without 

downcycling should be investigated. 

 

Key Words: Recycled concrete aggregates, Smart crushing, Particle size distribution, Waste management 

 

1. INTRODUCTION 

A lot of debris is released during the demolition 

of structures of which concrete is an important 

one. Most of this concrete is downcycled and 

either used as substitute of natural aggregates, 

base material for roads or landfill (Hansen & 

Lauritzen, 2004). In some countries, including 

the Netherlands, landfilling has become more 

costly than recycling. Therefore, investigating 

recycling methods becomes more and more 

important. 

Dealing with concrete waste is not only essential 

regarding regular demolition. It affects 

demolition of nuclear facilities as well, especially 

since there are quite a lot facilities to be 

dismantled. Isolation and immobilisation 

treatments for radioactively contaminated 

concrete is quite cost intensive and takes a long 

time (Wouw, Florea, Moerdijk, & Brouwers, 

2015). The radionuclides that contaminate the 

concrete are located in the hardened cement 

paste (HCP) of the concrete (Min, Choi, & Lee, 

2010). When HCP and aggregates are separated 

only the HCP needs to be isolated and undergo 

radioactive treatment. This would save 

enormous amounts in terms of costs and area. 

Another reason to investigate in recycling of 

concrete can be found in post-disaster areas. 

‘’Worldwide, the removal of debris and 

reconstruction is requested when natural 

disasters and conflicts cause damaged or 

collapsed buildings. The on-site recycling of 

concrete waste into new structural concrete 

decreases transport and production energy 

costs, reduces the utilization of raw materials, 

and saves the use of limited landfill space.’’ 

(Wouw, Florea, & Brouwers, 2016). 

Currently, concrete is recycled with the use of 

crushers that are designed to be used at mining 

facilities. These crushers have high capacity and 

reduce particle sizes randomly. These machines 

simply crush concrete into smaller pieces of 

concrete and by doing so aggregates as well as 

HCP is crushed (Wouw, Florea, & Brouwers, 

2016). If concrete is to be recycled without being 

downcycled, a different type of crusher should 

be used. 
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For the concrete to not be downcycled, 

aggregates, sand and HCP need to be separated 

as well as possible, because HCP attached to the 

aggregates will cause decreased mechanical 

properties. Studies have shown that it is possible 

to use practically clean, recycled aggregates as 

substitute for river aggregates without loss of 

mechanical properties (Florea, Ning, & 

Brouwers, Activation of liberated concrete fines 

and their application in mortars, 2014). 

Although recycling without downcycling is 

shown to be possible, the process needs to be 

optimised. This process uses a Smart Crusher 

(SC), which does not have a high capacity. 

Optimisation can be achieved on increasing the 

capacity as well as settings to achieve clean 

aggregates. 

For this research a same modified jaw crusher 

with flat plates is used. This type of crusher is 

able to apply a force that does not break the 

aggregates, but does break the HCP. This way 

HCP and aggregates can be separated (Wouw, 

Florea, & Brouwers, 2016). Optimisation for 

certain settings will be researched. Through 

measuring the density of the fractions of the 

gained samples, the amount of HCP on the 

aggregates will be determined. 

This research aims at determining the re-

usability of recycled aggregates through 

measuring density of said aggregates. 

2. METHODOLOGY 

Before crushing any of the concrete, it was pre-

crushed on the building site in order to remove 

reinforcing bars and the sand was sieved out as 

well, because it is thought that this will absorb 

energy during the crushing process. Whether 

this is true will not be verified during this 

research. Concrete is crushed using a modified 

crusher. This crusher is set in such a way that 

output has a width of 30 mm and the constant 

crusher plate is exactly vertical. One cubic metre 

of pre-crushed concrete is put into the SC. The 

first part is used to purge the SC. Then three 

samples are taken. These samples are weighed 

before and after dehydration. This process is 

done at 105 ˚C for three days. The dry samples 

are sieved using a Retsch AS 450 Basic. 22 sieves 

were used: 31.5, 22.4, 16, 11.2, 8, 5.6, 4, 2.8, 2, 

1.4, 1, 0.71, 0.5, 0.355, 0.25, 0.18, 0.125, 0.09, 

0.063 mm and residue. The residue, 23rd ‘sieve’, 

consists of particle sizes that are smaller than 

0.063 mm of which the exact composition will be 

determined using a Malvern Mastersizer 2000. 

For determining the density of every fraction a 

Helium AccuPyc II 1340 is used for the volume 

and a Mettler Toledo PB3001 for the weight. 

3. RESULTS 

Results on Initial Concrete (IC) are retrieved from 

(Aa, 2016). 

Chart 1 visualises a comparison of particle size 

distribution of initial concrete and the crushed 

concrete. There is a great difference  between 

the PSD of the initial and crushed concrete. The 

IC consists mostly of particles larger than 8 mm 

and has a peak at 31.5 mm. Below 8 mm there is 

almost no material. The S-curve is visible, but is 

very steep. The crushed concrete shows a 

smoother S-curve. The particles below 0.063 mm 

there are less particles but considerably more 

than when looking at the IC. From there on to 

5.6 mm the volume increases gradually. After 

that size the volume drops. Above 16 mm there 

is almost no material. 

11.2 mm seems to be the ‘turning point’. Below 

that size the crushed concrete has most of its 

material and above the IC has most of its 

material. 

The differences can obviously be explained due 

to the crushing process. The process is aimed at 

reducing sizes and remove the HCP from the 

aggregates. 
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Knowledge about the exact composition of the 

concrete mixture could provide more 

information about the process itself. It could 

provide knowledge about the amount of 

aggregates that is broken. This is important 

because the process aims to break HCP but not 

the aggregates so that the aggregates can be 

recycled.  

A visualisation of PSD of the three measured 

samples can be found in chart 2. The samples 

are quite close together, which means that they 

can be considered accurate.  

Chart 3 depicts the fraction that is smaller than 

0.063 mm, which is measured using the 

mastersizer. The different samples are very close 

to each other. It becomes visible that there is no 

material below 0.00005 mm. Also there are 

particles that are larger than 0.063 mm. These 

particles are likely to have an acicular shape 

(Florea & Brouwers, 2013). Most of the material 

can be found between 0.010 and 0.090 mm.  

Density distribution over the different fractions 

is given for the first sample (chart 4). Therefore, 

the accuracy may be doubted. Density of HCP 

and river aggregates are respectively 2.3 and 

2.65 g/cm³ (Florea & Brouwers, 2013). These are 

represented by the horizontal lines. The unfilled 

bar represents the density of a stone that is 

originating from the radiation shield. Its density 

is 4.18 g/cm³, but this measurement is only done 

once and only with one stone. Therefore, 

accuracy of this number cannot be guaranteed. 

Nevertheless, it can be concluded that its density 

is way higher than that of aggregates. This can 

also explain the extreme high density of the 1 

mm fraction. For the 5.3 mm fraction this is most 

likely the case as well. Besides, the fractions may 

contain other contaminations like wood and 

reinforcement steel. The latter has a high density 

as well. 

It was expected that the smaller the fraction, the 

closer it would get to the density of HCP. This 

seems to be true up until 0.125 mm, but the 

densities remain quite high. They do not go 

below 2.5 g/cm³. This might be due to crushed 

aggregates, radiation shield or steel. The stones 

from the radiation shield should be visible with 

the naked eye, but they are not. Presence of 

these stones may thus be doubted. 

The values of the crushed concrete are lower 

than the IC, which would mean that the fractions 

now contain more particles of low density than 

before. These particles are likely to be 

origination from the higher fractions. The 

opposite is visible in the higher fractions. These 

have higher densities than the IC, which means 

that there is material of low density removed. 

Larger fractions can easily be visually assessed. 

These fractions contain little broken aggregates 

and are quite well freed from HCP.  

The 0.71 mm fraction contains lots of tiny pieces 

of wood. These are not removed from the 

sample, because they are too many and too 

small. These pieces of wood are most likely 

originating from formwork. Since they are not 

removed, they will have influence on the density 

and PSD (density of wood…) 

For the fraction of 0.25 mm and smaller it is very 

clear to see that there is fines lumped together. 

These are unreacted cement particles that react 

with water vapour in the air. These lumped 

parts, cement, may decrease the density of 

higher fractions. 

4. DISCUSSION 

The setup is not closed. This means that fine 

dust can easily escape. In reality the amount of 

fines should be higher. There are measures 

taken to decrease the amount of dust that flies 

through the air and is thereby lost, such as: 

lowered speed of the conveyor-belt and 
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collecting the material underneath the 

conveyor-belt as high as possible. In an ideal 

situation the air is filtered so that the fines are 

caught. It is recommendable to catch these fines 

since they mostly consist of cement stone, which 

takes a high amount of energy and emits a lot of 

CO2 during the production process. Recycling 

HCP is proven to be possible and the mechanical 

properties depend on the dehydration 

temperature (Florea, Ning, & Brouwers, 2014), 

but that is beyond the scope of this research. 

The crushing setup is influenced a bit by the 

weather, because the roof under which the 

setup is placed, is leaking. Also, the wind can 

influence the amount of fines that are carried 

away in the air since a part of the façade is open 

and there is a hole in the roof. 

Some of these comments might be completely 

irrelevant when the SC is used in a disaster area. 

In such an area the conditions are far from ideal 

on multiple aspects. 

The sieves were cleaned too well. This caused 

the total amount of material to increase, instead 

of decrease as would have been expected due to 

loss of fines for example. This increase is most 

likely caused by the too well cleaning of the 

sieves of 710 and 500 micrometres. 

 
Chart 1: Average PSD of initial and crushed 

concrete 

 
Chart 2: PSD of different samples of crushed 

concrete 

 
Chart 3: PSD of residue fraction 

 
Chart 4: Density of initial and crushed concrete 
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CONCLUSIONS 

Based on these results, the following can be 

concluded: 

• With these settings the SC removes the 

HCP quite well. 

• Other materials can have great influence 

on the composition of the fractions. 

Therefore, it may be wise to pre-sieve 

the IC. 

Further research on the settings will confirm 

what the optimum between capacity and 

cleanness is. 
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6. Services 
To ensure that the desired indoor climates 

described in the chapter “Performance” can be 

realised, building services are required. In this 

chapter these installations are discussed and 

compared. The required services are divided 

into, firstly, services that control the indoor air 

quality—ventilation—and secondly those that 

provide heating for the apartments. The 

ventilation concept should ensure the supply of 

enough fresh air, provide the distribution of air 

throughout the dwelling and exhaust any 

polluted air. With regard to the heating concept 

both the generation of the thermal energy, as 

well as the distribution and delivery into the 

dwellings, are discussed. 

The combination of each of these concepts leads 

to six possible solutions. Each of them have their 

own advantages and disadvantages, as well as an 

expected quality of performance and price tag 

that are compared in an objective way. From 

these combinations of installations, the best 

solution is chosen and will be further explored in 

the chapter of “physics”. 

6.1 Ventilation 

The services needed to realise a ventilation 

concept firstly concern the supply of fresh air, as 

well as the distribution or airflow of it 

throughout the dwelling and finally, the 

exhausting of polluted air. In addition to the 

services themselves, the costs of the products 

required, as well as the additional costs of 

installation, are also mentioned. The figures 

provided are rough estimations found among 

different suppliers around the internet. They are, 

therefore, only meant to give a realistic 

estimation of the total costs of each system, 

rather than to provide a precise list of expenses. 

Natural supply with mechanical exhaust 

A natural inlet of air is provided when there is a 

pressure difference between the inside and the 

outside of the apartment. This pressure 

difference is ensured by the mechanical exhaust, 

with which the natural supply is combined in this 

concept. It is, however, also dependent upon the 

wind conditions and, as described in the 

“Physics” chapter, the main wind direction of the 

location of the buildings in Kerkrade is from the 

southwest, almost perpendicular to both 

buildings. It is important that the natural inlet is 

to be controlled so a steady indoor climate can 

be realised. The supply of fresh air will 

predominantly be facilitated through manually 

adjustable vents installed in the window sills. 

Additionally, fresh air can be let in by tilt 

windows as well as open doors. These larger 

openings do not only facilitate the inlet of air, 

however, but also the immediate exchange with 

air already inside the building. Pressure 

differences within the dwelling cause the 

distribution of fresh air through the slits present 

underneath the doors. These pressure 

differences are caused by overpressure created 

by the inlet of air, as well as the under-pressure 

in the kitchen, bathroom and toilet caused by a 

mechanical exhaust of air. The exhausted air is 

transported via ducts through the already 

existing shafts, ideally located between these 

three rooms. The mechanically exhausted air will 

then be let out at the height of the roof. 

The main advantages of this concept are that it is 

a relatively cheap solution; as not a lot of 

services are required, and is also easy to handle 

for the user. Furthermore, windows can be 

opened without disturbing the balance of the 

system and no huge duct systems are necessary, 

therefore there is little impact on the current 

state of the building. When calculating with the 

required ventilation values as determined in the 

“Performance” chapter and retaining a 

maximum air velocity of 3.0m/s, a duct system 

with dimensions of 200 by 400mm will be 

sufficiently large to provide the exhaust of five 

apartments located above one another. These 

advantages, however, come at the cost of a lack 

of control on the qualities of the air let in 
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(temperature, humidity), an uneven and 

uncontrolled distribution of air and pressure 

levels and the inability to recover heat from the 

exhausted air, as only a natural supply of air is 

used for the inlet. 

Supply Generation manually 

adjustable vents 

– self-regulating 

vents – tilt 

windows 

€150 

Transport slits on the 

bottom of doors 

– vents in doors 

€0 

Delivery ventilation grids €50 

Exhaust Generation fan – suction 

vent – exhaust 

vent 

€300 

+ 

€80/a 

Transport ducts €100 

Delivery exhaust duct 

through the 

roof 

€30 

Fig. Costs per apartment using natural supply 

with mechanical exhaust 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Partial natural supply, mechanical exhaust, and  

Partial decentrally balanced with heat recovery 

An alternative to a completely natural supply of 

air is one that only uses a partially natural supply 

of air for the rooms that do not have very strict 

requirements with regard to comfort, or those 

that are not occupied so often. In addition to this 

partially naturally supplied part of the dwelling 

will be a balanced system for the living area. For 

this concept, an airtight division is made by 

parting the living area—the kitchen and living 

room—from those rooms that are not occupied 

so much, such as the hall, bedrooms, bathroom 

and toilet. Having these airtight doors closed 

creates a separate climate. The bathroom 

however, does have higher requirements with 

regards to its indoor climate, but as it is not 

adjacent to any outer walls, it therefore only 

receives air that has been preheated by the 

other rooms. 

The northernmost area—consisting out of the 

hall, bedrooms, bathroom and toilet—are 

ventilated as described in the first concept, with 

a natural air supply via grills and open windows 

distributing itself because of pressure difference 

towards the bathroom and toilet where the air is 

mechanically exhausted and transported via 

ducts in the shafts towards the roof. The living 

area however, will be ventilated using a 

decentrally balanced ventilation system. This 

system involves only one installation unit which 

ensures both the supply of fresh air as well as 

the exhaust of the polluted air. As the supply 

and exhaust are carried out at the same place, 

the unit has the opportunity to condition the air 

inlet by using the thermal energy of the outlet 

air. The living room and kitchen are in open 

connection to one another and thus air can be 

freely distributed within this area. 

The advantages of this combined system include 

a higher level of comfort in the living areas due 

to the preheated air, the possibility of heat 

recovery, and the fact that no major duct system 

would needs to be implemented. There are a 

Fig. Concept natural supply with mechanical 

exhaust 
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few drawbacks, however, one of which is that 

this option is costlier than the previous solution, 

opening windows in the living area would disrupt 

the system and a steady airflow is not always 

ensured. 

Supply 

(sleeping 

part) 

Generation manually 

adjustable 

vents – self-

regulating 

vents  – tilt 

windows 

€100 

Transport slits on the 

bottom of 

doors – vents 

in doors 

€0 

Delivery ventilation 

grids 

€30 

Exhaust 

(sleeping 

part)  

Generation fan – suction 

vent – 

exhaust vent 

€200 + 

€40/a 

Transport ducts €80 

Delivery exhaust duct 

through the 

roof 

€30 

Supply 

(living 

part) 

 

Generation 

- Heat 

recovery 

- Transport 

-Delivery 

fan coil unit €1600 

+ 

€125/a 

Exhaust 

(living 

part) 

Generation 

- Transport 

- Delivery 

 

fan coil unit  

Fig. Costs per apartment using partial decentral 

balanced ventilation  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Central balanced ventilation 

Additionally, there is the option to ventilate the 

building using only mechanised means using a 

centrally located conditioning unit. The 

conditioning unit ought to be placed in a central 

location so that heat loss throughout the 

transport of the air is minimised. Furthermore, 

there should be the opportunity to have an inlet 

of sufficient clean air nearby, and the room in 

which the air handling is to be placed needs to 

have adequate dimensions. Such a unit that is 

required to handle air for a volume exceeding 

10,000m³, the room in which it is placed should 

have a height of at least 3.6m and thus cannot 

be placed in the existing basement. A more 

suitable location would be next to the communal 

area on the top floor, which is located in a 

central location and has, perhaps, a steadier 

supply of air. With the use of an air treatment 

unit, the air can be very precisely conditioned 

and so it is expected that the experience within 

the building is improved. Distribution of the 

already conditioned air takes place through 

Fig. Concept partial decentral balanced ventilation 
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ducts in the shafts. The current dimensions of 

the shafts, 850 by 650mm, ought to be 

sufficient, since only five dwellings are 

connected to each. Two rectangular ducts can fit 

in here, including the insulating material 

required to keep the desired temperature. 

Within the apartment itself, the inlets of air need 

to be positioned strategically so that all parts of 

the dwelling will be ventilated sufficiently. This 

could be realised as depicted below. The exhaust 

of air will occur similarly to the earlier described 

concepts: from the kitchen, bathroom and toilet. 

This air will be transported back to the air 

treatment unit where its heat can be recovered 

to preheat the fresh air supply. 

Benefits of this system are the guaranteed air 

quality and airflow within the apartments 

resulting in a higher level of comfort and the 

possibility of heat recovery. However, it is a 

costlier option, allowing less autonomy for 

residents; opening a window, for example, 

would disrupt the system and involves major 

duct systems (Schalkoort & Lescuere, 2005). 

Supply Generation fan – filter – 

suction vent – 

air treatment 

unit 

€1200 

+ 

€200/a 

Heat 

recovery 

plate heat 

exchanger 

 

Transport ducts €120 

Delivery supply vent – 

heater 

€50 

Exhaust Generation fan – suction 

vent – exhaust 

vent 

€300 + 

€80/a 

Transport ducts €120 

Delivery exhaust duct 

via supply 

€30 

Fig. Costs per apartment using central balanced 

ventilation 

 
Fig. Central balanced ventilation 

6.2 Heat 

Now that several ventilation concepts, along 

with their advantages and disadvantages, have 

been explored, the same shall now be done for 

heating concepts, as both are required to create 

a desired indoor climate. A heating concept is 

comprised of a combination energy generation, 

distribution and delivery. First, these phases of 

the heating process are described separately 

after which two potential heating concepts are 

introduced, combining a method of generation; 

distribution and delivery. These two methods 

are then compared with regard to their benefits 

and drawbacks as well as their costs. 

Generation 

Thermal energy can be generated either using 

the conventional method of combustion using a 

boiler or costlier but more sustainable 

alternative of using solar power. Boilers are 

attainable with varying capacities and can thus 

be used decentrally, with a small boiler in each 

apartment, or centrally using a large installation. 

Due to recent improvements, boilers can reach 

very high levels of efficiency, but the concept of 

combustion is still innately unsustainable. 

Alternatively, the costlier option of solar energy 
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can be used to generate thermal energy for the 

building. Apart from sustainability, these 

concepts differ in many other ways. Boilers are 

reliable, being able to produce the same amount 

of energy throughout the day without the need 

for storage. This cannot be said about the use of 

solar energy, which is greatly dependent 

weather conditions and the position of the sun, 

often generating thermal heat when it is not 

immediately required. 

Distribution 

The distribution of thermal energy is mostly 

dependent upon the way in which the energy 

was generated. A centrally arranged generation 

process requires the thermal energy to be 

distributed to the separate dwellings at the 

desired times. Thus, when the conventional 

method is used to generate thermal energy 

centrally, well-insulated pipelines are most likely 

to be used to transport thermal energy stored in 

water towards the apartments. If the energy 

were to be generated by a centrally arranged 

solar powered unit, the energy will most likely 

need to be stored first. Preferably this would 

happen in a seasonal thermal energy storage 

unit so that enough thermal energy is available 

throughout the year. 

If the thermal energy were to be generated with 

the conventional method in a decentral manner, 

its distribution would be minimal. This has the 

advantage of a minimal loss of energy during the 

distribution, but the overall generation of 

thermal energy is more efficient when taking 

place centrally. Furthermore, there is a 

possibility of installing solar panels on each 

south facing balcony and bay window and thus 

creating a decentral system of solar powered 

apartments. Of course, a diurnal storage system 

would be required to store the thermal energy 

generated throughout the day for that same 

night, but this concept demands a lower 

investment than that of the seasonal thermal 

energy storage system. However, in order to 

secure a steady supply of thermal energy, a 

hybrid system would be required. 

Delivery 

The delivery of thermal energy is again 

dependent upon the chosen concept for 

generation and distribution. Broadly speaking, 

the concept for delivering thermal energy can be 

divided into low and high temperatures. 

Thermal energy is required to heat the rooms in 

the apartments, as well as to possibly preheat 

the inlet of air. When this thermal energy is 

distributed in relatively low temperatures—

around 35–40°C—spaces can be heated using 

either floor or wall heating. Heating spaces via 

the floor is usually seen as an ideal option with 

regard to comfort, as the heat shall rise and thus 

spread the thermal energy evenly. Furthermore, 

people like to keep their head cool. With limited 

available height, heating using the concrete 

walls may pose a good alternative. 

A more efficient way of heating the dwelling 

would be to use radiators instead. This 

alternative uses high temperature water and is, 

therefore preferably used in combination with a 

high temperature source such as the boiler. 

Using radiators is a cheap alternative as properly 

functioning, previously used radiators can be 

reused. 

Heat concepts 

Two combinations of the previously described 

phases are comprised of those concepts that are 

to be compared in combination with the 

ventilation concepts. The chosen combinations 

follow from considerations with regard to 

efficiency, affordability applicability within the 

buildings. For instance, using a seasonal thermal 

energy storage goes beyond limits both in cost 

and space. The chosen concepts are, therefore, a 

combination of a boiler, water pipes and a 

combination of solar collectors with a boiler, 

water pipes and under floor heating. 
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Combustion and radiators 

This rather conventional option combines heat 

generation with the use of a boiler with the 

delivery of thermal energy through the use of 

radiators. This option is realised in a decentral 

manner so that a higher level of individual 

control can be performed. Furthermore, it is less 

costly than having a central unit, wherein lots of 

energy would be lost during transportation and 

in which an individual system would be required 

anyway for personal control. This option would 

most certainly be more affordable than the 

heating concept using solar energy, however, it 

is not harmonious with our overall concept of 

responsibility and self-sustainability, which 

needs to be kept in mind. 

Generation boiler €2000 

Transport water pipes – water 

pump 

€50 

Delivery radiators – convectors – 

radiant ceiling 

€200 

Fig. Costs using combustion and radiators 

Solar energy and floor heating 

An alternative that is more in line with our 

overall concept is that which uses solar energy. 

However, as a central system would be beyond 

the limits in terms of costs, a decentral system 

shall be described that restricts the options of 

storage, and therefore the percentage of which 

solar energy can contribute to the overall 

demand of thermal energy. Therefore, a hybrid 

system is proposed, one that uses heat pipes 

that are to be placed on the balcony and bay 

window, thereby preheating the water used for 

the floor heating and a using a boiler in order to 

heat the water more precisely to the 

temperature desired. 

Generation heat pipes - flat plate 

collectors - boiler 

€4500 

Transport water pipes – water 

pump 

€50 

Delivery under floor heating €1700 

Fig. Costs per apartment using solar energy and 

under floor heating 

6.3 Comparison 

To realise a balanced system of services, the 

different concepts of ventilation and heating are 

combined and compared. They will be compared 

in performance, costs and other benefits and 

drawbacks they bring. The performance of each 

combination is described in the chapter 

“Performance” and will be put into numbers in 

order to compare the results with the costs. The 

number chosen to represent the performance is 

that of the cumulative hours in which the 

predicted mean vote (PMV) describes either 

under- or overheating hours over a one-year 

with the application of a certain system of 

services. To get a more relevant result, only the 

PMV of the living room and kitchen are taken 

into account as the bedrooms are expected to 

have many under-heating hours due to their 

limited occupancy. In the chapter 

“Performance”, the six different combinations of 

services have been simulated resulting in the 

above described PMV as well as the total 

required heat supply. The estimated costs 

include the purchase and assembly of the 

necessary services, the required electricity costs, 

as well as the gas costs over a 20-year period. 

The compared combinations are coded as 

follows: 

 Ventilation Heating 

1.1 Natural supply, 

mechanical exhaust 

Boiler and radiators 

1.2 Natural supply, 

mechanical exhaust 

Solar energy and 

underfloor heating 

2.1 Partially balanced Boiler and radiators 

2.2 Partially balanced Solar energy and 

underfloor heating 

3.1 Central ventilation Boiler and radiators 

3.2 Central ventilation Solar energy and 

underfloor heating 

Fig. Coding combinations of services 
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The total costs of each of the combinations are 

as described below. 

 

Purchase kWh/a Gas Total 

1.1  €4,450  3,184   €4,302   €8,752  

1.2  €8,450  7,742   €7,083   €15,533  

2.1  €7,560  2,458   €3,321   €10,881  

2.2  €11,560  6,089   €4,850   €16,410  

3.1  €9,640  1,437   €1,942   €11,582  

3.2  €13,640  3,580   €1,459   €15,099  

Fig. Total costs per combination of services 

To compare the costs and the performance of 

the different combinations of services, a graph 

has been made. The heating concept appears to 

divide the results significantly. It can be seen 

that the options that use a boiler and radiator 

are significantly less costly than using the 

alternative of solar energy and underfloor 

heating. However, their performance is, 

comparatively, less efficacious. Within each side 

of the division, however, it can be concluded 

that using a natural supply and mechanical 

exhaust as ventilation concept delivers the best 

results, with regard to both performance and 

cost.  

Finally, the decision has been made that 1.1 is 

the most suitable option for the building in 

question. Using a natural supply of fresh air with 

mechanical exhaust in combination with solar 

energy and low temperature under floor heating 

delivers the best performance by far. It is the 

costlier option but in return it also leads to a 

more sustainable design. In case the costs that 

come with this system are unavailable, 1.2 offers 

a solid alternative; and also uses natural 

ventilation with a mechanical exhaust but, 

additionally, a boiler is used with high 

temperature radiators.  

Fig. Comparison of various combinations of services 
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7. Energy & Comfort 
This chapter combines the fields of study of both 

physics and performance due to an overlapping 

simulation model and for ease of comparison of 

the results retrieved from this simulation model 

(Vabi, 2016). 

The model has been created in order to compare 

ventilation and heating concepts as described in 

the former report (Bos & Maassen, 2016) and 

optimise energy and comfort performance. Only 

one apartment is modelled. 

7.1. Description of simulation model 

General settings 

The site is indicated as a ‘flat open area’. Despite 

the fact that the area is not flat and open, this 

option is chosen, because most of the 

apartments are well above all other objects on 

the ground and most objects are fairly far away. 

Besides that the setup module does not include 

calculation of surrounding buildings. The ‘ground 

reflection’ as well as the ‘outside design 

temperature’ are according to ‘ISSO 51/53/57’, 

which are official standards. The ‘climate file’ is 

also an official one, that of the ‘NEN5060 ref 

energie’. The simulation comprises a full year, 

but does not include holidays. 

Since only one apartment is modelled, several 

walls are set to be adjacent to another 

apartment. It is also assumed that only one 

adjacent apartment is vacant. 

In general people are not at home during a 

regular weekday, but during the weekends they 

are. 

Constructions 

The exterior door will be a wooden door that is 

40 mm thick with a thermal conductivity of 

0,170 W/mK. 

The internal floor is a solid concrete floor with 2 

% reinforcement. In this case there is no finish, 

because it will not add much to conductivity and 

when the apartment is going to be used, it will 

differ per household. It could be laminate, carpet 

or tiling. 

The external walls are made of wooden frames 

that are built up from the outside as follows: 

plaster, chipboard, cavity, insulation and 

plasterboard. This way an Rc-value of 5.16 

m2K/W is achieved. Later on, the thickness and 

material of the insulation will be varied. 

There are two types of internal walls. The first 

one is the load bearing wall. It is a 200 mm thick 

wall. The non-bearing internal wall is made of 

plaster, insulation and then plaster again. The 

part of insulation also contains a wooden frame. 

The insulation is there for its acoustical 

performance. 

The glass on the south side of the apartment is 

HR++ glass and is put in a wooden frame. There 

are external blinds applied as well, because of 

the high temperatures that would occur as 

described in the first assignment (Bos & 

Maassen, 2016). The blinds are operated 

manually and will be closed when the heat gain 

exceeds 150 W/m². During the first assignment 

this value was experimentally confirmed.  

The windows on the north side are the same but 

do not contain blinds. The window type will be 

varied as well. The windows on the second 

façade on the north side are the ones that will 

be obtained during the deconstruction of the 

building as it stands today. These windows have 

wooden frames and single glass. This does not 

cause problems because the gallery, that they 

shield, requires only a very low level of comfort. 

Furthermore, windows are openable and will be 

when the inside air temperature exceeds 23 ˚C. 

Internal heat gains 

Three types of Internal Heat Gain (IHG) are 

available in Vabi. First, people that occupy the 

room. For most rooms it is assumed 

Ventilation requirements 
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These requirements have been calculated (Bos & 

Maassen, 2016) and meet the minimum 

requirements as stated by the Dutch Building 

Code. 

For infiltration some assumptions are made (on 

advice of the mentor of performance) that are 

based on nothing. It is set to 0.1, 0.2 and 0.3 h-1 

for wind speeds of respectively 0, 3 and 6 m/s. 

Infiltration is only assumed for rooms that are 

adjacent to the outside. 

Bathroom 

The Bathroom is set to have a temperature of 23 

˚C. This is due to the usage profile of the room. 

The room should be comfortable when people 

are undressed. This room is not frequently used; 

only in the morning and evening. Contributing to 

the IHG is the occupant (most of the time one 

person), the lighting (20 W) and some devices 

(20W).  

Bedrooms 

The three bedrooms all have the same settings. 

The bedrooms are assumed to be used at night 

only. Therefore, the comfort temperature is set 

to 15 ˚C. These rooms are assumed to be 

occupied by two people who are wearing shorts. 

Before sleeping, there might be some lights on 

for reading (20 W). 

Gallery 

This ‘room’ is in terms of temperature like the 

outside,  but the occupants are shielded from 

wind and rain. Because of its use, there are no 

requirements set for this room. However, there 

are IHG due to lighting which is daylight 

controlled (3 W/m²). 

Hall 

This room is only used to enter the apartment 

and go from one room to another. The latter 

requires some level of comfort when people are, 

for example going from the bedroom to the 

bathroom. Thus the temperature is set to 19 ˚C. 

Kitchen 

The kitchen will be used to prepare and eat food. 

Furthermore, it may be used to sit together just 

like the living room. Thus, its temperature is 

designed to be 21 ˚C. Due to cooking devices the 

IHG is quite high (400 W) and there should also 

be more lighting (40 W) in comparison to other 

rooms with other activities. 

Living room 

The living room is mostly used after diner and 

during the weekends. For the activity, sitting, a 

temperature of 21 ˚C should be right. When this 

room is in use, it is likely that all residents are 

present. 

Toilet 

Usage of this room is normally not for long. 

Therefore, the level of comfort is not as 

important as for the living room. Its temperature 

is set to 20 ˚C. Due to the short usage time only 

IHG by lighting is assumed (10 W). 

Heat generation and distribution 

Depending on the concept heat is generated 

with a gas boiler or with solar panels. In both 

cases the power output is set to ‘unlimited’ so 

that no issues with comfort arise due to lack of 

power. In addition to solar panels there must be 

a heat pump, because alone solar panels will not 

be able to deliver such an amount of heat. In the 

chapter ‘services’ the power delivered by solar 

panels will be calculated. 

Heat will be distributed by using water at high or 

low temperature. For the boiler a high 

temperature (80 ˚C ) network is desired, because 

the heat is delivered through radiators. When 

using solar panels low temperature (35 ˚C) heat 

is generated, which go well with floor heating. 
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Since the heat generators have infinite power 

the difference is between the delivery systems 

(HT radiators and LT floor heating). 

Air handling 

Next to the heating concepts there are three 

ventilation concepts. A full description of the 

concepts can found in the report of the first 

assignment (Bos & Maassen, 2016). 

First, natural ventilation which has only 

mechanical exhaust in the kitchen, bathroom 

and toilet. The ventilation depends solely on 

ventilation grids, openable windows and 

infiltration. 

Second, the partially balanced ventilation 

concept divides the apartment in two zones. The 

first zone consists of the living room and kitchen, 

which are the rooms where the occupants will 

be most of the daytime. This zone is decentrally 

balanced. Most likely this will be done using a 

Climarad system, but that will ultimately be 

determined in the chapter of ‘services’. The 

system can both supply and exhaust air and so it 

is suited for heat recovery (80 %). There is no 

cooling coil present. The other zone with the 

other rooms will be ventilated using the concept 

of natural ventilation with mechanical exhaust 

(excluding heat recovery) in the bathroom and 

toilet. 

Third, central ventilation for the whole 

apartment. This enables heat recovery (70 %) for 

the whole apartment. 

7.2. Concept decision input 

In this paragraph quantities for heating energy 

and PMV exceedings are discussed. These values 

serve as input for the chapter ‘services’ in which 

a final decision will be made on a concept 

combination. A concept combination is a 

combination of a space heating and ventilation 

concept. For example, a centrally ventilated 

apartment with radiators will be named ‘3.1’ as 

the table below describes. 

Table 1 Description of concepts combinations 

One of the most significant parameters in 

choosing a concept is the level of comfort. It is 

this level that is most influential on deciding 

whether a concept is successful or not. 

7.2.1. Comfort 

The figure below (Fig. 4) shows the over- and 

underheating hours relative to the first concept. 

An important note has to be made: when the 

exceedings have a negative value that is a 

positive outcome, because there are less hours 

that the PMV of 0.5 or -0.5 is exceeded. 

What immediately becomes clear is that 

underheating becomes less of a problem with 

partial and central balanced ventilation. The 

same goes for floor heating that is better than 

radiator heated rooms regarding underheating. 

The complete opposite can be seen when 

looking at overheating. This is caused by the lack 

of cooling units in the ventilation systems.  

The second that stands out is the rooms that are 

influenced. These are the living room and the 

kitchen. Only when looking at the third 

ventilation concept, the hall and in a lesser 

amount the toilet are influenced. Other rooms 

are hardly influenced. 

For overheating only these two rooms are highly 

influenced, because they are oriented south and 

the IHG of the kitchen is quite high. Other rooms 

do not face the south and thus gain less heat by 

solar radiation. For underheating  

  # Description 

V
e
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o
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1 

Natural supply with mechanical exhaust 

in kitchen, bathroom and toilet 

2 

Partial decentral balanced ventilation. 

Other part is like the first variant 

3 Central ventilation 

H
e

a
ti

n
g

 

1 

A decentral gas boiler supplies heat 

through radiators 

2 

Solar panels supply heat through floor 

heating 
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For both over- and underheating the bedrooms 

are hardly influenced due to their low design 

temperature, orientation and IHG. 

Rooms that are in the middle of the apartment 

(hall, bathroom and toilet) are not influenced 

because they do not gain heat through direct 

sunlight and also cannot transmit heat to the 

outside. 

The fact that rooms in the middle of the 

apartment are hardly influenced, except for the 

hall in the third ventilation concept, even though 

there is a lot of over- or underheating in the 

kitchen and living room, makes clear that there 

is almost no interaction between rooms either 

through transmission or air flow. This might be 

caused by the acoustical insulation in the 

partition wall that also prevents heat 

transmission. In a regular situation air flows 

underneath internal doors so that all rooms are 

ventilated. Absence of this air flow can be a 

second reason for the PMV exceedings only to 

occur in the living room and kitchen and not to 

affect other, adjacent rooms. Third, it may be 

that the interaction between rooms is there, but 

that it is very little. This argument is supported 

by the results of the central ventilation concept. 

This concept has extreme values for over- and 

underheating, so it can better depict the small 

effect of room interaction. The graph shows that 

in the hall there can be the experience of over- 

or underheating whenever there is over- or 

underheating in the living room or kitchen. 

Conclusion 

Due to the extreme values of over- and 

underheating, respectively negative and positive 

consequences, of the concept combinations that 

include partial and central balanced ventilation, 

these are not recommended from a comfort 

performance view. Beforehand, it was expected 

that the comfort level from best to worst would 

be: central balanced ventilation, partial balanced 

ventilation and natural ventilation. This is not 

the case because of the lack of a cooling coil. For 

heating systems the results are as expected: 

floor heating performs better than radiator 

heating. Therefore, concept 1.2 (natural 

ventilation with floor heating) is recommended, 

because it performs quite well on underheating 

and only slightly worse on overheating. 

 
Fig. 4 Relative PMV exceedings per room and concept combination 
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7.2.2. Physics 

Table 2 shows reference values for heat supply. 

With these values it is possible to assess the 

energy performance per concept combination. 

Housing type Heat supply 

(kWh/m²) 

Passive 15[1] 

Almost neutral 25[2] 

Low energy 60[3] 

Newly built 120[3] 

Table 2 Reference values domestic heat supply 

Concept 

  

Total heat supply 

(kWh) (kWh/m²) 

1.1 2760  35 

1.2 6704  85 

2.1 2069  26 

2.2 5084  64 

3.1 1098  14 

3.2 2666  34 

Table 3 Total heat supply per concept combination 

The table above (Table 3) depicts the total heat 

supply per concept combination as simulated. It 

becomes clear that, regardless of the ventilation 

concept, the floor heating consumes more 

energy than radiator heating. This might have 

three reasons. First, the reaction time of floor 

heating is slower than that of radiators. This 

causes the floor heating system work on 

maximum capacity for a longer period of time 

before the desired room temperature is 

reached. Second, the floor heating system 

contains more water, so more water has to be 

heated. This argument is questionable, because 

the water also is of lower temperature. Third, 

the water has a lower temperature, which 

means that there is less heat transmission from 

the floor to the room in comparison to the 

radiator. 

                                                           
1
 (Passivhaus Institut, 2014) 

2
 (Rijksdienst voor Ondernemend Nederland, 2015) 

3
 (Brussels Instituut voor Milieubeheer, 2009) 

The table also shows that, as expected, the 

natural ventilation concept demands more 

energy than the partial balanced ventilation 

concept, which in its turn consumes more 

energy than the centrally ventilated concept. 

Logically, heat can, and is, recovered in the 

partial and central balanced concepts, which 

causes less energy to be supplied. 

When comparing the two tables, it is easy to 

make up a list that ranks the concepts. From 

best to worst: 3.1, 2.1, 3.2, 1.1, 2.2, 1.2. The 

worst option still scores quite well when 

referring to Table 2. It only consumes about two 

thirds of the heat supply of a newly built 

building. The best option is just in range to be 

labelled ‘passive’. 

There are no extraordinary measures applied to 

the apartment to score this good. The glass is 

HR++ and the insulation is only 120 mm thick 

mineral wool. It must be stated that these 

measures are not the only design tools that 

lower the heat supply. The second façade lowers 

ventilation losses, as described in the first 

report. Also, the arrangement of the apartments 

in the building contribute to this low heat energy 

supply. Due to this arrangement the apartments 

have relatively little surface that is adjacent to 

the outside conditions.  

Conclusion 

The lowest heat supply is achieved with concept 

3.1 (central ventilation with radiator heating).  

This is in contradiction to what is concluded with 

respect to comfort. In fact it is in total 

contradiction. 

Final decision on the choosing of a concept 

combination has been made in the chapter 

‘services’ where the financial aspect has been 

taken into account as well. In this chapter it has 

been concluded that concept 1.2 (natural 

ventilation and floor heating). This concept is not 

the cheapest, but it scores very well on comfort. 
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Perhaps in a follow-up study the third concept of 

ventilation (central ventilation) could be 

adapted. It now has quite low heating energy 

use and it scores very well on comfort level 

regarding underheating, but there also is a lot of 

overheating due to lack of a cooling coil. Adding 

a cooling coil would increase the total energy 

demand as well as the investment costs, but it 

would also decrease PMV exceedings for 

overheating tremendously. A new comparison of 

concept combinations could then be made in the 

chapter of ‘services’, which may lead to a 

different decision. 

7.3. Concept optimisation 

Thus far certain assumptions were made on the 

chosen material and thickness for insulation and 

glass type. These materials can highly influence 

energy consumption and comfort level. 

Therefore, further research is done on the 

influence of these materials. Only these 

materials are considered, because it is expected 

that these have the largest influence due to their 

large surface to the outside. This research may 

be expanded by considering window frame 

materials, types of exterior doors or different 

materialisation on north and south façade. 

Two types of insulation are compared, mineral 

wool and PIR. The first is cheap and has a normal 

value for insulation. The latter is more expensive 

and insulates almost twice as well (De Houtboer, 

2016).  

The chosen concept (1.2) is set as Base Case 

(BC). This concept has 120 mm of mineral wool 

and HR++ glass. As one of these parameters is 

varied, for example insulation is set to 50 mm 

PIR, the glass type will remain as in the BC 

(HR++). Gained values will be compared to the 

BC so that the relative effect of the change can 

be assessed. Only insulation and glass type of 

the exterior wall will be changed. The second 

façade is an exterior wall, but will remain 

unchanged as it is made of old windows.  

The results are shown below (Fig. 5) with, again, 

a negative PMV exceeding meaning a positive 

outcome. The opposite applies to energy saving 

costs. 

Certain trends are quite well visualised. For both 

mineral wool, PIR and glass an upward trend can 

be seen for increased thickness. This means that 

the investment costs weigh up against the 

energy savings.  

 
Fig. 5 Concept optimisation results 
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For glass the outcome for triple pane does not 

meet the expectations for it is a negligible 

amount better than HR++. 

There is a remarkable difference between 

mineral wool and PIR. As stated before, their 

level of insulation and costs are opposite. PIR is a 

way better choice when looking at the energy 

saving costs. Mineral wool of 140 mm and PIR of 

100 mm score about the same. Note that 

mineral wool is almost half as thick. 

When looking at comfort, unexpected results are 

gained, which are caused by the overheating 

effect. Also, the effect on level of comfort is 

rather small. Except for double pane glass, which 

score badly. 

For insulation a thinner plate causes a better 

level of comfort. This is caused by the reduction 

in overheating hours. This effect stops at a 

certain point (mineral wool of 45 mm). At that 

point the underheating becomes an issue. 

For glass a similar effect is seen. HR, HR+ and 

HR+++ all three score better than HR++. HR and 

HR+ score better due to a lesser amount of 

overheating hours. HR+++ on the other hand 

scores very well on reducing underheating 

hours. 

Conclusion 

Mineral wool of 140 and PIR of 100 mm score 

about the same on energy saving costs, but the 

mineral wool scores better on comfort. 

Therefore, mineral wool of 140 mm is chosen as 

insulation material. It should be noted that the 

differences are quite minuscule. This minuscule 

difference also applies to several other options. 

Triple pane glass scores very well on comfort and 

slightly better on energy savings than the BC. 

Thus this type of glass is chosen. Again, the 

difference on energy saving costs is minuscule.  

Further research may include more thicknesses 

of insulation material. This may also enlarge the 

differences in the results. Here only those that 

were available, were considered. However, it is 

possible to combine insulation plates so that 

plates of higher thickness are acquired. These 

combinations will have great influence on both 

comfort and energy when looking at the trend. 

For energy consumption the trend for higher 

thicknesses is positive, but it may be that at 

some point the energy savings do not weigh up 

against the investment costs. For comfort there 

might be an optimum as is already visible for 

mineral wool, but extended research should 

decide that. If these trends are to be true, an 

optimum between comfort and energy savings 

can be achieved. Besides, when plates are 

combined, thickness will eventually become an 

issue. For this unquantifiable reason, it is most 

likely that PIR will be desired even when its 

energy performance is lower. 
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