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1. Introduction/background

1.1 Aim

The aim of the book is to give an overview of the advantages, kiatud principles dfiybridand

mixed modeventilation. Natural ventilation plays a key role to improve comfort and reducing energy.
In order to make natural ventilation successful, an early integration in the desapess is

necessary. In the lortgrm fully natural ventilated buildings are expected to become the standard
even in high rise buildings (Wo@D13. Howevermuchmore scientific development is necessary in
order to guarantee that these buildings will behave as expected. The book is not an advertising book
for natural ventilation. Irmanycases natural ventilation alone for climate control is not possible.
However, ilmmost of the casehybrid or mixed modeypes can be applied and these apts need

more attention Adaptive thermal comfort is closely related to hybrid and mixed mode buildings in
which a wide range of temperatures are possible, with substantial options of saving energy
(Humphreys2015)

Akey success factor is always the degree of user satisfaction. This is not only related to
dissatisfaction, but also to thermahtisfaction The highest level ghermal satisfaction is called
thermal delightAbout thermal comfort,air quality and spacethere is still much to learn, especially
because it is strongly related to psychology.

Knowledge about comfort is generally only available after the period inhathie building is built. In
somenaturally ventilated buildings there have been more problems than expected, due to a lack of
knowledge of physical reality or usage of the building. Mostly it could be solved by adaptations of the
original concept. Nevertheless, many naturally ventilabedldings did noheed significant

adaptations Moreover, many fully mechanical ventilated buildings have corooblems as well,

which are generly not deeply analysed.

From both naturally as well as mechanical vekditbbuildings we can learThe development of

insight in naturally and hybrid ventilation will also contribute to better mechanical ventilation, as to
air quality, thermal comfort and energy consumption. For instance, at the moment the air resistance
of mechanical systems becomlesver and the combination witiismart)operable windows is
considered as a quality in building dédation sysems like LEEDWELlandBREEAM.

Designing natural, hybrid or mixed mode buildings requires a complete other way of thinking about
design. It is partly a mixture of mechanical, building physical and architectural engineering, but it is
also more. Knowledge about natural air flows and gesig with natural air flows is in fact a new
profession for whichthis book gives a general, and sometimes detailed, outline.

Smart hybrid ventilation is only one of the options to reduce the energy demand of a bualdihg
achievethe required comfort. Thenergy demand foheating, coolig and lighting can in principhe
reducedevenmore by a smart and balanced design of the skin and usage of thermal mass. Sufficient
isolation combined with a limited percentage and well oriented glass with effestinshade are

main parameters (Lechner 2015, Engel 202&%hough this is not the main focus of this bdbk
discussions in the book take this into account as well. Most architects are still not sufficient aware of
the necessity of this holistic approacso there are still many additional lessond®learned.



Since the start of the COVID epidemic there is much discussion about the role of natural ventilation
to reduce infection risks. The discussion follows often an unscientific and emotional pattern which
makes the design of future better ventilatisystems @ NS RAFFAOdzf & ¢ KS yIYS &
in itself can already lead to confusion about the meaning and shape. There is a very long debate
about the qualities of natural or mechanical ventilation, but it is often more based on belief than
science or egerience (MacFadden 2021). The background and quality of some different opinions will
be evaluated here in more detail. Starting point of a discussion should be that the option of opening
a window is in principle a human right for office workers and ofiemple who are obligatory

working or to staying at the same place for a long time. Only at very rare circumstances other
solutions should be found. A very strong statement about the feeling about natural ventilation and
openable windows is expressed by M&uzowski (2003). It is more than a feeling of thermal
pleasure, it refers to enjoyment of all the senses.

G¢KAA FAYS !TLINAE FFOGSNy22ys +a 3FNRSY o0dza LlzaK
spring breeze blows through the room. | throw my house open to spring, knowing that these beautiful

days are precious and few in Minnesota. Throughoutthedci 6 SQNBE OSt SO NF GAy 3 | yR
return of the sun and the coming days of summer. On a day such as this, | wonder how it came to be

that operable windows are the exception, rather than the norm, in commercial and institutional

buildings throughout iy S& 2 i | ®¢

Some answers can be found in the interviews in her paper. It is not only an attitude to choose for
openable windows and a challenge for technology to overcome related problems for indoor climate.
It is a solution as well. For a better comfort it is reconmaed to take into account personal

preferences, also because of differences in thermal experience between people (Day 2022). This
discussion is embedded here in a large overview of the currend-sifathe-art of the opportunities

of natural ventilation irgeneral.There are many misunderstandings related to hybrid ventilation,
because of the complexity of the relation between ventilation, energy and contedn at the

CLIMA 2022 congress in Rotterdam organized by the REHVA the two different opinions about natural
ventilation could be noticed via the keynote speakers: Lydia Morawska, one of the most leading
COVIBscientists, discourages the usage of natugitilation because of draught risk, although it is

the most dominant advice in The Netherlands amdmost places elsewhere in the world. In contrary

of this opinion Thomas Auer encourages natural ventilation via windows with an examples of hopper
windows in a German school of more than 100 years old. Due to the large height and volume of the
space andhe position and shape of the windows there is a limited draught risk. Recent built
apartments designed by his university team are even inspired on this school. He is also the climate
designer of the hybrid ventilated Manitoba Hydro Place hefftte in Caada (Wood 2013). This

building could have been a prototype for any other skyscraper with a higher occupant satisfaction
and low energy consumption for this type of climate in the world.

Important to note is that many comfofproblems are related to a too high solar load and have no

direct relation with the kind of ventilation system, so an integrated approach is hecefaaipg

FYR I FGSNI GKS ¢2N] aK2L) LI aaA@S aztdziazyasg 2F /]
These are discussed again in this paper.



1.2 Whydo people like natural air flows?

1 Link to weather
Most people like naturakentilation, due to the experiencihat there is a connection
with the weather.

9 Link to scent of nature
Especially being in contact withe pleasantscent ofnature, such agrom pine-trees,
flowers or the freshness of the air after a thunderstorm, there can feelngof delight
(Guzowski 2003)

T Link to adaptive comfort
The better the connection to the outdoor climate is, the mpeople are able to adapt
themselves to lower or higher temperatures. This is not only a congeuie, but a health
andenergy issue as well.

T Increasing the robustness of the buildimgcase of failur®f the climate system

In case there is a failure of the climate system of a building (ventilation and cooling), it is

good to have an alternative solution with operable windows. A failaralso possible
duringa short faltout of the grid.

1 Personal control
When occuparg can control their environment individually, like windows, sunshade and
heating elements they can easier adapt to the local climate and will have a higher
appreciation ofthe climate. This will increagheir appreciationof thermal comfort and
improveproductivity.

1.3.Why is ventilation necessary?

T Oxygen

The concentration of oxygen in the air289 litreper n. A cancentration lower than 190 litre

per m® produces (without adaptation) concentration loasd lower than 180 litr@er nv a
choking hazardHowever, adaptation plays a dominant role. People living in mansgeeas are
accustomed to a loer level of oxygen per inThe aerageoxygenrconsumptionof a sleeping
person isl8l/h. CircalO n? air per day passes the lungéhe naximum oxygen consumption is 3
to 7 I/m (running very fast)

CQ

CQ-level issince long the maiimdicationof the air quality(Pettenkofer1858. Nevertheless it is
a poor indicator because there are many other sources of air poll(8ass2016).

The general assumption is that a concentratiogher than 200 ppmCQ (1.2 litreper n?) is
noticed and is equivalent to a slight loss of concentratfettenkofer advied 1000 ppm as
healthy maximumin histime CQ-levels of more than GO0ppmin classroom®r meeting rooms
were not unusual.rn submarines concentrations 0060 ppm or more are Esible without

health risk. his is due to adaptatiarBmell is generally the only indication that the air qyalit
level is insufficient andill for instan@ be noticed by a visitor coming from a well ventilated
spacein a poorly ventilated occupied space

Moisture control

Ventilation is also necessary to remove moisturhis depends on the moisture production
which is for instancegenerally higher in houses (showering, cooking) and old buildings (via the
fabric).A sufficient low air humidity will also decrease mitevelopment.



1 Removal of toxic gassasd viruses.
With ventilation it is possible to remove pollutantSrossventilation is most effectivgBluyssen
2022. Anyway, the location of the inlet and outlet should be placed as far from each other as
possible to increase the air change and contaminant removal efficiency (Cai 2022).

1 Removal oftaleair
With ventilationstaleair can be replaced by fresh air. Common practice is the opening of a
window of a sleeping room in the morning.

9 Temperature control
When the inside temperature is too high it is possible to reduce this temperature when the
outside temperature is lowelr-or an effective control enough information about the outside
temperature is necessary.

1 Comfort cooling
When the inside temperature follows the outside temperature cooling by air movement is also
an option. Depending on the air velogigydecrease of comfort temperature of@or more is
possible (NENEN 15251).

9 Health and productivity
Individual temperature and air quality control will improve health and productivity. However,
there is no consensus yet how much this influence is.

1.4 Thermal sense

Ventilation is an integrated part of the experience of thermal comfort. It can increase or reduce the
feeling of thermapleasureIn winter air flows via cracks in the fagade can have a negative effect.
However, still air is seldom appreciatedither.

Thermal comfort is influenced by the following parameters:

Air temperature
Radiation temperature
Clothing level
Metabolism
Air velocity with

- Turbulence intensity

- Power spectral density
T Humidity

=A =4 -4 4 =4

Adaptation plays an important role. People tend to adapt their preferred most optimal (neutral)
temperaturerelatedto the average outside temperatur&here is a big difference between buildings
that follow the outside temperature (free running) and are (partly) natural ventilated and buildings in
which the temperature isantrolled between strict limits (Nicol 2012).

1.5 Harvestingand reduction oenergy

One of the main driving forces behind an increased usage of natural ventilation inttine i the
option of energyreduction, this is strongly related to the way of using sand daylightvia the
facade In this time where many new buildings have efficient cooling and heating systems with heat



pumps and aquifers and the availability of efficient Ligbting is seems almost unnecessary to
spend much design energy on this ite@ur time could beagaincompared with the time when air
conditioning was itroduced by Carrier (Short, 2017) and the availability of efficientIlgBiing it is
less urgent to spend much attention to daylighesign.

However, reduction of the energyemand as far as possibles always betterlt will lead to more
robust, easier to maintain, buildings that will be less dependent on the grid and more
understandable for the user3he relation to the natureand experience dime and season is very
important for the feeling of welbeing of the users (GuzowskB99).

The followingenergyparameters are relevant:
- Reduction of fan energgnd low air pressure ventilation systems

In most of the climate zones in the world there is a period in which the outside temperature makes it
possible to use natural ventilation. This are outside temperatures between 10 af@, 26even

below or above these temperatures depending on the kind of comfort that is requiveithe

moment there are already many hybrid ventilated buildings that can switch from mechanical to
natural ventilation (mixed mode). In a period with very low or very high temperatures mechanical
ventilation can take over theatural systemThe most basic solution is a building in which
mechanical air flows are reduced when windows are opened, but ducts that can transport
mechanicalrivenas well as natural air flows are an option as walhn Short (2017) has made a
very detailed descriptionf this principle, based on sevesa#lfrealized buildingge.g. Judson
building) Natural ventilation igpossible during the whole year, but in winter more heating energy
may be necessary and in a keggell in summer more cooling energyompared to mechanical
ventilation with heat recovery.

A low pressure ventilation system is not very well defigetd Conventional HVA&y/stems have
pressure differences, well designéD26 ) of around 200 Pascal. So 500 Pascal can already be a
huge improvement reducing fan energy wittore than 50 %

The folowing equation can be usedi =L 151
Where Rsis the fanpower in W, Q is the flow in #s, DP the pressure difference aris the
efficiency.

In houses with mechanical air supply and exhaust a pressure difference below 200 Pascal is possible.
In large buildings this is a very hew development, finally ending in a pressure difference that can be
delivered by natural resources.

Designing ventilation systems in which the average air velocity in ducts and appliances is between 0.5
to 3 m/s will reduce fan energy significan{§child 2009, Lignarolo 2023hese low velocities will

reduce the noise level as well and can often be combined with natural ventilation principles.

lower the air velocity, the lower the pressure loss and the lower the requiregbtaver. This is

expressed in the SRRilue (Specific Fan Power) in kW#(g). In Europe the requirements become

more and morehigher to reduce the energgonsumption of fansin these requirements the

efficiency of the fan itself and heat recovery is also incluiféden a fan is integrated in a low

pressure or natural ventilation system low pressure loss over the fan, also when the fan is not in



use is essential. The main parameter is the free surfatesshould be the samin the fanaswell as
in the connecting ductghe smallest surface determines the highest pressure [Gss shape of the
finsin or nearthe fan to conduct the air is also important to reduce resistaa®.high pressure
systemaswith large flowscentrifugal fans are generally most efficiamith an overall efficiency
(electrical and aerodynamic) up to 70 For low pressure systems axial$ane more convenient
having a highest overall efficiency up t60 %

Small @rodynamic improvements of air inlets can reduce the resistance significantly as is shown by
the example of a crawl space ventilation inlet in the next figure. The resistance was reduced with
50%:
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Originalcrawl spaceventilation air inlet 51 mn{@Ubbink) Test phasef the improvedcrawl spaceventilation air

inlet 32 mm(Engel 1996)
Figure 1.5.1: The outsideertical widthof thiscrawls space ventilation air inlet was reduced from 51 to 32 mm in order to fit in a
isolated brick wall cavity. However, the air flovképtthe same due to aerodynamic improvements.

- Reduction of cooling energy

With smart natural ventilation it is possible to reduce or prevent mechanical cooling. In most of the
climate zones in the world there are many days in which the inside temperature is too high and
higher than the outside temperature. In these cases natuedttilation is often an option. Especially
during the night the temperatures are lower. Ventilation during the night can cool down the building
mass.

In buidings with a high occupancy combined wéthict limitations on the humidity level and
temperatures operable windows are not popukanong building developer§actors that make
application of natural ventilation more difficult in periods with high outside temperature and
humidity (enthalpy) are:

- arisk of condensation on cooled ceilings

- increasing the cooling energy in the air handling unit

- the fear of draught

- the fear ofdisturbance of the air flow distribution in the duct system.
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Only withasmat design and control of natural ventilation systethese problems can be overcome.
The high expectations of double skatadeswith regard to energy savings and poor results (Leao
2016) makat clear thatthisis a serious point of attention for the future.

Doppelfassade-Betriebszeit
Standort Dusseldorf

180 Stunden in der Betriebszeit [h/a] Betriebszeit werktags von 8 bis 18 Ul
Bereich mit Tau <5 —— Bereich mit Bereich mit
160 — 683 h/BZ (26%) 5 <= Tau < 22 T Taus=22
140 bevorzugt Betrieb | 1763 h/BZ (68%) 161 h/BZ (6%)
L mechanischer Liftung Liftung Uber Doppelfassade bevorzugt Betrigb
120 0 mechanischer
i Liftung
100
80
60
40
20 A EEEEREEEEEREEEEREEEE R R R R
0 S B

-10-9-8-7-6-5-4-3-2-10 12 3 456 7 8 910111213141516171819202122232425262728293031

Temperatur [° C]
ETau < 5 M5<= Tau <220Tau >=27

Figure 1.82: Proposed period in which natal ventilation can be used. This example is ftomm ARAG Towesee also section 3.4.8)
with a second skin fagad®atural ventilation can be used hebetween 5 and 22C(68 % of the time). This is fwevent unnecessary
heating orcooling.

- Reduction of lighting energy
A hybrid ventilated building can only be successful relatagsersatisfaction,comfort and
energy when much at¢intion has been spend to the usagkdaylight without unnecessary
heat from the sunln that way energy for lighting can be saved and unnecessary cooling
prevented.

- Reduction of heating energgnd harvesting of heat

It is wise to use the heat such as from the sun, high occupancies and servers to zones in the building
that are too cool. Before heating or cooling a building the internal energy flows can beTugsdvay

of energy use is most effective in combination of the usage of the thermal mass and the acceptance
of occupantghat the indoor temperature can fluctuat&mart usage of thermal mass inside the

building can reduce heating energy. Other options to reduce heating energy are:

- Adapting the volumef fresh air supplyo the outside temperature
- Heat recovery with a very low air resistaringegrated in a natural ventilation system
- Usage of ground ducts

When the fresh supplied air flow is relatively high heatovery of ventilation air becomes more and
more relevant(Engel 2022 and b. Low pressure dat recovery systemshich are possible with
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twin-coil (IEA 200Q)a crosdslow heat exchangefEngel 2022 a and by aheat recovery wheel are

all options to save energin this case it remains relevant to make use of natural forces like the-stack

effect and wind as much as possilliegration of a PCNbattery in the ventilation systertEngel
2022 a ad bis anextraoption to store solar and internal heat. As long as thedaergy is lower
than the energy for heating, which is mostly the case at low pressure ventilation systerss
additionsarerelevant to consider.

1.6 The effect of LGAnalysis

The environmental effect of the materials has an increasing impact on the final climate design.
Although mechanical ventilation with heatcovery often has a lower energy consumption than
natural air supply, the environmental impact of materials is huge. A Flemishels€drch (Seuntjes
2022) shows that for a school in which the energy consumptforatural air supply and decentral
mechanical exhaust is more than twice higher than central mechanical ventilation with heat
recovery. However, due the extraaterials necessary for centralized mechanical ventilation the
environmental impact over a period of 15 years of natural air supply is still lower.

1.7 Economidssues

At the moment the energy performance of many new buildings is expressed in Kghfirimary

energy. Related to climate this is generally for fan, heating and cooling energy. Some of the most

advanced buildings have the following expected energy consumfaicihose parameters
1 Post Tower 75 kWhim? (primary energySchuler 2005, Wood 2013)

2 LVM Munster 70 KWh/n¥ (primary energywith PV and biecombined heat power
generator (CHP) arour@kWh/nr)

3 Unipol Tower hybridventilated building 20 kWh/f conventional fagadeir handling unit
AHU40 kWh/n¥ (electrical energyCOP heating 5.3, cooling 4dgsign study

Transsola018
Energieversorgung [kWh/(m?a)] Energiebedarf (EnerCalC)
y 4 [IVMS (=
EVU o VERSICHERUNG -58% 180 Loften
100 kW, Beleuchtung
150 1 mWarmwasser
-35% 124 WHeizen
‘ 104 \ ®Kiihlen
110 kW 100 81 1 84
L 4
W \ & So I I I I
-4 4 d \
3 B O3 E 0
WRG T 5] [Geothermie) | SYsteme: ET
Anxun.auroé “mﬂ “m - Betonkemaktivierung
rRvaigiole revesioe Sisencen - Kilhidecken, PCM-Kiihidecke -50 - z - 8 8 :
= Wge || |Wige | | FRFIEY | | -ccconwmeFassacengorse & e & e q}g\z\\ S
in den Birobereichen S & S &> SO SEF
B o R &7 ) L X0 o Q )
Regenwassemutzung ‘\\5 e e\\, Q? _6@ \A & o)e, _@0 -6@ S
—_— N é\'\' PO Y ?}\1' & < Aé\
& Yo f N
S
a. Installation conceptvith, among other equipment, PV, PCN b.  Energy consumption and production LMilding in
ceilings, heat pumps, geothermal storage and@GldP kWh/m? compared to more conventional buildings, only
cooling, heating, ventilation and lighting is considered.
Figure 1.61: Energy concept hybrid ventilated LVM Munster building édgesection 4.3)text in German
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The electricity demand for e.g. office equipment, lighting and elevators can more than double this
energy consumption (Schuler 2005), makingdtre difficult to develop a building as a zero energy
building.On top of that, neasurements of buildings in use show generally higher energy values, so it
seems that the ambition is oftehigher than what can be realized in practice.

Investment costs and payack times are important parameters during the @gsprocess. When
designs are compared pdack periods are generallysed.

Sustainable buildings tend to have more and more complex installations which havskloé less
robustness, mordailure of systems and maintenance. Tli0t always taken into account, so an
overall judgement of climate systems in general should always be the starting @oimientional,
but smart designed single facades and cliensystems can also haveather low energy
consumption for climat@nd a high degree of robustness. Changing a design culture into hybrid
ventilated buildings requires a high feeling of responsibiléyel ofknowledge and skills of the
designer.

Resilienceagainst rising temperatures in the wd isan important evaluation parametein many
habited zones of the world rising temperaturedll give more opportunities fopassive coolingy
natural ventilation(Short 2017).

Finally, ser satisfactin, health and productivity should lee most imporaint economic evaluation
parameter, but isstill difficult to assess imechanical and hybrid ventilated buildings.

1.8 Well-being,healthand riskassessment

Ventilation is only a part of a total building concept. The architectural environment, feelings of
safety, privacy, psychological and social background and environment have also effect on how well
human beings feel and how productive they can be. Thedefgeare often dominant, so the effect

of ventilation can only be assessed taken also thisdonsideration.

An item that is often overlooked is the risk of failure of thechanical ventilation system, due to:
- a sudderfailure of the electricitygrid;

- a failure in the working dians and/or cooling connected to air handlng-unit, without
redundancy

In these cases natural ventilatigacilities, like operable windows, will reduce discomfort and
possible health danger for vulnerable people.

1.9 Hybrid ventilation and Covitl9

When the Covidl9 pandemic starte early 2020 a for mamynexpectedhew role of natural

ventilation became relevant. One of the most effective measures to reduce the infection risk
reduction is by increasing the air change rate with outdoor\&ith the existing HVA€ystems alone

the options are very limited, but with operable windows it is relative easy to increase the air change
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rate. Of course, draught, thermal discomfort in general and unnecessary heat loss should be
prevented as much as possiblgart from natural ventilationmeasures likglocal)air filtering and
improving the contaminant removal effectivenemsdlocal air quality indexREHVA, 2004ye very
relevant and can also be combined with natural ventilation.

A general infection risk assessment is possible with(d@ldapted)WellsRiley approach (Riley 1982)
and the followingwo equations

ODET £p Q°° ° (1.1)

whereP = infection riskia aerosolg - ), | = number of infecteghersons( - ), p = pulmonaryair
volume % h), Gem= average virusoncentration(quanta/m?), t = exposure tim¢h)

6 -. 600060 -p —p Q7 (2.2)

where q = the expected viremmission of one person (quanta/h), Q = total fresh air supply in the
room (m¥/h), V = volume of the space {in

The virus emissiofor sitting people in rest isonsidered a$, for speaking people 70 and for people
in a meeting room 25 quanta per hour (Buannono 2020, Kulve 2BB@)ever, the quanta per hour
arealso effected by the type of virus. The deltariant is estimated around 60 % more infectious. A
rather saé situationrealized isvhen theinfectionrisk (Rx) is lower than X 5 %.Via the WellsRiley
approach with aneeting room two hoursn useand 25 quantger hour, an air change rate of 6
would be necessary to realize a risk lower than 5 %.

Ventilation-efficiency plays a dominant role removing CO®dosols. For the reduction of COVID
infection risks the number of air change rates is the main parameter. The higher the air change rate,
the lower the risk. This can also be realized via a teghiculation rate via effective filters, although

there is still uncertainty about that (Roaf 2022). In both cases the efficiency is only high when there is
a perfect mixing of all the air, which is also the assumption in the VRékky equation that issed all

over the world by climate consultants (Kulve et al 2020). Effective displacement or personal
ventilation are other options with a potential high efficiency.

One of the most underestimated problems is shaircuiting of air flows. When there is not sufficient
distance between the air supply and exhaust skarcuiting will occur. When the distance between

the supply and exhaust of fresh air, or recirculatédwith an effective filter is the same, the risk
reduction of both systems is comparable (Cai 2022). Stiantiting is one of the main problems of
movable local air filters. Most of the local filters have a low ventilation efficiency because- dedin
outlet are to near to each other. For this reason, cresatilation is also much more effective than
single sided ventilation, apart from the increased air change rate (Engel 2022), but this has a higher
draught risk and more difficult to control.

1.10Developments at the TDelft

At the Delft University of Technology research about natural ventilation via automatic openable
windows has been carried out by Dolf van Paassen (Paassen 1996) and his research team P.J. Lute
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(Lute 1992) and P.J.M van Galen. Thermal comfort achievements, investment and-evstegf (1)
natural ventilation, (2) natural ventilation with local cooling and (3cainditioning have been
compared showing that option (1) and (2) have substantiakr total costs. Usually the maximum
cooling load of only natural ventilation is around 20 V¥/m/hen the cooling load is 50 W#rand a
local coolunit is applied, the capacity of the cooler can be 50 % lower.

Parallel on his research a draughge natural air supphgsystem has been evaluated (Engel 1995),
based on the expectation that occupants close sugplifes when there is a feeling of draught. With
such a system, for instance, mould in insufficientassd houses with a high moisture production
could be prevented and it is an alternative for fully mechanical ventilation in schools and offices.

More recently Ben Bronsema (Bronsema 2@(®2and figure 3.1.11had developed a hybrid

ventilation system based on the idea of termite hills like Mick Pierce and Alan Short had done (Pierce

2022, Lomas 2007). The difference with termite hills is that termite hills have always upward (day)

and top down (night) air flws (King 2015), making optimal use of the differences between day and

night. The addition of Ben Bronsema to Mick Pierces and Alan Shorts designs is that not only

buoyancy and pressure diffences by the wind are the main driving forces. The additional driving

F2NODS Aa | {AYR 2F dakK2gSNE LINRPRdzOAYy3 avYlrff RNRL
differences above 100 Pa, also be able to humidify, dry, cool and clean theeaair Tlan be

dehumidified when the difference in absolute humidity between the outdoor and indoor air is

sufficient large.

In the Netherlands, in a large university building, sirggteed natural ventilation with awning

windows as main ventilation system is recently upgraded in better isolatzdlés. With sufficient
efficient control of windowopenings and solar shading the energy consumption will remain low (Cai
2019, Wang 2015).

What can be noticed that there are high tech solutions with central hybrid or natural ventilation via
ducts and shafts (Lomas 2007 and Bronsema 2013) and low tech solutions with direct natural air
supply via the facade (Engel 1995) and openable windows Pdassen 1996 and Cai 2021).

However, the control systems with natural air supply and openable windows have also the tendency
to become higktech. Due to reduction of heat loss and draught risk these systems have the potential
to be economic and eneregfficient, compared to systems with central mechanical air supply and
exhaust with heatecovery (Cai 2021).

1.11 Ventilation of houses

For houses there is already a long discussion about the differences between energy consumption of
natural air supply and mechanical exhaust and mechanical air supply and exhaust with heat recovery.
Field research shows that there are no substantial difiees (Derycke 2018). This has been noticed
earlier by comparing demand controlled domestic ventilation systems in TRNSYS with exergy analysis
(Sakulpipatsin 2007). An important factor for more reduction of energy and improving comfort in
bedrooms is the siage of warmer and colder zones within homes (Janssens 2018). In this case the
differences between the two systems are also smaller. Mechanical air supply and exhaust with heat
recovery is often a single zone system, making it more difficult to make ojptisesof two zones

with different temperatures. Because the heating season in mild climates becomes shorter due to
climate change the advantage of natural air supply will become more favourable.
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1.12 The role of BMS

For BM&ontrolled systems it is a challenge. Integration of user preferences, like openable windows,
will lead to a more complex control system with an increased risk of system failure, maintenance
costs and less robustness from the viewpoint of many raeatal engineers. More research is

needed on how to overcome this problerthe aim of the BMSystem of the Co Creation Centre
(see§3.4.1)is to increase user comfort and reduce enemgyaking as much as possible use of

natural sources. In fact, that is also the aim of buildings with second sledds, but those buildings

of have mostly a higher energy consumption than predicted, also compared to singlecskiasa

(Lo 2016). The feedback systems within the BMS are often not capable to predict unnecessary
energy loss and the costs of continuing monitoring the behaviour of the building are generally too
high. Probably this will change dteethe current very high energy prices. A digital tvgiystem

simulating the performances of the building seems to be necessary for a building with a complex
installation, but will also increase the dependence of expensive coahgineers. All these

parameters are a challenge for architects and mechanical engineers to design smarter buildings that
do not need much heat or cold and a very complex BiytSem. Only small additional amounts of
energy should be necessary to fulfil personal preferences.

Building control operators should pay more attention to the prevention of simultaneously heating
and cooling and the value of personal interventions of occupants, like the opening of windows. At the
moment this is often seen as a risk for extra maintenance.

Homeowners, caretakers, operators and occupants should be informed of the effect of their
behaviour on the everyday energy consumption of the building. More research is necessary to find
good controlexamples and effective ways of usaformation in buildngs.

1.13 User experience and behaviour

It is necessary to use the experience of the occupants as a starting point for eactionis.

For large buildings with openable windows experiments are recommended in order to know how
occupants can be encouraged to use windows and sunshade in an effective way. This has especially
sense when there are no sufficient financial means for an autonsatitrolsystem.

When occupants show a nemergy or comfort effective behaviour it is recommended to analyse its
background. What will be the increase in energy consumption? Could the building or installation be
adapted in such a way that the negative effect is small?

Attention must also be given to security fittings for windows to give occupants confidence in their
own safety when opening windows.
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2. The design process related to ventilation
2.1 Functional requirements

The function of the building, program of requiremeritse architectonic expression and the
characteristics of the site are maiammeters to start withThe initial ventilation system mnly
chosen after the first design decisiom®epending on the function,caess of daylighitito and view
out of the rooms might be one of the most importastarting points.

The site gives the boundary conditions for natural ventilation, but also for the best position of air
inlets for mechanical ventilation. The question what kind of natural ventilation is possible depends
for instanceon the outdoor air quality, noise, temperature, humidity and wind velodityese might

be highly timedependent.

Natural ventiition cannot be seen as a goaliiself. Low or zero energy architecture is highly
dependent on the design of the facadehe ultimate goal is that buildings can keep its internal
temperature and air quality on the required level (almost) without installationsinhg due to the
right physical, architectural and control measures.

Daylightlightingand solar radiation

It isalsoessential to reduce heating and cooling energy as much as possible, tog&t@romoting
the access of natural daylight. At the moment energy of lighting is one of the higadstofthe
energy balance, even with high efficient Ligbting with capacities of 1 W/fper 100 lux.

The sun has an efficaof 93 lumen per Watt, an@ivhite) LED lightinglreadymore than 17dumen
per Watt. Thishowsthat LEDlighting becomes extremely efficie(MVikipedia, Luminous efficacy,
2019).However, apart from the fact that light from the sun requireselectrical energy, the quality
of daylight (level, glaraptal visualspectrum) should always be compared with artificial light.

The access of daylight is influenced by parameters such as the percentage of glassalue bT

the windows, the position of the widlows, the height of the space attie internal colours of the
space (reflection). Due to the highly variable level of daylight, updee than100.000 lux outside,
controllable sunshade is necessary. At the moment there are low energy mixedbuddiags like
the Post Buildingn Bonn and the ING headquarters in Amsterdaitih a very high perentage of
glassitseemsad ¥ G KS | Y2 dzytimat®rFbechdse Gf theerdy goSdsyriade in an
effectiveventilated second skin facadeowever, a fully glaze facade still has disadvantages like
more energy loss, a highdiurnaltemperature swing of the rooms behind the fagcade and more glare
risk. On top of that, occupants will tend to use more lighting in the spaces deeper in the office in
order to counterbalance thaighilluminationlevel near the fagadeAlthough a fully glazed facade is
still an important architectural ambition, this should always be compared with other solutions.
Maybenew technical solutions like PCWlthe glass ad controllable gvalues can reduce
disadvantags. Up to now the results are nobnvincing enough.

A facade that has a lower glass percentage has the additional option to integratgsBvhs as well,
for instance as a sunshade element and as a covering of the parapet. This will increase the level of
energy neutralitGoncalve2012)



17

A facade that reflects heat can keep the space behimd. @onegative effect is that this will increase
the heat island effect of the surroundingde problem is partly removedDptions to prevent this
are, for instance, green facadetbalconies with enough water supply.

Occupancy

The amount of persons perais an important starting point for the choice of ventilatiddpaces

with a low occupancy, say lower than 1 person per 20have the besbpportunities for natural
ventilation. Spaces with a high density, like classrooms, meeting rooms and auditoria, are much more
difficult to ventlate naturally.Of course, this also depends on the time of the yarad the amount of
additional control options

Zoning

In order to control he air flows the most effective strategytsdivide the building into
compartments that can be veittited separatdy from each other. In this way air flows, temperature
and energy consumption can be better controlled.

Combioffices

Large offices landscapes amoredifficult to ventilatein anonly naturalway. There aresuccessful
hybrid examples like the Comarzbank (Woo®013) and the GSW and BanglaDlufsen
headquarters (KleiveB003). Combi officeseem to bebestappreciated Thesealsogivethe option

to avoidsoundnuisanceof colleague office workers. However, theportance of boundary
conditions likeenough pivacy and view to outside are alpersonal and not very well evaluated up
to now, althoughthere is already much research been execduitethis field (Vroorl990)

2.2 Typologiesshapeof buildings

Natural ventilation usually refers to openable windows, but natural ventilation can also have a wider
meaning. Windows and combinations of them have very different shapes, like a second skin
(window) and hopper windows. One of the most used hybrid sysiematural air supply via the

facade with a trickle vent and mechanical exhaust at the opposite side, which is common in new
houses and many offices in the Netherlands and surrounding countries. This system has a low
draught risk, also depending on the wafydesign (Engel 1995, Engel 2017, Bile 2018). It is also
possible to use only natural ventilatiauring the whole year in a moderate climate like England like
in the Lanchaster library and SSEES building of Alan Short (Lomas 2007). These are controlled air
flows preventing draught by preheating cold supplied air and preventing unnecessary 4oEsgy
making optimal use of the buoyancy effect of air and valves.

In Portugal most offices relied entirely on natural ventilation for coméafespite making people
colder in winter and possibly too hot in summer. It depends what you call comfortgble?|
2000).
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The discussion becomes difficult due to a lack of understanding of air flows inside the building via
connected spaces or surfaces with a different temperature and via cracks in the envelope. This
cannot be ignored, even when there is mechanical ventilatlan2007). Both systems should support
each other. This requires sufficient physical understanding of what really happens inside a building.

Openable windows are widely used all over the world, especially in houses but also in older offices
when there is no other option to ventilate, apart from cracks in the envelope. Especially for many
poor people in the world the opening of windows is thdyoavailable option, so one should be

reluctant to criticise this system for draught risks alone. Moreover, during a large part of the year
there is no draught risk via windows and windows can be used to remove pollutants and pathogens
in a short time wherhe space is in use or not in use (Bluyssen 2022extreme weather events
become more common, often triggering grid failures and power outages the option to open windows
enables buildings to remain occupied during such events.

In new or renovated buildings and houses it is important to have at least an additional minimum
ventilation system, apart from openable windows, in order to prevent draught or to save heating and
cooling energy. This can be a natural, hybrid or pure machawuentilation system.

Ly 'y aARSFfE¢éE OfAYFOS GAGK I °CViBlpossibleyyisizbrly 2 dzi R2 2 N
openable windows and natural exhaust without heating or cooling, like in the Torre Cube in

Guadalajaro in Mexico (Wood et al 2013). This is also possible in climate zones with a warm climate
GAGK KAIK 27T f{ 2 gplekrziirkdd\iaidaptodio taskciBndts. LIS

Buffer zones

Buffer zones will decrease heat losses from fagades. In case solar transmission is
possible overheating of these spaces should be avoided by enough ventilation
facilities or sunshade

a. Atria, lightwells, halls

Entrance via a
non-heated light
well, hall or
atrium

Figure 2.2.1Scheme of a central atrium
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b. Adjacent glas$iousesand entrances

Adjacent spaces will Heated space

reduce heating
entrance

Figure 2.2: Schemeof an adjacent glass house

Heat loss can also be reduced by adjacent glasshouses via which air can be preheated
by the sun. These zones have also the capacity to improve comfort for occupants,

and for visitors when these spaces are used as entrance, for instance as protected
galleres

2.3 Microclimate influence of the surroundings
The direct surroundings of a buildifige trees, hedges and fencean reduce the wind velocity.
This ca also partly be achieved by a rousfiape(roughnesspf the facadgVongsingha 2015)

c. Protection againsivind

& &
% | —> )
| jmicroclimate I
— ] —> ("]
- -
A
_— direction of the wind
d
100 F<_ —— Hedge rows
80 AN e
\ //’ double hedge.5 mhigh 5 M hoog
, L . .
40 s\ = _ _ _single hedg&.4 m high
T WA »7 m hoog
20 ‘174 X X %inale heda&.7 m high
0 1 1 1 1 1 I 1 1 _|
10 5 0 5 10 15 20 25 30 35 40h
b Wind reduction by hedgesh = the distance from the hedgelated to the height of the hedge
Figure 2.3.1Windreduction by treesor fences a windreduction up to80 % is possibleith fences(Sturrock 1972)
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treesare basicstarting points for comfort in winter and summeFhis was already known in the iron age.

changedArcheon.

Figure 2.3.2An aerodynamiclspe, enough thermal masa,well isolating roofsmallwindows and protecting

Of course, nowadays requirements are more complesd demandingbut basic steing points have not been

The facade cahe designed as a proteoti against the predominant wind:

Exampleof a grape greenhouse #ie
Streekmuseum WestlandHonselersdiik.

O

—>
—

The green house is protected against
the cold sea wind from the Nort/est
by the brick wall. The brick wall
accumulates solar energs wel] which
can leave the space in an efficient way
to prevent overheating of grapes.

Figure 2.3.3In this kind ofpace cooling is only realized with a window at the top of the greenhouse.

20
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d. The usage of the sun

In low energy buildingsmart usage of the sun is essential. Especially in winter solar energy should be
used as much as possible. The design of the fagade can take into account the low angle of the sun in
winter. Thermal mass in the building can accumulate the heat which can b& used for more than

one day. In summer, sprirapd autumnthere is a danger of too much sun, so a facade design should
be optimized for both seasons. Preheating of air is possible in trombe walls or adjacehtatzal

zones with much glazing (buffer zones).

e. Local windpatterns

Buildings can protect against wimehen buildings are close together produce wind at street level,
like skyscraperm a surrounding with lower buildingt and thus create a cooling effect. Wind is a
very relevant parameter related to outdoor comfort.

f. Local differences in temperature and air quality

If there is enough freedom of choice, and depending on the system, fresh air intake should be at the
side where air quality is relatilehigh andwhere the airis cool. The best choicalso depends on the
overall design of the ventilation system.

Normally, the higher the air intake, the cleaner thewill be, but this is strongly dependent on the
surroundingsBeside a busy road much pollution is possible at the top of a building, near the road.
Parks and open water are often regions with less air pollution and a lower temperature. When the
use of buoyancys importantalow location of the inlet will worlbetter. However, there is always
another risk with low placed inlets: more vulnerable for possible terrorist attacks.

A facade and roof design that reduces the temperature has also a very positive effect on the inlet
temperature of the air.

2.4 Optimized fagade design for summer and winter

1 How to keep the building warror cool

In order to keep heat inside in the heating season the building should be well insulated. Thermal
mass in direct contact with the inside air works as a heat storage sy$temwill keep the heat
insidemuch longer.

In summer reduction of the entry of sunlight is necesgarlgeep the building cool. With ventilation
when the outdoor temperature is lower than the indoor temperature, up to 35 \Wéaoling is
possible. This means that the combination of internal and external heat load should be limited
strongly in order to prevent coolingVhen the internal heat load is 25 WHAran external heat load of
10 W/n? is acceptableln order to make the consequences clear, the following fagade solution is an
option: a window of 1 m high, a room of6 deep, a gvalue of 0.1 (outside sunshadand 600 W/m
solar radiation will lead to this valuef 10 W/n?. When the glass percentage (p) is 30 %, g=*(p03

In case of natural ventilation as climate control only very low values of this kind lead to acceptable
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highest temperatures in summen the current design practice the disadvantage for energy and
comfort of muchglazing is often overlooked.

Facade of the old townhall | b. Facadeof the new townrhall.

Figure 2.4.1Comparison of the fagade of the old and new town bathe municipalitWestland. The glagsercentage multiplied with
the gvalue of the oldown hall maybe 30 % * 0.10 =03. and of the new town hall 100 % * 0.3@30. Withinternal sunshad€¢66 %
of the fagade}his might be reduced to 0.20. However, the external cooling load ohéve town hall will be7 ¢ 10times more.
Because of glare on ggcreens the insidsunshadegdeveloped for greenhousebas beerreplaced.

Interesting examples of buildings in which a high transparency is combined withvalues (around
0.07) are the Post Tower in Bonn and the ING headquarters in Amsterdam.

c d e
Figure 2.4.2The Post Tower has a very well ventilated second skin fegpadimovableblinds. Although thglass percentage is almost
100% the solar load is still low.

ING-hoofdkantoor, voorzieningen per stramien )

a
Figure 2.4.3The ING head office Amsterdam has a high glass percentage but due to combination of a well ventilated cavity, sun

protecting glass and reflecting blinds thevglue is still low, around 0.07.

Especidy in museumsnuch glass inot favourable due to the high cooling load and risk of damage
to paintings by solar radiation (UV). However there is an interesting example, the Melsor
museaim in Kansas city where this problem has bemrercome in some way. The facade is designed
as a double facadeith translucent materialsinside sunbadeand natural ventilation of the cavity
where possibleThe effective gvalue is unknown.
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Figure 2.4.4NelsorAtkins musem, example of an extreme transparent facade for a museum

1 Optimal usage of daylight

The most optimal degree of tranapency of the fagade should be a starting point in the initial stage
of the desigrfor enough daylighticcess, prevention of overheating and unnecessary heat loss.
However, usage of daylight is more than just numbers about the amount of lux. Maybe most
important is the poetry of light supporting our joy of livinst a few archiects are able to integrate
thisin their desigrs (Guzowski 1999For instance, it is one of the strong elememtf Alvar Aalto in

his designs likthe townhall 8ynétsalo and the library in Sdijoki (Fleig 1991).

Forwinter as well asummer conditions the window design should be as adequate as practical
possible Making use of diffuse dayr suright for museumganbe an interesting added valudt
can save energy an create a more poetic atmosph&neinteresting example is the museum
Voorlindenin WassenaafKraaijvangeryvhere an abundance of daylight is availabi@ aperforated
roof. However, in most cases only very small amowhigaylight areusedand possibléKimbel Art
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Museumin TexagKahr), Gemeente Museum The Hag{Berlagé andRijksmuseum Amsterdam
(Kuijpery. The Kunzhauis Bregenzlesignedby Peter Zumthor with ceilings illuminated by diffuse
daylight near the facadis another kind oftompromiselt is abuildingin whichthe effect of
transparencys realizedvithout being fully transparent.

For sculptures dayor suright is seldom g@roblem, for paintigs and sketches it generaity
1 Optimal ventilation strategy

The amount of ventilation should be adapted to the outdoor and indoor climate. The effectiveness of
the elements determines how and when these elements can be used. Usually rain and burglary
protection is necessary, and the size of thpenings should benade small otarge.A control

strategyas simple as possible is the best thing to do

1 Keeping the building between temperature limits

A diurnal swing in the temperature and differences in temperature within a building is acceptable
and can give the building evenare quality. However, people dwot like large (and unexpected)
temperature differences within a short time.

1 Reduction of overheating in houses

Openable windows or natural ventilation is often associated with draught, energy loss and little
control. These problems are often exaggerated as discussed in this paper. The positive experiences
do not get sufficient attention.

However, for some situations natural ventilation is also essential for another reason, like resilience in

case of heat waves. The most striking incidents are fugitives hidden in containers on trucks without
ventilation. Many of them have died because afdaf fresh air and overheating. This seems an

extreme example, but recently in June 2022 there was a big problem with a Thalys train where the

electrical system and atonditioning failed. The train could not move for three hours and the doors

could notbe opened for safetyeasons. The windows could not be opened in this high tech train and

YEye LIS2LX S adzFFSNBR aSNA2dzat e FTNRY KSIKiGS GKiENS & a ¢
are still essential.

In many Dutch houses with much glass a comparable problem can been noticed in summer. Since
1950 many rowhouses have large glassrfaces at the frontand backside of the house. With a

colder climate, single glass, no isolation combined, overheatinghataa big issue. The lack of
insulation was possibly due to rather cheap energy and only heating the living room. However, at the
moment many of these houses have double, often high efficiency glazing and more insulation,
especially of the roof. The solaeat, once captured, stays very long in the house leading to
temperatures of 32 36 °C or sometimes up to 4C.One of the solutions could be outside sunshade
and windows with netting against insects and, as far as possible, protection against raining in or
burglary. A very large number of Dutch people rent their houses from a housing company. These
sunshades areat delivered by the housing companies and sometimes even forbidden because of
architectural of monumental reasons. The costs of sunshade are often too high for the tenants, but
there is often a lack of awareness as well, both by the tenants and housinmpoges, of the source

and solution of the problem. An effective openable windsystem that can also be used during the
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night does not get sufficient attention as well. At the moment many tenants buy cheap movable air
conditioners that have not sufficient capacity to compensate the incoming solar energy. A strategy
should be developed to find solutions for combined desigallenge and economic problems. This
could start with outside sunshade, but also with a windsygtem in which netting can be added and
protection against rain or burglary is an option. The housing company could take the lead for that.

Many overheating problems are related to the roof. Especially in many apartment buildings the top
floor gets too much solar heat via the roof. This leads to indoor temperatures that are a few degrees
higher than the houses below. Often the tégyer has alark colour and has a high absorption
coefficient. This problem could, for instance, be reduced by the addition of solar panels that can be
cooled down by the wind. A recent discussion with a housing company manager showed that there
are different ideas atwt building physics in this field: his belief was that the heat came from below.
This example shows the necessity of wide knowledge development.

2.5 Making a choice

Making a choice for a certain kind of ventilation ystis generallgomplicated. It has to do with the
architectural design, functional requirements, the availdmlelget andthe risk ofhaving to makex
new design

Conventional mechanical systems can be changed in a low pressure system with less fan noise. By
adding operable windows there are many positive but sometimes also negative effects, these should
be taken into account.

Comfort requirements are always an importdasicstarting point. Natural ventilation will not

reduce the humidity/enthalpy level of the air when this is high in summer. When a maximum level is
required dehumdification will benecessary, like Bronsema (2013) advices. Howevemlgdselated

to theideaaboutthe effect of adaptiveapacities of human and other living beings.

The importance of direct contact with outdoor air and nature is an important parameter and cannot
be underestimated. It is difficult to measure its positive influence only in a physical way. By making
long supply ducts and air paths natural ventilation meguce fan energy but the air quality may
become closer to the air quality of mechanical systems.

In chapter 3.4verydifferent buildings withd LINR &y/Brig ¢entilation systems are presenteahich
shows something of thgreat amountof possible options. The idea is that, like in evolution, only
smart,robust and relatively simpland smartconcepts will survivand develop

- Itis necessary to have a scientific and evidence based approach during discussions about
natural, hybrid or mechanical ventilation, with the connected options and (dis)advantages.

- There is still a general lack of knowledge, even by professionals, of the physical causes and
effects of overheating of houses and buildings in general, like the impacts of solar radiation
via roofs and feades.

- Much research about hybrid ventilation exists, but there is a real need to make the
developed knowledge more easily understandable for climatic designers, bot least to
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reinforce the fact that natural air supply to spaces can have a low draught riskland
energy consumption. For instance, there is little difference between domestic demand
controlled air supply compared to mechanical ventilation with heat recovery.

It is necessary to educate HV-&fgineers, facade engineers and architects to be able to
design low energy and hybrid ventilated buildings.

More systematic cosbenefit analyses should be undertaken to see when there is a break
even point to apply automatic controlled systems. Examples are mechanical openable
windows, opening sensors, warning sensors in case of unnecessary heat lesen&ivs

and valves for return ducts connected with flaentrolled fans.

Effective outside sunshade combined with effective nigétilation options are essential
elements for many existing houses, especially with much glass. This is a relatb@stand
low-energy solution to prevent overheating. Housing companies shdaldgmore active
role to assist tenants to find affordable solutions.
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3. Typologies of naturallgr hybridventilated buildings

3.1 A short hstory of natural ventilation

In old times natural ventilation was the only option to supply fresh air, cool the space and remove
smoke.

Figure 3.1.1tn The Netherlandslike in many other places in the wordhe first inhabitants after the
last ice age were hunter/gatherers. Thiad of hutfrom the stone age was builOD0 BC(Archeon)

Inthe stone age when farming started to develdipe walls became thicker and heavigsually
made of loam but the way of ventilation remained almost the same.

A8 ! o ; V= - § i
Figure 3.1.2Example of a house of the early Middle Ages. The air exhaust can be conffbkechain
original function of high openings was smoke removal, which has, without a chimney, a low
effectivenessWhenchimneyswere being useair indoor quality and fire safetynproved (Archeon)
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The focus in many buildings was on the improvement of efficiency of the removal of smoke from the
fire for cooking and heatingn course of timét was required that chimneys were madéfire-
resistant materials like brick.

Houses, schools and offices

In schoolbuildings from the beginning of the 20centurythere was often a window that opened
near the ceiling and could redute a large extendiraught. Combined with a large height of the
space this was favourable to cool the classroom in summer as well.

Figure 3.1.3: Bottorrvhung window ofa schooln Poeldijk
from 1921.

In the fiftiesand sixtiesmany buildings in a temperate climate were still ventilated by operable
windows: offices, schools and houses.

Figure 3.1.4: Example of a naturally ventilated scimol
Middelburgfrom around 1960. There are sufficient windows
with different size and locatioand thermal mass that can be
cooled down. Outside sunshade is available. The climate
system was unchanged 2006 when this picture was taken.

Gradudly more and more buildings becamsechanical ventilated, often in combination with

operable windowsNowadays, many offices ewdnave no operable windovat all These are often
considered as harmful for the climate control (draught, air flow control via the ducts, condensation
and cooling capacity) and working of the air handling units. However, there is little scientific evidence
that this is really the case. Qop of that, there are many options to overcome these problems.
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Theatres

Theatresin the 19" centurywere often ventilated via the ceilingDther options are preheated air in
plenums underneath the seats via the corridorsAt the moment there are several examples of
relativdy newand already partly renovateluildings like De Doelen in Rotterdarim which those
principles are reuse(Short 2005, Engel 2010)entilation with the inlets at thedp couldcreate
draught, especially when the concert hall was half full (Awbi 2003). On top of that energy
consumption for cooling and ventilation was high. In order to solve this problem the dinetithe

air flows has complety been reersed to displacemententilation leading to a much better thermal
comfort and lover energy consumptiornHis example shows that even in fully mechanical ventilated
buildings it is wise to make use of the characteristics of natural air flows.

Exhaust percentage (related to the heat sources)

20% 10% 47% 23 %

Spotlight power 25 kW - - Spotlight power 50 kW
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Spotlight power 7%W

Figure 3.1.5 CF8imulations with Fluent dbe Doelen(Engel010).In order to reduce the risk of return flows the location and amou
of exhaust should be proportional to the heat sourcEsethermal stratification reduces draught, fan and cooling energy

3.2 Natural ventilation in different climates
a. Moderate Climate

In a moderate climate a different ventilation strategy is necessary for summer, autumn, winter and
spring.This means often different air supply systems for summer and winter.

In summer large air flows can be necessary to cool the building. The most efficient ventilation
strategy is to ventilate thedildingonly when the inside temperature is higher than the outside
temperature.The size of the air flow may vary depending on the heat load and the temperature
difference between inside and outside.

When the outside temperature is higher than the inside temperature the air change rate should be
limited to that what is necessatp guarantee the air quality with an air changde (@ch) of 0.5- 1.

Thisis also the required strategy for winter in order to reduce energy consumptioio®af that, in
winter it should be @ar that the supplied air flowloes notproduce draught. At the moment there

are enough examples for different functions like a¢schools and houses showthgt this is

possible However, there are significant differenciesthe design strategy betweerh& Netherlands,
Scandinavia and England. The most relevant Scandinavian examples are presented and discussed by
Heiselberg Awby2008).In England there are developments of fully natural ventilated buildings with
air supply and exhaust shafts. Air supply via the fagcade is often integrated in the canopy combined
with local preheating of the air. In The Netherlands most systems are baseataral air supply via

the facade at a heiglof 1.8 m above the floor, which is also incorporated in the building code. For
this system preheatingf air is generally natecessary. This depends on the amount of outdoor air
per minlet.

b. Cold climate

In a cold climate a different ventilation strategy is necessary for winter, autumn/spring and summer.
The Manitoba Hydro Place in WinnipéganadgWood2013) shows that it is possible to develop a

low energy building in which natural vélation still plays an important role. This building is a mixed
mode type. This is an option for a climate with extreme differences bennsummer and wirer

(+35 to-35°C). For regions with smallemperaturedifferencesground ducts are also possible

such as applieth the Media primary chool in Grong, Norway (Kleiv@003).In arctic regions
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adjacent glass houses for natural ventilatianme an option makinguseof the heating capacity of the
sun.

c. Hotand dry climate

In hot and dry climates cooling by shading and air flows are essential. When the temperature

differences between day and nigatelargeenoughnight coolings also an effective strategy.

Especially in arid climates the difference between day and neghperaturecan be hugefFor

ventilation via windows or large grilles there are many haattulations tooland evaluated

examples ofow rise buildings (Allard 1998) in order to assess the optimal size and positon of

openingsln hot and dry climate crosgentilation and night cooling are effective options. An
AyiSNBaiGtAy3a SEFYLE S 2F ONraa oSyidAtldAzy A& (GKS
Corbusier (Passe and Bataglia 208g\eral passive strategies are possible to cool a building in this

type of climate such as ventilative cooling, radiant cooling, evaporative cooling and earth cooling

(Givoni 1996).

d. Hot and humidctlimate

There air large differences between hot and huniichate-types In climates with much rain and
forest, the temperature differences between day and night and between the seasons are usually
small. This is partly due to the large cooling capacity of plants, more than 408 Wtause of
evaporation(Engel 2017b)in these climates enough shading and comfort cooling by ventilation is
sufficient tocreate a comfortable environment for persoadapted to natural ventilation.

There are also regions where the humidity level is high, combined with a high temperature, for
instance in the United Arabic Emiratebere the enthalpy of the air can be more than 130 kJ/kg air,
whereas 65 kg/kg air is already high itemperateclimate This highenthalpy will doublethe

amount of energy necessary to dehumidify the air in fullycainditioned buildings.

In such a region especiallywinter natural ventilation is easy to integratdowever, mtural
ventilation is also possible in other seasons, making use of wind torreziples.

An excellent examplef a high rise apartment buildingith crossventilationand effective sunshade
isthe Kanchangjunga apartment building in Mumbai (Passe and Bataglia 2015).

A different design direction can be found in the work of Oscar Niemeyer in South America. His
0dzA f RAy3a KIFI @GS +y a2LSyé yR Y2ydzYSyidltf SELINB&AA
Corbusier. With large canopies, brise soleil sunshade and effecvefustural ventilation he
managedo keep the temperature in his buildings within acceptable lim@ise problem thatneeds
more attentionis that dueto the large differenceglumination (lux)and brightnes®f the

surrounding surfacegandela/n?) between outside and insidaisers tend to turn the lighting always
oné 6 bl @S A Iading to high elactricitg and cooling loadshis can only be solved by
reducing the light levelith, for instancean extra semtransparent layerwhich should be open for
natural ventilation as wellThis is almost thesame problemnthat occurs with fully glazed facades with
integrated venetian blinds. Because of the large differences in daylight near the fagade and the
corridor-zone users have the feeling that it is dark in the midztd@e, which is in realitgften not the
case.
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3.3Advanced naturally ventilated buildings
1. Lowtech

Lowtech solutions are contrebptions and building elemés that can be manually useduch as the
operable window position and the opening and closing of a vent. Those actions do not require
central and decentral control systen a complex interaction with a mechanical ventilation or a
heating and cooling systerhlowever, they can influence the temperature, which might lead to
additional necessary actions of the user.

2. Hightech

High tech solutions are generally incorporated in a building management system, in which electronic
and mechanicatontrol is importantOther examples are:

- Motorized valves of the air inlets to control the air flow.

- Mechanical ventilation that stops when the €@vel is low enough.

- Systems thatanoverrulemanual control of windows in case of cold or hot and humid
outside air conditions, high wind speed or rain.
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3.4 Types of mixed mode systems

In the following chapteseveral hybrid ventilatebuildings are discussethere is a fundamental
difference between buildings based on direct air supply via the facade with windows and grilles and
buildings based oair supply with ducts.

- With air supply via the fagade and rooms with a limited depth more fresh outdoor air supply
is possible, there is more contact with the outdoor climate and comfort cooling by air
movement is easier to realize.

- With air supply via ducts it is easy to apply preheating, filtering and heat recovery. Normally
these are applied in more centralized systems with deep plans.

1. Air supply vidigh placed inlets inthe facadeand exhaust via a shaft central roof(1)

’

Figure 3.41: Office Rijkswaterstaat Terneuzerigh position of the inletlow air velocity




2. Air supply vidigh placednlets inthe facade and exhaust via a shaftcentral roof(2)
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a b

(o}

Figure 3.£: Rijksverzamelkantoor Maastrighi€eramique site (architect Henkeb)igh position of the inlet, lowupplyair velocity Other
principles are: a solar chimney, ventuoiof and smart usage of the neutral zane

3. Air supply vidow placednlets inthe facade and exhaust via a shaftcentral roof

a CFEanalysigTwinn andArup).

¢ Overview of the Anglia Polytechnic University

b One of the ventilation strategies in summer.
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d Usage of natural elements
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d Principle scheme ventilation, smart usage of the position of the neutral zone.

Figure 3.43: Anglia Polytechnic University position of the inletlow inlet air velocity. The lowest possiblgosition of the neutral zone
has been aimmportantissue irthe design (Twinn 1997, Allard 1998)
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4. Air supply viavindows inthe facade and exhaust via a shaftcentral roof(1)

b Abundant and creative presence
of thermal mass in the ceiling

a c

d

Figure 3.4.4BRE Experimental buildingptimal usage of the thermal masdue to the chimneythe positionof the neutral zone has a
higher level.

5. Air supply viavindows inthe facade and exhaust via a shiafthe facade (2)
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Figure 3.45: GSWheadquarters
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This building is a mixedode building, in winter and summer a mechanical system can take
over the climate controlThe top of the facadehimney is increased to prevent reverse
flows.

6. Air supply via windowi the facade exhaust via central shafts

i‘/:: Mra.( Al. he /ﬂa/u,y%, 2

/ S, /
les trots cheminds aétanliques &
A

N v

The air is transported from the rooms to tisbimneys via duct in the corridar$he building has a height of 30 m , like most
the centre of Paris. Thedditionaléchimneys on the top of the buildingintegrated in the shape of the roddye 15 highThe
minimum calculated pressure difference in summer is 10 Pa.

Figure 3.46: Ministry of Defence Paris, natural air supply via windows, only when the outdoor climate is favourable enou
(mixed mode type)

This building is a mixedode building, in winter and summer a mechanical system can take
over the climate control.



7. Air suppy via a second skiiacadeto a central shaft

Wing points into
westerly winds
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Summer mode

——
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Overpressure systepnmixed mode

Figure 3.47: Kfw WestarkadeFrankfurt.

This building is a mixadode building, in winter and summer a mechanical system can take

over the climate control.

8. Air supply anegxhaust via a shaftbdacade
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Figure 3.48: ARAG TowerlCombinationof naturalwith mechanical ventilation, if necessary. Cooled ceilings.
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9. Air supply and exhaust via a double skin facade and atrium

e T

g

gy

aUnipol Tower Milarwith the Bosco Verticale building nearby

b Unipol Tower Milarand atrium (achitect MarioCucinellad

ESTATE GIORNO

¢ Climate principle of the atrium drsecond skinOpenings of 20
m?low and high in the atrium will keep the temperature in
summer close to outside temperature.

d Design sketchesf the ventilation of the second skin. Reflective
blinds in the cavity and high efficiency glass with a levalge
(0.30)will keep theindoor solar load low (g = 0.06).

Temperature, °C
80.00000
7€.62500
73.25000
69.87500
66.50000
m 63.12500
7 59.75000
56.37500
53.00000
49.62500
46.25000
42.87500
39.50000
36.12500
32.75000
29.37500
26.00000

temperatures outside glass cavity

screen behind screen inside glass,

cavity side

e CFBanalysis overheating risk second skigadeat the hottest day At each floor there is an opening of 25 cm (7.5 % of the facadsg

Figure 3.4.90verview natural ventilation principle Unipbbwer. A combination of hourly simulations with IES of the second skin
together with CFD of the whole fagade can give a good prediction of the maximum tempedratheecavity of the fagade.
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10. Air supply via ahaftandor exhaust via ahaft

Natural ventilation for chimneys direct hot air out of the
high-rise buildi — building, hot air could be used for asIsREss
Ig -rise bul Ings energy production if, for example,

(termite model) vertical axis wind turbines or sterling aEIERERE
engines are mounted on the chimneys

W - warm air
W -coolair wvegetation, reduces

sunlight heating

APl
o,

XX
X

i e e e
ARLL AL Alelfait ifgitalie
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= connection to
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)
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Figure 3.4.10Eastgate Centre Hargr#lick Piercg1996)in ahot and humid climateair flow model inspire@n the flow in a termite
hill during the night generally buoyancyin reality the direction of air flowis termite hills reversebetween day and night (King, 2015
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11. Airsupply and exhaustia shafts with different thermal characteristics

3 main components:
1. Ventec roof

2. Climate cascade
3. Solar chimney

a.PhDresearch b Breeze hotel Amsterdanedrly ¢ Breeze hotel, as built
design)
:"‘}‘

d. Langeveld building (educational building o] e. Atrium of the Langeveld building | f. Sprinklers at the topf the
the Erasmus university). The ventec roof is climate cascade

visible.
Figure 3.1.11Earth, wind &fire research(Bronsema013), moderate climate, buoyancy/sun/wind/caddopletsivapour
(12°C)to induce a vertical air floextra air pressure)clean the aiand provide coolingvithout producing a high humidity
level Mixed-mode, low air pressuréuilding with a very high degree of natural ventilation.

The Langeveld building shows that opéle windows can even be combined with a low pressure ventilation system. Whe
window is opened and the G@evelbecomedower, thecentralair supply in a room iseduced orshut off.

In the EW&F~concept abuildingwith a height of circa 35 will lead tocirca40 Pascal natural
ventilation over a whole yegEngel 2012)When the internal resistance due to VAslves

and heat exchangers is more, fans have to take the ventilation over. At the moment the
internal resistance of the EW&F concept is minimal-180 Pascal, sduring a large part of

the year this concept is actually a low pressure ventilation systéra.Meda School

(Wachenfeld 2003) shows that a very low pressure differéacgossible including a heat
recovery wheel. Alans Short hdssigned buildings in which buoyancy alone was already
mostly sufficient as a ventilation driving force. This development already started around 1860
(Short 2017 and 2020). In his buildings valves are included, but there is no heat recovery yet.
Having derand controlled ventilation it is alwaysdiscussion if this is worthwhile enough to
apply this.Interesting is the climate cascade which can purify the air like an air washer. At the
moment the length of the cascade and size of dropletsisgreduced in order to increase its
effectivenessaand improve its economics and integration optiohshighrise buildings there

will be much more undepressure, in that case almost no fan energy could be possible. In
that case the disbalance between ovand underpressure should get more attention. For



instance, it can disturb the working of variable air volume valxbsut theeffect of the
humidity level on thermal comfort there is no real sensus ye(Vellei 2A7).
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Corner lightwell and
fresh air inlet

Book stacks

Central lightwell and ventilation
outlet

Ventilation
exhaust stacks
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12. Air supply viaentralshafts oratria and exhaust via decentrshaftsor atria
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Figure 5 Lanchester Library: air supply strategy. 1 =

5= light wells providing ventiation and daylight, 6  building energy
8= 9 = well

= Carbon dioxide and temper vidi

Figure 6 Lanchester Library: air exhaust strategy. 1 input to the buil
stem, 2 = perimeter radiators with thermostats, 3 = exhaust dampers at a high level on each floor, 4 = castellated

C

resh air 3= ing, 4 = ,
management system-controlled louvers, 7 = ventilated void,

beams, 5 = thermally massive (concrete) ceilings, painted white to assist daylight penetration, 6 = light well providing ventilation and
daylight with solar shading, 7 = stack termination with wind protection, 8 = buiding energy management system-controlled windows,
9= dedicated stacks o the third floor

d

Lanchester LibraryCoventry moderate climategenerally buoyancyThe top floor has an own air inlahd outletsystem in order
to increase the level of the neutral zoagethe lower levelsThe air inlet is in the basement level of the buildifilge building is
carefully protected against overheating due to the fagade design with small shaded windows and the usagealfrttess with

night ventilation

L

e. winter ventilation

f. summer ventilation

School of Slavonic and East@pean Studies (SSEE®)cause of the location in the centre of London, an urban heat isdénd
can be precooled bglements in the top of a central atrium which is the fresh air supply zone of the builfingows are still

operable.

Figure 3.4.12A library and schodly Alan Short, outside and in an urban heat island
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13. Air supply via a shaft in the ground, supply via giound and exhaust via tlarium-top

Figure 3.413 Theatreand Dance Academy Arnheifihe atrium is generally natural ventilated. The adjacent dance studios are mechanical ventilg

14. Airsupply via a grounduct, ducts in the facadand exhaust via an atnmwith chimney

/ Use of natural resources . Air

Energy Academy Europe has low energy requirements. The building is ventilated by natural drafts.A ‘solar
Itrequires gy as it makes use of chimney’ creates awarm spot at the top of the building,
nature has to offer: Fire drawing fresh air in through a thermal labyrinth
Solar panels cleverly placed to create pyramids harvest ~ underneath the building.
gy f Triangular wi
Water allow daylight in to save artificial ight.

Rain from the sloping roof runs into a large basin. Purified
drinking wateris not squandered on flushing the toilets

Earth or watering the plants in the winter garden. Solarenergy
g i down in the earth 5

pe gwarm. 3
andwhen needed. This system of geothermal energy

coolness in the summer without consuming any energy. Rain water = .
n addition, ventilation air s cooled or heated while - et

transported through the labyrinth.

b winter garden catrium. d ground duct

Figure 3.414: Energy Aademy Europe in Groningen (BroekBakendéhe right side air is supplied via a ground duct, at the left sida vienter
garden. The air is exhausted at the top the atrium and flows to a solarfimbhaced chimney at the top of the buildingis a mixed mode concept.
Labaatories and offices in the building can ats® ventilated and cooled inmechanical way. The central inlet and outlet of thechanical systems
follows the same path as the natural systéiiindows can be opened as well.
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Energy Academy Europe as discussed in a workshop Innovative Passive Solutions at Clima 2022. The
building is hybrid ventilated and has a glass fagade. Although designed as a very low energy building
the energy consumption is twice as high as predicte® K\/n¥ instead of 50 kWh/rh The building

has used in 2019 circa 48,000 kWh of thermal heating and 12,000 kWh of cooling energy per month
all over the year. There is no difference between winter and summer. The impression is that

operators who fill in theset-points and operation times of the installation first react on comfort
complaints, having less attention for the energy consumption. When a building is cooled off to much
during the night, most of that energy has to be used again to heat up the bgiil@his is not only an

issue for the strategy of openable windows but for mechanical ventilation as well.

15. Air supply and exhaust via an atrium

asummer

d winter.
Figure 3.415: IBNDLO (Lumen) Wagening&heventilation of the officesis generallyiathe atria. Additionally there is mechanical exhaust in the
offices and there is ground duct air supplythe atrium Adaptation of the occupants to the climate is the starting point of the design.
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16. Air supply and exhaust via windows, otherwise mechanical ventilation

In the Co Creation Centre at the Green Village of thée€lft, a building with a fully transparent
facade there are different control strategies.

a
Figure3.416a and b Automatic openable roefvindows in thetransparentCo Creation Centre of the TRElft. This building has
different climate strategies (Engel 2022).

Passive control is the preferred contiolode. The following contrahodes are availab

1. Passive, when mechanical ventilation is not necessary, where the centabisetfollows
the most optimal line between the upper and lower band of the minimum and maximum
adaptive temperature. Passive options are openable roof windows and external slsha
making access of sun possible when necessary and acceptable related to visual comfort.

2. Passive/active making use of the thermal mass of the building and aba@afy.

3. Active mechanical ventilation with heating and cooling when necessary following an
adaptive control strategy and s@bints.

Boundary Operative Temperatures, low summer temp
——T heating Regina_CCC ——T cooling Regina ——setpoint heating
—setpoint cooling - Setpoint passive

29
27

25

23 | . -
Passive heating and.cooling

=

| ~  Active heating

Operative temperature

19

17
-5 0 5 10 15 20 25 30

Running mean temperature

Figure3.4.16: Temperature control strategy of the Co Creation Centre, making use as much as
possible from passive energy. For instance, a higher indoor temperature in winter due to the su
accepted, as a buffer for a colder day.
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Window-control stratedges

Windows are only opened when there is no active heating or cooling demand, so with indoor
temperatures above 20 and 2427 °C, depending on the clothing isolation of the occupants and the
required comfort level.

d. Air velocities e.Draught Rate values at 1.1 m
CFDBDraught risk analysis of natural ventilation with rooftop windows at an outside temperature ®.:Mindowopening 20 cm.
Fresh air supply sufficient for 15 persons.

f.  Air velocities g. Draught Rate valuesat1.1 m
CFDBDraught risk analysis of natural ventilation with rooftop windows at an outside temperature %.18Vindowopening 40 cm.
Fresh air supply sufficient for 24 persons.
Figure3.4.16d - g: Draught risk analysis to support the windaantrol-strategy

Rooftopwindows can be opened from circa 90, without a serious draught problem giving already
sufficient fresh air for 15 persons, see figure 6. The height of the space makes opening at a wide
range of outdoor temperatures possible. However, because the volume of the space is so large,
without anyventilation it takes more than 8 hours before the Sfncentration reaches the
1200ppm level. However, only controlling the air flow by the RleMel in the exhaust is not
sufficient. In that case still a sea of stuffy air can occur. The sensors show differentl©@ls in the
space. At the moment the highest registration in the space is used as cpananeter and the CO
setpoint is reduced to 800 ppm. When 25/mper person is supplied and there is an average
meeting time of 2 hours with 15 persons the £evel will stays below a preferred 800 ppm for a
situation without ventilation (see figur8.4.169. To prevent the stuffy air experience, probably
exacerbated by the synthetic carpets, some minimeentilation still will be necessary.



47

Relation residence time and ppm £O Relation residence time and ppm £0
for 1 m#/h fresh air per person (15 persons) for 0,1 n¥/h fresh air per person (15 persons)
1400 o
1200 1600
1400
1000 Q' 1200
8 800 2 1000
§ 600 s o
400 400
200 208
0 0 1 2 3 4 5 6 7 8 9
0 2 4 6 8 10 12 14 16 18 hours
hours
h. CQ-concentration for 15 persons with 25¢h pp air supply in i. CQ-concentration for 15 persons with Ortt®/h pp air (almost
relation to time no ventilation) supply in relation to time
Figure3.4.16h and i Rise of the C&concentration when there are 15 persons in the space

The higher the outdoor temperature, the more outdoor air can be supplied. Roeftodows can be
opened from circa 16C, without a serious draught problem giving already sufficient fresh air for 15
persons, see figure 8. Above 45 some crossentilation is possible via other windows in the facade.
This leads to the following relation between the number of occupants and outdoor temperature:

Relation outside temperature and
number of occupants for natural ventilation

» 300

c

g 250 0000

§ 200 P acti e_cooling or

o ° adaptive approach?
~ 150

£ 100 ALLX. |

€ Rooftop windows Cro%svgn ationlimited by draught risk

o 50

g Tt

* 0 [ ) $8e

% 0 5 10 15 20 25 30
L

Outside temperaturéC

® number of occupants @ flow *100 m3/h

Figure3.4.16: Relation outdoor temperature and natural ventilation in the Co Creation Centre

In this building natural ventilation is the preferred passive coamolde, when there is no active
cooling or heating demand, which is estimated for 30 % of the time. When the log#tv&D
becomes too high, the mechanical ventilation will gradually supply more fresh air.



4. Ventilation elements

4.1 Natural supply systems
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I

As long as the air flow @naller than 10 15 I/sm fagade
> there is little draught risk. A convector radiator will
reduce drauaht risk even more.

aMore than 1.8 m above the flogrequirement Dutch buildingatle to prevent draught)

{4
toevoer via zdln/qou/nd rooster

¢ Optimal usage of the thermal mass

CYCLONE

FLUD DYNAMICS

d smoke visualisation test of air flows e CFDBsimulation to assess draught risk

Inlet near the ceilingRijksverzamelkantod€eramique sitdlaastricht

Figure 4.1.10ptions of natural supply systems with a low inlet air velocity and a high position of the inlet
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Air inlet 5¢ 20 mmdirect beneath the ceiling, 2m/s if possible, as
Re - long as the air temperature is higher thas® there will be no
draught (DR < 20%). Three physical principals are used:

- /2FLyRIFI SF¥¥FSOhd 5dz§ G2 . SN
pushed upwards when the velocity decreases.

- High turbulence at the inlet (fast mixing).

- Small deflection of the air flow (low Archimedes numbel
Ar < 0.001).

a

Option for offices in order to prevent draught. For schools preheating of the air t¢Qis necessary.
For large air flows, such as for schools, higher press
differences are necessary: > 3 Pa, depending on the
aerodynamic design of the air inlet.

b

Front fagcade Amolfesearch centre

2

d Air inlet for a school (ROC van Twente, air is preheated by two e
pipes)

f Jaga/Oxygen system (mechanical air supfyy position of the inlethigh velocity

A disadvantagef a low position of an inles that there is more risk afimultaneouslyheating and coahg, because the
temperature of the supplied air cannot be too low. This also depends on the inlet air velocity.

Figure 4.1.20ptions of aisupply systemsia the facade
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Inlets just underneath the ceiling with air colder than the room temperature ahidjavelocity
should not deflect too early to the occupanzone. In order to prevent thike Archimedes number
shoud be lower than 0.001 (Eng&995). The Archimedes number is defined in the following way:

Ar = g* hnlet*( Troom_ Tinle)
U*T

room

@4.1.1)

The value of 0.001 is usually low enough for outside temperatures®@I®or lower temperatures or
Draught Rates below 20 % this value should even be I(krayel 2017)

Grilles(trickle vents)are small elements that can control air flows much better than windows can do.
This is especially important for the heating season. In the Netherlands grilles are atunaly
invisible from outside, upon thigame or wallabove the window or underneath the ceiling.

a b »
Fgure 4.1.3Example of an air inlé¢tidden from outside, one of the most common ways of
integration of grilles in new houses in the Netherlands

a b

Examples of air inlets just beneath the ceiliagthe right with sound absorbing materia(polyether).

S ‘
[
-

koo tnedmbaat
renigng

24704P
multiplex

Koardbediening ventilatieklep

30

E
c d

Example of an air inlet near the ceiling with an excellent option to integrate curtains without disturbing the air fldwitearenz
Pijnenborgh ArchiServicg. This social housintype (Brabantwoning) is an example of zero energy design with natural air sumply
mechanical exhaust connected to a heat puriight ventilation via a window in the roof (with a raansor) supports free coolinm
figure 4.1.4e the coandaffect is made visible byolouredsmoke.

Figure 4.1.40ptions of integration of air inlets near the ceiling
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Sometimes architects or manufacturers look for very simple solutions

aAir grille of which thesize ofopening can beasycontrolled and | b Ventilation opening for Vek skylights for minimum
closed (Tilmar) ventilation. The way of integration prevents rain
coming in and the opening can be closed. However,
the size of the opening is more difficult to control.

¢ Air grille completely integrated in the frame, closed and open (Velfac)
Figure 4.1.5: Options of air inlefsat can be combined with or integrated enwindowframe

At the moment in the Netherlands natural air inlets are placed in low and in high rise buildings up to
73 m (Buma 2016). It is not clear yet what the maximum allowable height is.

Dynamic insulation

Air supply is also possible over the full height of the facade, with the application of dynamic
insulation. In this case air flows via a porous insulation layer in the facade. The air flow should be
controlled in case of high pressure differences

4.2 Windows limitations and opportunities

The focus of this paragraph is on boundary conditions for openable windows. Occupants live in their
own houses and often in an office or other working environments as well. Due to the development of
working on a distance, accelerated by the COpdDdemicsthey generally have more choice which
environment is the best. That is why a holistic approach is necessary for buildings in general and
houses. Natural ventilation offers a wide range of loest opportunities to realize the required

thermal comfort ancheed of fresh air. Boundary conditions are the limitation of cooling and heating
by intelligent building physical design of the facade or roof, with better balancing heat loss due to
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transmission and heat gain by solar access. In this field there is still a lack of knowledge at many
professionals. In most cases natural ventilation has to be supported by robust mechanical systems.
Effective integration is a rather new field of researgarning from the past. BM§ystems play more
and more a key rolélhere is no good reasart to apply openable windows as addition to another
permanent ventilation system. It will increase the user comfort and the building will become more
resilient (rot unacceptable hot) during heataves, cold storms and grid failures. However, there are
often arguments by mechanical engineers or investors against openings in the facade. These are
summarized in the following paragraphshould carefully be evaluated during the early design
process. In very advanced ventilation buildings (Wood 2013, Engel 2019) these problems have
already been solved due to high degree of control of windows, cooled ceilings and valves in ducts. In
genera) these are very expensive ldings for the top of the market. However, instead of more
control-systems the knowledge of the user can also be used to efficiently, successfully and cost
effectively monitoring and manage energy consumption. Elevating the role of the operator, facilities
manager and/or caretaker of the building in conjunction with user feedback systems are other
important improvements to be considered, couple with awareness raising campaigns. Preventing
unnecessary heating and cooling is increasingly necessary in workernsomes and key lessons can
be transferred from the workplace to residences, and vice versa.

Discussion abodimitations

Regular discussions about the effect of openable windows are summarized in tHigrapha

a. unnecessary loss of heating and cooling energy

Cooling with outdoor air is most effective when the outdoor air is cooler than the indoor air.

However, anywhere around the TheraNeutral zone, say 265 °C. additional air movement cools

bodies. This is even the case when the moving air is wagrasrit accelerated evaporative cooling

from the skin. In that case the total amount of cooling energy will be highly reduced. Additionally, the
thermal mass of aduilding can work as a thermal battery of the building given the boundary

conditions exist to perniheat transfer from the air to the mass. Personal cooling is possible at

higher temperatures with the aid of higher air velocities that accelerate evaporative cooling form the

skin up to upper skin temperatures of around®35p ¢ KA & G O2YTF2NI O22ft Ay 3¢ Aa
GOSYGAt L GAGS O22t Ay3¢ o0/ KASalF HAHMI bAO2f HAMHO O
temperature follows the outdoor temperature but this a different type of indoor climate, often used

in warm and hund climates. It is, for instan¢also used in many houses and other buildings when
night-ventilation is not possible.
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Changes in use oﬁ windows, lights, fans and heaters Lﬂlith indoor

temperature
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Figure4.21: Adaptive control options in winter an summer (Nicol 1999)

Unnecessary heating can be prevented when a window is only opened when the indoor temperature
is higher than a certain sgoint, for example 20 or 29C. In practise occupants open a window

when they feel it too warm and close it when they feel it too cold. When it is too cold or too warm
indoor or outdoor there is already an automatic reaction by the users to close or open windows (Rijal
2007). Nevertheless, this reaction could be optimized.
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Figure4.2.2 Relation between the operative indoor (left) and outdoor temperat(right) and the frequency and size of
opening of windows (Rijal 2007)
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When a hybrid ventilated building is controlled in a remart way, energy consumption will increase
instead of decrease, so the critics have a point her&dl2016, Shahzad 2022). The most efficient

control strategies require sufficient information for and awareness of the user, both of which can be
learnt, when there is no automatic control system available. Information could be given for instance

via a weatler-station. When there are many different users in a building more research is needed for
this design challenge on how to limit the risk of discomfort for the many, and to understand and
SYKFyOS (GKS gl NBySaa 2F GKS ySOSaalNe FOGAz2ya
separate rooms, their energy loss is mainly limited to the room itself.
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The simplest solution for automatic control is to shut the mechanical ventilation off when a windows
is opened. This does not require higgth smart controls and such systems have been used for
decades in buildings like hotels. Because of the dangesttihg insufficient fresh air in the space,
especially with large spaces and singi@éed window ventilation, a G&ontrolled mechanical air

supply is a viable option. Natural and mechanical air supply can easily and effectively support each
other.

A real problem for many buildings is that heating and cooling takes often place at the same time due
to missset controls, leading to high energy consumption over the whole year, but especially in the
cooling season. This does not relate specifically ftdimgs with openable windows, but occurs in
almost all buildings. It very often happens that occupants want very different comfort temperatures
to those supplied by the mechanical systems, for instance in-ceeled buildings during hot

weather, so theyopen the window for fresh air and a warmer breeze, leading to higher energy use to
compensate. The real problem here is the use of inappropriate set points. Theawiang of fixed
envelope buildings in the USA in 2012 resulted in US $10 billion albn&i#i 2022).

b. shortage of cooling capacity of the chiller, heat pump or cold storage

When there is much extra outdoor air with a high enthalpy is supplied, the chiller can reach earlier its
maximum. It is necessary to close windows when it is outside warmer than inside, like occupants in
houses normally do.

c. draught risk

The experience of draught risk via windows is very dependant of the user. The decision of the
position of the windowopening should be made by the user or combination of users. Draught risk is
a very personal experience, because people react very diffgrentair flows, temperatures and
turbulence levels. Draught is also produced by mechanical systems, for instance, in many stores the
temperature is set too low. Natural air flows have a lower draught risk than mechanical at the same
temperature, becausefdhe different turbulence spectra between mechanical and natural flows
(Quyang 2006).

Usually draught can be prevented by reducing the size, shape and place of an opening. This should be
made possible by the designer. It is already known that hopper windows have a lower draught risk

and second skin windows as well. As to air inlets (tric&lgs) the location of the inlet and size of

the air flow has influence. In houses with a kemperature heating special solutions are available

(Engel 1994 and 2017), which is completely ignored in current Dutch standards (SKNNI 2022). On the
other hand air flows can also produce thermal pleasure at higher temperatures.

However, many elements related to draught are still unclear. Is draught a physical or psychological
feeling or both? Quite number of occupants close trickle vents completely due to a feeling or idea of
draught even when the supplied air flow is very small.

d. outdoor noise

Windows can be closed when the outdoor noise is too high. But it is also a personal choice of the

dza SNJ K2g YdzOK o6F O]l ANRdzyR y2A4S A& I OOSLIISR® G2 KA
of voices. The Unilever head office at the Weena in Rotterdamsound absorbing materials in the

cavity of second skin windows to increase the time that users can open the window.
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e. outdoor pollution

In general, outdoor air is almost always cleaner than indoor air (Ragas 2011). However, there are
exceptions and air quality can vary during the day. Occupants should have the right to choose what
they prefer. An information system about the outdoor airadjty could support them.

f. disturbance of mechanical ventilation

Due to pressure differences the air distribution within the building might become insufficient. At the
moment there is not much scientific information how large this problem is. It probably only occurs
for a limited number of hours per year at high windesds when users close the windows anyway
and when there is often already a larger air change rate via infiltration.

g. condensation risk

When the temperature of a surface is lower than the condensation temperature of outdoor air and
moisture is being produced by occupants, surfaces can become wet. When surfaces have a sufficient
high temperature this problem can be evaded. In the Nethettacondensation can usually be
prevented when surfacéemperatures are above of 1€ at unfavourable outdoor circumstances. To
remain 18°C the enthalpy of the air should be lower than 45,000 kJ/kg (water content of the air 11.5
o/kg). However, at veryare outdoor conditions of 38C and 50 % or Z& 60% of relative humidity

with an enthalpy of 65,000 kJ/kg (wateontent 16,9 g/kg), a surfagemperature of 21- 22°C will

be necessary. This problem can be evaded with enthedpyrol of cooled water. This kind of control

is for instance used in the towmall of Amsterdam with cooled ceilings and in the high rise of the
Ministry of Justice in The Hague with concrebdeecactivation. In these buildings all the users still

have openable windows.

h. Relative humidity too low or too high

There is still an ongoing discussion about the effect of the relative humidity on adaptive thermal
comfort. The effect of the level of humidity on overheating seems to be overestimated by 30%
compared to the current adaptive model (Vellei 2017). Nevertbgleryer air allows higher
temperatures at which people feel still sufficient comfortable. It is not clear how much effect dry air
has on health and wellbeing and which level is really critical. The feeling of dry air seems often be
produced by small dugtarticles. On top of that, people react in a different way on dry air. A dry
throat and skin can be disturbing, but there are also people with asthma who have an allergic
reaction on house dust mites and prefer dry air. On top of that, infection riskditiegent for

oF OGSNRAI YR @ANMzZSa fSFRAy3a (G2 RAFTFSNBYy(d LINBFTFSN
ventilated buildings are not humidified, generally without loss of comfort. However, the main reason
seems to be to save investment and ntaimance costs.

i. other limitations and boundary conditions

Prevention of the ingress of rain, burglars and insects or birds is important. There are many solutions
for these problems such as sheltered windows, limitation of the opening width, security grilles and
insect and bird netting. Solutions depend on theidaesand surrounding of the building and location,

and type of windows to what optimal prevention options are. Solar shading like screens can also limit
the amount of ventilation and will influence the temperature of incoming air. There are special

design slutions to prevent this, like keeping some free space between the screen and the facade.
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Many automatic openable windows have systems that make much noise during opening or closing.
Solving this problem needs more attention.

j- higher investment and maintenance costs of the fagade

The costs of facades with openable windows are indeed higher, but it should be compared with the
losses related to reduced user satisfaction, productivity loss, future value of the building, reduced
resilience in times with a failure of the installatiom,increased infection risk. On top of that the

costs of the installation is usually higher because all the required cooling should be realized with the
installation. The experience of the outdoor environment and seasons inside, like the odour of air and
daylight is most relevant (Guzowski 2003). Enezggsumption of fans and cooling will be lower than
with only a mechanical system or a single skin facade.

This discussion can be compared with the application of outside sunshade which reduces the cooling
demand and increases visual comfort. A doshefit analysis is necessary.

k. Ineffective behaviour and insufficient awareness of the user

One of the main questions about windesontrol related to energy consumption, or protection

against rain or burglary is user behaviour. What is reasonable to expect from a user? This question is
not easy to answer. In the users own house, it is usualherawell understood when to open or

close a window. In winter it will influence the energy bill when windows are open too long, but not

all users are aware of this because there is no direct feedbgstem. When a user leaves the house
mostly the window \ill be closed because of the risk of burglary and raining in. Not all users know

that leaving window open on a very hot day the house will become warmer as well. In offices
occupant behaviour is even more difficult to predict because usually it is nqtrdperty of the

occupant which generally leads to a feeling of being less responsible. Double skin facades in principle
can save energy compared to single skgaékes, but at the moment the opposite is often the case in
Germany (L&o 2016). In many buildgs there is someone who has to close all the windows after

office time, such as a caretaker or someone who cleans the rooms. For large offices this is a time
consuming and rather costly activity. On top of that some offa@ms maybe forbidden to enter

without permission A completely different approach could be making buildings and spaoes
certainextent d T AMNR 2 F ¢ | I Ay ad dza S NJ-of Sanfo@ekfigiamNThis i, G A &
for instance, an approach that can also be seen in howbese is too much moisture production

leading to mould. In many modern apartments this is not a problem anymore. Locally a user might
open windows on unfavourable moments, but it could have little effect on the building as a whole.
There is always a limio inefficient behaviour. When it becomes too hot in a space, occupants will

tend to close sunshades or open a window by themselves. In winter openable windows will be closed
when it becomes too cold. It is a logical human response. Most problems oceurtiwre are no
occupants during the night, weekends or holidays.

Some types oiVindows

Windows are often used to ventilate a buildiagd cool spacesThe larger the window, the larger

the ventilation capacity. In order to increase thermal comfort options and to prevent draught it is
necessary to make a window that can create large as well as very small openings and can be fixed on
different positions.
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Windows consisting of small and large elements are preferable. Small elements are also better for
night ventilation. Protection against rain and burglary is easier to realize. Rain protection is also
effected by the location in the facade.

Tilt and turn windows are very popular at the moment, because they can deliver very different sizes
of openings. tis necessary to make it possible to open the window only a fewasmell in case of
low outside temperatures or much wind

Example o windowtype thatcanrealize many different sizes Tilt and turn window relative small and large openings are
and positions of ventilation openings for cooliagd draught possible. A maximum of draught reduction is possible wh
prevention the turn-opening can be reduced to a fawm orcm.

: i B Winter position | Summer position
c option to create a winter or summer position of a wind{®chipper kozijnen)
Figure 4.23: Large windows with several opening options

Points of attention arésummarized):

Prevention against burglary

Privacy protection

Protection against rain

Option of rnight ventilation and comfortooling
Ventilation capacity

Reduction of draught

Controloptions of the size of the opening

=A =4 4 -4 -4 4 A



58

1 Effect of operable windows on air flows

To calculate single sided ventilation via a windowhich temperature difference, windelocity and
turbulenceis incorpoated the following equation is available (Phaff 1980)

Q=0.5*A, */0.0035*h* O@ 8.001*U*> 0401 (4.3.1)

With an opening of 1 Ay a windvelocityU of 5 m/s on the window and a temperature differenb&

of 3 K the air flow will only be 0.107%s. A low and high openingf 0.5 nt with a distance ofl m is
around 2 times more effective (Paassen 19%%). a single large opening with only buoyancy forces
Awbi derived the following equation (Awbi 1996):

C, . [g*h DT
=—A[—— 4.3.2
Q 3 T (4.3.2)

An openingA of 1 n? with a height of 2 n{0.5 m wide)nd a temperature difference of 3 K ang-C
0,6will lead to an air flow obnly 0.045m%s, so the effect of only buoyancy in windows is very low.
Crossventilation is15times more effective with anpening of 2 x 0.5 fnawind velocity of 5 m/s,
modestG,-values of +0.2 aneD.2 for a shielded location and @dlues of 0.6This will givean air

flow of 0.67m?s. Air flows between two openings only due to wiptessures can be calculated as
following (Ayrsley 1977):

C.-C
Q= " p21 1, (4.3.3)
+
ACy ACS,

G and G are the wind pressure coefficients on the facades, A ajar€the opening size with its
discharge coefficient and.lis the reference air velocity.
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Figure 4.24: In Roman bath houses sma
ventilation elements were neessary to
keep the heat inside (Archear(lass
was already invented by the Romans
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Operable windows do not have to be ugly elements thadly effectthe architecture. Just like
outside sunshade, when thoughtfully designed it can increase the expression of a building.

a

b
St Mary Axe in London | Kfw Westarkade in Frankfurt (Sauerbruch Huttofe panels can be opened.
(Foster)

Figure 4.5: Openable windows can have a strong architectural expression

4.3 Second skin facades

4.3.1Closed, partly or fully openable facades?

This paragraph starts with the discussion about the new Echo building at thelfidhat aims to be
a transparent zero energy building with a fully closed facade. It is connected to the Informatics
building with openable windows. It is a building whetedents follow lectures of all faculties, where
working in project teams is possible and where students can study alone or meet each other.

a. Echoafull glaié ﬁu]ﬁburpdsé étudy é'enfré“( ft) b.  Vison from a space for teamwork and workshops. V

connected to the informatics building (right). The the window there is a strong connection with outdoo
informatics building still has openable windoessd nature at this side of the building.

robust outside sunshade
Figure4.3: pictures of the new study centre of the IDelft

In the connected old building at figude3aat the right windows can be opened and there is robust
sliding outside sunshade making it possibl&é&we an optimal daylight experience, without the
effect of unnecessary solar heat from outside. In the new Hulilaling this is not the case, the glass
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at the outside is dark (g = 0.28, with inside sunshade 0.18), making the building less transparent from
outside and to some extent also from inside, what was one of the dagigis. A positive point is the
strong relation with the outdoor climate via theindows (figure4.3b), on a bright day the sun

protection on the glass can hardly be noticed. Although the building aims to be energy positive due
to the many PYpanels on the roof, there is more cooling energy necessary to compensate the

outside solar lod and the heat loss via the fagade will be significant as well. Theliglding could

be equipped with windows on strategic locations that can be opened by the®st8m when

outdoor circumstances are favourable enough, with an override function footicepants (between
limits). This should also have saved ventilation and cooling energy and would also have reduced the
GOKSYAOIt 2R2dz2NEZ LINBoloteée +h/Qaz G GKS &adlk NI
ventilation before the period of usage.

4.3.2Second skin facade and natural or local mechanical air supply via the facade

Doppelfassade
mit 6ffenbaren Fenstern
Uberstromafinung
Sonnenschutz Betonkernaktivierung in Flurbereich

S ez

S

—d

[__)l‘ ------ '6%9.%9%0 /p’/‘; D,ZGXDZ p% d/d/"/ﬂ//

Dezentrales
Liftungsgerat

b Drect air supply from outside and concrete core activation

¢ Ar supply in the flograir can be cooled or heated d Detail fagade near floor

Figure 4.2: Second skin and separate air sugpyMMunster.
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4.3.3Second skin window in a higise building, combined with mechanical air supply and exhaust

cHoors and ceilings with concrete core activation and radiators unde| d The operable windows create a better user comfori
the window. Air of 18Cis supplied via inlets integrated in ceiling islan
with acoustical properties in which the lighting is integrated as well.
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Figure 4.38: Ministry of Justice and Internaffairsy G KS | | 3dz§Y 4S02yR &1AY 6AYR264& 0O

The tilt and turn windows are appreciated by the users and the fresh air supply proved to have a high
cooling effect (there is always much wind around high rise buildings) as well. In fact it is a low tech
option, with a minimum of control.

However, more attention is required to prevent pressure differences via central shafts for staircases
and elevators. Options are a buffeone between offices and shaft or improved air tightness of the
shafts §02007).
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4 .4 In- and exfiltration via cracks

What often is overlooked ia significant parbf the ventilation in buildingalreadytakes place via
cracks. Reduction of the amount of cragkshe pasthas led to a significant reduction of energy
consumption for heating, butasalso more risks of mould development and bad air quality.
Measurements with a C&ensor in an occupied building with the ventilatispstem shut off
temporally can already give an indication of the air change bbgiteracks

There aredetailedhand-calculations to assess this airflomvthe NTA 88002020)that canshowthat
a facade with an airtightness based on.a-galue of 0,42 drfism? floor area like in Dutch building
code, has in reality infiltration flow only the half of thamban 2020)

On the other hand, at higand fully exposedtuildings and buildinggirect near the sea the
infiltration can be underestimated making a much loweigralue like 0.20 or 0.10m*/sm?
necessary. For these situations the European standards NEN12207 and NEBN 12152 should be
used and CFbalculationsare recommendedo assess the air pressure at high wind speeds.
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5. Appendix
5.1Physical forcesrinciplesand background

a. Stack and buoyancy
Cold air is heavier than warm air and dry air heavier than humid air. Density differences of air will
create a buoyancy or stack effect. Cold air will enter atitb#gom of a space and will lea\at
the top. The air flow is effected by:
- The height of the space.
- The temperature differences.
- The size and resistance of the openings

In termite hills during the night the buoyancy forces are dominant. During the day the inside is
usually colder than outside and the flow will reverse. This principle is not very known yet and
normally not used in buildings in this way.

Firstt S (i Qatk ta@tBe roots:

The following equatioifadaptation of equation 5.1 essential to understand because it shows

the maximum air flow via an opening without resistariEagel, 1995)

_ru?
2

DP (5.1)

In fact thisis derived fronthe law of conservation of energy of Bernouilli

2 2
P1+ rlgl :Pz |/212Jz (5.2)

P, and B are the absolute surrounding atmospheric pressures (around 100,000 Pa).
SNy 2dzAtf AQa SljdzZ A2y Aa AYLERNILIFYyG (2 dzyRSNEBEGI
In the complete equation of Bernouidiso the height is included:

rlJ;? ;
R+l rgh B £ reh 53)

In this way it is also possible to calculate buoyancy fornden the densityr1 and I of the
inside and outside ais different.In equation5.4 this difference is represented By /T.

The pressure differences due to buoyancy can also be calculatetifierant, more
fundamental wayby calculating the differences irolumic mas®f the air.

" — (5.4)

where r = the density of air in kg/m3, P = thenasphericair pressure in Péirca 100.000 PaR
= the gas constant fair = 287 J/kgK and T is the absolute temperature.
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Calculation examplbuoyancy

The following combination of equations shehow for a very basic situation the air flow elto
buoyancy can be calculated:

The pressure differeze due to buoyancy iIs

pp =/ 9mDT 55)
T
or
Yo © Q) (5.6)
The air flonQ via an opening is
2
op =Y (5.7)
And
)
= 5.8
Q A (5.8)

Combining of equationteads to:

Q= 2P =C, 2P (5.9 and5.10)
zr \/ r

The equivalent surface.Aan be calculated when two openinigre known of which the
resistancgGy-value) is the same:

1.g1 L (5.10)
Py el .
A A A

With an air inlet Aand outlet A of an equal size the openingd K2 dzf R 6S KH Y2NB Ay
create the same air flow.

Combining these equations leads to:
rghoT _ @ /91 W1

T 2C2 ER %
Or:

Q=GA

(5.12)

2ghDT 513

When the internal and external heat production H is known the maxirBlnecan be calculated:

H=QrcO (5.14)
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29h0T =rcG, 2ghor (5.15and5.16)

T

H=rcC A

wlk

2
3
DT = HoT (5.17)

2

(2gh)> ( peG 4)?

b. General dimensions of chimneys
In order to find the rough dimensions of chimndygs natural ventilationair vebcity of 1m/s
or 0.5 m/s in case of valves or heat recovery units is a good starting point (Lomas 2007). In
The Netherland$1950¢ 1970)1 m/s has beera. common starting poinfior exhaustducts for
housesand flats In 1975 this was incorporated in a Dutch standdrdisrule of thumbcan
still be used. However, the location of the neutral zone and prevention of return flows need
attention. In naturally ventilated apartments witthent ducts as an exhaust return flows can
create nuisance of cooking odours from neighbours
Another pont of attention is thesolution for cooking when a much higher air flow is
required, around 360 rifh for kitchens in houses his could be solved with a shdirhe
mechanical supported higher air flow to outside or by filtering recatad air, although
filtering of fine dust is still difficulin order to make a natural exhaust effective a round duct
size of around 0.3 rand 5 m length above the occupancy zdoea house is reaamended
(Axley 2008).H summer without wind, natural exhaustssll very limited, btidue to the
more frequent usage afindows this can be compensated (Engel 1990

c. Position of the neutral zone on flow control
For buoyancy controlled and dominated air flouhere the direction of the air flow should
be controlled as well, knowledge of the position of the neutral zone is essential. The position
of this zone is effected by the size of inlets and outlatsalculation only of the buoyancy
forces gives basic information of the position of the neutral zone:

2 2
m:—Ai}+ A"ZQ (5.18)
A+A
For exampleFora building with an opening4f 1 n? at 3 m above the ground (hand an
opening Aof 3m?at 100 m above the ground {nthe position of the neutral zone will be at
circa 90 m above the ground.

The positon of the neutral zone is largegffected by wind and large openings. A single
window canchange the direction of the air flows, dependimg the outdoor conditions, so
other control measures are necessary.
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—
stack effect stack + windeffect
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neutral zone
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Figure 5.1.1a: Position of theneutral zone in digh rise building. When leakages are evenly distributest tve facade the
air will flowout above the neutral zond he level of the neutdazone can increase due to manaderpressure by the wind
or by buoyancy force¢n the GS\Wheadguarters the position of the neutral zone is similar with the figure at the right sid
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Figure 5.1.b: Example of regmeasured pressure distributiorin a high rise residential building in Kolieawvinter (Jo et al
2007). Due to the presence of pressure correcting zones there are several neutral (laedstal pressure difference is
around 150 Pa.

The high pressure differenceshigh rise buildings with opable windows can lead to high
pressure differences in elevataand staircaseshafts. For these type of buildings extra
depressurisation zones around the shadtsl near entranceare necessary to prevetiigh
air velocities and noise due to stroa@ flows and that doors of fireafety staircases cannot
be closed neathe top of the buildings.
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d. Wind (low pressure zoneyenturi, cowls)
At theroof level the pressure is usually lowest and lower than the leeward side of the
building. In this way chimneys can work during almost the whole year. Geastation is
very effective, but difficult to control. In case of single side ventilation the air velocity via a
window can be 10 times higher when the wind is perpendicular on the fagcade compared with
wind on the leeward side.
Wind cowls or windtowers areeffective to supply or exhaust air. Both principles can also be
combined. Chimneys on roofs can be effective as well. Chimneys are architectural important
elements of which the expression does not always gets enough attetiord pressure on
a facade is presented as following

DP = 5.19
> (5.19)

Thedimensionlessvind pressure coefficient,Cepresens a reduction oacceleration of the
air velocity, depending on the building geometry and the wind direcfiiocan have a
positive or negative sign.

Roof angles up to 15have always a negative pressure and pitched roofs avaysa
negative presure up to 25 (Allard 1998Grossal994).

Windtowers doe not only make use of wind but also from buoyancy and downdraught. The
thermal mass plays an important role. During the night the thermal mass is warmer than the
surroundings, so buoyancy is available. During the day downdraught will be stichukate

this way there is a parallel with the working principle of termite hills. Additional cooling is
possible with fountains, floating water or cold ducts deep in the grolndvention of dusis
necessary, for instance wiae height above the graud and direction of the windcatcher,
reduction ofthe air velocity in the tower and screens (Alld2P8).
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Wind towers wind catchersand wind cowls
Tt e

aWind can be catched and die exhausted by | b The exhaust is improved by windcowls these oashouses in Kent. Therg
the same towerThe picture is ofhe Borujerdi aremodern types of this systeias well

Housein Kashangentral Iran.Elements othe
same principlean beused in modern systems.

¢ BExample of new designed windazdters, Aga d Modern version of an old principle. Jubilee campus Nottinghdeat
Khan Maternity recovery, an electrostatifiiter and heating of cooling is integrated.
Air supplyand exhaust combined in one system. Only exhaust
Heat recovery is included.
Bedzedactory (Arup) Prototype Tarmac for National Assembly of Wales (Rogers)

Bedzed
e f h

9

Air supplyand exhaust combined in one system. City-office Ypenburg (Halmo3his building has a stodhaped
No heat recoveryCombination of natural daylight acces outlet on the building. The direction of the stork depends on the
and natural air supply and exhaust (Monodraught). windangle.
i j k |

Figure 5.1.2Examples of windcatchers/cowls
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