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'?/ 1111111 11� 1. Introduction 

During the past 1 5  years, there has 

been a growing trend to develop 

buildings which ore naturally 

ventilated. This is a result of the 

increasing, and often contradictory, 

demands placed on modern 

buildings, i .e .  satisfying the 

psychological and physiological 

needs of the building occupants 

whilst minimising the building's energy 

consumption. Thus natural ventilation 

has been widely implemented in 

today's bui ldings. Fully air­

conditioned buildings ore only built 

upon demand of certain production 

processes or other specific 

requirements. 

Until the present an exemption to this 

development has been the sky­

scraper with more than l 0 floors. It 

has been assumed that the inclusion 

of natural ventilation would result in 

uncomfortable draughts and give rise 

to air-pressure problems within the 

building . Therefore, the fully air­

conditioned American- style sky­

scraper has been the accepted 

design standard, perhaps without 

due consideration of widely differing 

climatic demands. 

As early as in the mid- 1 980' s however, 

sky-scraper concepts which included 

ecological measures were 

considered. Thus a movement was 

inaugurated to advance the 

developments successful ly included 

in low-rise building developments. 

Given our temperate cl imate, it's now 

time for the design professional to 

support investors who are wil l ing to 

follow the new trend of " less is more" 

where the environment is concerned. 

Gecently, design competitions for two 

sky-scraper projects in Frankfurt, 

Germany, were launched with the 

requirement of implementing 

ecological measures high on the list 

of design criteria. The participating 

architects proposed a wealth of 

design solutions, of which two will be 

presented here as case studies .  Both 

ore based on the same principles but 

ore significantly different in 

conception. 

As can be seen from the following 

accounts, the successful execution of 

an ecological sky-scraper requi res 

not only a close co-operation among 

al l  disciplines involved, but also 

demands an open- minded 

awareness of physical interactions 

within the building . With this in mind, 

well-balanced and professional 

solutions can be achieved. _j 
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2. Case study 1 -
Traditional sky-scraper concept 

Figure 7 .  Traditional sky-scraper, naturally ventilated 
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Figure 7 shows the design for a bank 

building which was awarded first prize 

in an architectural design 

competition. The project is now at a 

stage to be further developed. This 

52-storey building is around 1 80 m 

high consisting of two towers, one 

rectangular and one cyl indrical, 

l inked by an intermediate zone. This 

intermediate zone houses the 

elevators and the access areas. 

An important aim of this project is to 

achieve a bui lding which 

incorporates natural ventilation 

wherever possible. 

The quality of the work environment is 

guaranteed by placing each desk 

immediately adjacent to a window. 

This results in an office depth of 5.5 m, 

ideal for daylighting as well as 

allowing natural ventilation to each 

workplace without the need for 

extended buffer-zones, 

conservatories etc. 

To comply with the bank's user 

requirements, single private offices, as 

opposed to open plan offices, are 

planned. The mechanical ventilation 

is therefore planned on a modular 

basis to al low flexlbl l lty with 

demountable partitions. 
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Figure 2. Frn;;:ade op tions 

2. l Fac;:ade designs and building 

physics 

For the design competition three 

design options were considered as 

shown in figure 2. Options l and 3 are 

of the box- window, option 2 of the 

single- skinned frn;:ade type. The 

overal l  aim was to create a fac;:ade 

with a neutral appearance, whereby 

the following constructions were 

considered: 

- A single- skinned fac;:ade with a 

neutral solar-control glazing 

- A double- skinned fac;:ade with a 

clear double- glazed unit on the 

inside and a clear single glazed 

unit on the outside 

- A single- skinned fac;:ade with 
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texti le shading devices 

- A double- skinned fac;:ade with 

exterior ' Venetian'  - type louver 

blinds 

Due to the proposed office depth of 

5.5 m, high external gains must be 

removed in addition to the high 

interior heat gains arising in today's 

"electronic office " .  To select the most 

appropriate glazing option, the 

complete 24- hour cycle had to be 

considered to ensure: 

a) occupant comfort during working 

hours 

b) natural cool ing through the 

fac;:ade at night 

Heat transfer coefficients 

Figure 3. 7 shows the previously 

d iscussed glazing options and their 

Double- skinned frn;;:ade with 

air extrac tion : 

Clima te -con trol fa9ade 

Option 3 

heat transfer coefficients. In order to 

have a positive effect on indoor- to­

outdoor heat flow during spring, 

summer and autumn, an option with 

a coefficient in the region of 2W /m2K 

was chosen. 
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Total energy transmission with various 

glazing options 

In figure 3.2, the total energy 

transmission depending on the type 

of glazing option is i l lustrated. The 

graphs indicate both the amount of 

radiation transmission and the 

secondary heat emission to the 

intorior. /\II options havo a total 

energy transmission in the region of 

40 % as these glass types are not 

highly reflective due to the 

requirements of daylight 

enhancement. 
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Total energy transmission of curtain 

wall fac;:ades 

In order to achieve an optimum of 

shading and reflection with a double­

skinned fac;::ade, it is advisable to 

incorporate shading devices 

between the glazing layers. Therefore 

various movable louvers, each with a 

rGflective surface, were compared. 

Figure 3.3 shows the performance of 

6 different louver types with their 

blades fixed at 45°. As can be seen, 

all have a similar performance to that 

given by Dl l\J 4 1 08 (German industrial 

standard for building components), 

with the total energy transmittance in 

the region of 1 5  %. Type Huppe No. 

10 (silver/ black) performs even 

better, because of its reflective upper 

surface and its mat (black) underside 

which reduces inter-reflections 

between the louver-blades. 

Selectivity of various glazing options 

The selectivity of a glazing is defined 

as the ratio of light to total energy 

transm1ss1on.  / 1gure 4 shows the 

selectivity of various glazing options 

without the use of additional shading 

devices. As mentioned a fac;::ade 

should give high l ight transmission 

with low total energy transmission. It is 

common that fac;::ades with low total 

energy transmission have an 
unacceptably low l ight transmission. 

This means that the available daylight 

wil l not be fully utilised, thus failing to 

fulfil one of the primary functions of 

an intelligent fac;::ade. 
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Figure 4. Selec tivity of various glazing 

option s 

Thermal performance of curtain wall 

fac;:ades 

If we assume that a double-skinned 

curtain wall fac;::ade allows air-flow 

from the exterior to the office space 

so that the offices are naturally 

ventilated, it is then of great 

importance to l imit the rise in fresh air 

temperature as it passes through the 

fac;::ade cavity, to prevent an 

increase in the room cooling load. 



'?/ 111111 111--
Figures 5. 7 to 5.4. show the thermal 

performance of four different shading 

devices. Following the path of the air, 

the exterior air temperature of 25 °C is 

increased at the boundary layer of 

the outer glass and then further when 

it passes the intermediate cavity. The 

Increase in temperature due to 

reflection and absorption can vary 

greatly but can reach a maximum of 

70 °C. These high temperatures do 

not have a significant effect on the 

interior space as long as the inner 

window sash remains closed but 

would give rise to uncomfortable 

10° c I ri�� 
60°C 

50°C 

40°C 

30°C 

20° c 

10° c 

room temperatures, were the inner 

sash to be opened. 

Comparing wind with natural stack 

effect. the resulting temperatures are 

significantly h igher in case of natural 

stack effect. i .e. on these days with 

no wind movement. 

Low temperatures in the intermediate 

cavity can be achieved using a 

highly reflective louver as is the case 

with louver type Huppe No. l 0. 

-I 
I 

I I 
I 
I 
' 

ry: --
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It has to be remembered that due to 

aging and fouling of the louvers, their 

reflection value will be reduced. 

Because of this, the total energy 

transmission value has carefully to be 

considered at the design stage of 

each project. 

C5l 

1. Combined tip-tilt sash 

Wood/aluminium 

Double glazing 

2. Ven tilated cavity 

3. Louver 

4. Single glazing as 

weather protection 

5. Air inlet 

Louver 

Huppe No. 10 

silver I black 

(45 °) 

Louver 

Krul/and D-3 1 1  

s ilver 

Louver Louver 

(45°) 

with 25 % Krul/and K - 1  

reflection coefficient white 

(45°) (45°) 

Resulting temperatures with ven tilation due to wind pressure 

• • • • • • • • • • • • • • • • • Resulting temperatures with calm conditions (natural stack effect only) 

Outside air temperature TAL = 25°C 

Incident solar radiation Cis = 800 W/m 2 

Air change rate V /A = 5 0  m 3 / hm 2 

Figure 5. Thermal performance of various glazing options 
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Figure 6 shows total energy 

transmission values depending on 

reflectivity of the louvers. Dust on the 

louver reduces the reflection values 

achieved. This means that less of the 

incident radiation will be reflected 

instead this energy wil l be absorbed 

causing the louver temperature to 

Energy balance of curtain wall 

fa9ades 

Figure 7 compares three louver 

options of a curtain wall fac;;ade and 

their influence on the fac;;ade energy 

balance. 'tE indicates the radiation 

transmission value, q the secondary 

heat emission and g the total energy 

transmission in % of the solar radiation. 

As a yardstick, the much discussed 

prismatic- type louver has a radiation 

transmission value of 8 % and a 

secondary heat emission of 4 % which 

'CE= 2,5 % 

'?/ 111111111--
gives a total energy transmission 

value of 1 2  %. The prismatic- type 

louver performs better than the 

diffuse reflecting louver but not as 

well as the highly reflecting type with 

silver outer and black inner surface. 

When considering total energy 

transmission, both the surface finish 

and the angle of the louver blades 

are determining factors. 

'CE= 9,4 % 'CE= 12,2 % 

""" """ 
--rise cmeJ-henee--the-seeeinelery-neet--q0 .. 23,7-P/o- ·---h qi= 6,0 % q;"'5,5% 

gain to the room will increase. With 

aging the louvers abi l ity to re-direct 

daylight will also be impaired . Both 

these factors must carefully be 

considered at the design stage so 

that acceptable performance is 

achieved over the life-span of the 

louver. 

1 0  

g=S,6% 11 la g=15,4% 11 Iii g=17,7% 

Huppe, No. 1 0  Krulland,D-3 7 7 Krulland,K- 7 

silver/black silver white 

Figure 7. Energy balance of a ventilated curtain wall far;:ade; 

double-glazing on inner wall 
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Figures 7. 7-7.2. Energy ba lance o f  a 

ventilated curtain wall far;:ade : 

dependence on louver angle 

The influence of louver angles and 

louver type on total energy 

transmission is shown in figures 7. 7 
and 7.2. To optimise the frn;:ade 

thermal performance and to avoid 

di rect sunlight in office spaces, a 

computer-controlled blade actuator 

should be instal led . Depending on 

season and time of day, the blade 

actuator powered louver will provide 

maximum daylighting while 

minimising heat gains. With this, an 

"intell igent frn;:ade design" can be 

approached. The intell igent frn;:ade 

monitors solar radiation and outside 

temperature in order to increase 

louver angles during periods of high 

incident radiation and to lower the. 

louver angles during periods when 
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Figures 7.3-7.4. Energy ba lance of a 

ventilated curtain wall fm;;ade ; various 

louver and glazing options 

heat gain can reduce the building's 

heat demand. Figure 75 shows the 

flow diagram for passive and active 

measures to meet user requirements, 

When considering total energy 

transmission, not only is the louver 

control of importance but also the 

type of glazing between the room 

and the frn;:ade cavity. Figures 7.3 

and 7.4 compare total energy 

transmission of a normal double 

glazing and a heat-reflection glass 

unit. By using a heat-reflection glass 

unit, the total energy transmission can 

be reduced by 1 5  %. These figures are 

based on a box-window with g=0.6 

and a heat-reflecting glass unit 

g=0.45. 

To conclude, a well developed 

fac;:ade can be designed by 

selecting the correct glass unit and a 

suitable louver with a corresponding 

control system. To select from the 

wide range of options available we 

need to focus not only on the steady 

state but to include seasonal 

variations so as to meet the bui lding's  

requirements of min imising or 

maximising heat gains, while 

maintaining desired daylight levels. 
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Overall energy transmission of single­

skinned fa9ades 

On single-skinned fa9ades, the 

secondary heat emission can be an 

overriding comfort factor due to the 

fact that heat is d i rectly emitted from 

the glass surface to the room and this 

can raise the room cooling load . 

Internal shad ing devices can give rise 

to increased room heat gains unless 

the heated air is extracted from the 

cavity between the glass surface and 

the shading device . When 

considering internal shading devices 

it is  imrortont to SAIAd on ortion 

which combines a low total energy 

transmission with a low radiation 

transmission. 

Air extraction from the inner surface 

reduces the total energy transmission 

by at least 5 % and, as a result, 

cooling loads and active technical 

measures (plant sizes) can be 

reduced. 

Figures 8. 7 and 8.2 compare the 

resulting total energy transmission of 

various shading device options. 

Based on a single-skinned fa9ade 

and a Luxguard glazing unit, figure 

8. 7 shows the performance without 

air extraction while in figure 8.2 the 

performance with air  extraction is 

considered. 

In comparison to DIN 4108 (German 

industrial code), al l  options exceed 

the required performance levels. The 

lowest figure, which is as low as a 

third of that is required by DIN 41 08, 

can be achieved by Agero G-1907 

with its low-e-coating.  

I t  has to be mentioned that al l figures 

are based on a design whereby the 

shading device Is not Immediately 

1 2  

•Secondary heat emission Radiation transmission 
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Figure 8. 7 .  Total energy transmission of single-skinned frn;:ade ; Luxguard Neutral glass, 

without air extraction 
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Figure 8.2. Total energy transmission of single-skinned frn;:ade; Luxguard Neutral glass, 

with air extraction 

adjacent to the inner glass surface as 

is often the case, but is set sl ightly 

deeper in the room. Due to multiple 

reflection between glass and louver 

and radiation absorption by frn;ade 

profiles and sills, the cavity can be 

described as a solar col lector and 

hence the resulting increase of the 

total energy transmission must be 

considereJ. Aging and fouling of 
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Figure 7 0.2. Spectral curves for Krul/and 

D-3 7 7 louver 

the internal shading devices wil l  Comparison of various fm;:ade and 

reduce reflection values, so this factor shading options 

must also be considered at the 

design stage. For a double-skinned frn;:ade (box­

window type) a heat-reflection glass 

unit provides better thermal comfort 

than a clear glass unit both in summer 

and winter. By using a shading device 

in the intermediate cavity, a total 

energy transmission value of l 0% can 

be achieved. With an intelligent 

control system the frn;:ade can react 

to outside cl imatic conditions to 

provide sufficient daylighting and the 

reduction of cool ing loads in summer. 

When considering a single-skinned 

frn;::ade it is advisable to use a 
polished louver or aluminium fi lm with 

a highly reflecting outer surface and 

a low-e-coating on the inner surface. 

Designs with cavity air extraction 

have similar total energy transmission 

values to those of a double-skinned 

fa<;:ade. 

Another point which has to be 

reviewed is the amount of radiation 

transmitted through the fac;::ade and 

to what extent it is reflected back 

through the bui lding envelope to the 

exterior . Figures 9. I and 9.2 show the 

spectral curves of two glazing options 

with significantly different 

performance. It is advantageous to 

use a g lass which has a high 

transmission value of visible radiation 

(380-780 nm) as this will provide the 

room with a high level of daylighting. 

As can be seen from figures 7 0.  7 and 
1 0.2 the spectral curves for louvers 

can also vary significantly requiring 

these to be careful ly considered in 

conjunction with the proposed glass 

types. 

1 3  
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2.2 Specific load data 

As already i l lustrated in figure 2 ,  

d1tterent trn:;:ade design options can 

be considered in order to cope with 
the project aims of utilising natural 

ventilation whi lst optimising 

daylighting, minimising external 

cooling loads and minimising heat 

losses during winter etc . .  The following 

options were considered: 

Option 7. 

A double-skinned fac:;:ade with 

intermediate shading device (box­

window. storey-high. modular 

element construction). 

The high performance of this option is 

due to the fact that the cavity 

between the two layers is ventilated 

by controlled air infi ltration at the 

perimeter slots. 

1 4  

Option 2. 

A single-skinned fac:;:ade with 

intermediate solar-control device, 

ventilated by air extraction between 

glass layer and louver (around 
25 m3/hm2 glass surface). 

Option 3. 

A double-skinned fac:;:ade with 

intermediate solar-control device, 

box-window areas naturally 

ventilated by stack effect (see figures 

7 7. 7- 7  7 .2). 

Fac;:ade designs and their heat 

demands 

The total heat demand of a bui lding 

is the sum of the heat demands of al l 

{'/ 111111111� 
components composing the building 

envelope. Figure 72 i l lustrates the 

specitic total heat demands ot the 

previously discussed fac:;:ade design 

options. The total figures are split into 

their three components: specific heat 

demands of the glazed area, the 

opaque wall area and the ventilation 

heat load. As can be seen from this 

comparison, similar thermal 

performance is obtained from all of 

the options considered . 
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Figure 12. Specific heat demands of 

vmio11s fm;:nriR riRsion n0tinrn 
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The effect of room orientation on 

cooling loads 

Figures 7 3. 7- 7 3.4 show the variation of 

incident solar radiation on the 

different building frn:;ades during a 

typical summer day. As can be seen, 

the incident radiation values peak 

not only at different times of the day, 

i .e .  morning on the ENE fac;:ade, mid­

afternoon on the WSW fac;:ade, 

but also differ in magnitude. The 

maximum cooling load occurs in 

rooms with a WSW orientation due to 

the higher solar radiation intensity on 

the fac;:ade. 

rate of 2.5 is supplied through cei l ing­

mounted air in lets. With this low air 

change rate, the occurring cooling 

load is removed mainly by the chi lled 

cei l ing. 

The dynamic simulation of cooling 

loads is based upon a chilled ceil ing 

with a 20 percent free area to allow 

convective heat transfer. For this 

simulation, a constant air change 
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Figure 13. I. East-north-east-facing fa9ade ( a=60') 
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Figure 13 .2. South-south-east-fa cing frn;ade (a= 150' ), 

shaded after I p.m. 
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Figures 13 .  1 - 13 .4. The effect of room orientation on summer-time cooling loads 

15 



The servicing concept for a modular 

office. based on a l .5 m wide 

module to allow maximum tenant 

flexibil ity is shown in figure 14. The 

primary services installation along 

with the extract air d iffuser are 

located in the " dead space" above 

the fitted cupboards. The supply air 

diffuser is co-ordinated with the 

chi l led panels in the ceil ing zone. 

The positive effect of the heavy 

concrete floor on temperature time 

delay is d im inished because of the 

hollow- type sub-floor. This type of 

floor was chosen in order to provide 

high flexlbll lty and easy access for the 

electrical and information 

technology distribution systems. 

Figures 15.1 and 1 5.2 illustrate the 

required performances of chil led 

ceil ings based on their type and on 

the frn;:ade design option. Figure 15. l 
shows values for a panel- type chi lled 

1:1 

;: 

OFFICE 

Hollow type 
sub-floor 

Figure 14. Se ction through office module 
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radiation and convection. is shown. 

As a conclusion, the two chilled 

ceil ing options perform simi larly but 
the effects of tho frn;:ado dosign 

have to be carefully considered. 

Room thermal simulation with single 

and double-skinned fa9ades 

Fioures 16 1 nnri 16? show thA room 

temperature variation during a 
typical sunny summer-day. hgure 16. I 

is based on a sing le-skinned frn;:ade 
with incorporated heol-reflecling 
glass units. whereas in figure 16.2 the 

results for a double-skinned frn;:ade 

with different internal cool ing loads is 

shown . A complete statement of 

comfort parameters must include air 

temperature as well as mean surface 
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heat reflecting glass unit, limited cooling and various internal heat gains 

temperature of the room enclosure. It 

must be remembered that half-room 

temperature d ifferences have to be 

within the following l imits (DIN 1946, 

1993 edition): 

- warm ceiling surfaces M < 3 .5  K 

- cold wal l  surfaces M < 8.0 K 

- chi l led ceil ing surfaces M < 1 7  .0 K 

- warm wal l  surfaces M < 1 9 .0  K 

These l imits are applicable for 

occupants with summer clothing 

involved with normal office work and 

for room temperatures within the 

comfort range. 

Figure 7 6. 7 shows the thermal 

performance of a south-facing room 

during a typical sunny summer day. 

H igh temperatures wil l  occur on the 

fac;ade, especially on the glazing unit 

and on the shading devices. All other 

temperatures are moderate due to 

the effects of the chi l led cei l ing and 

cooled supply air .  After 8 a .m ., a 

significant increase of the shading 

device temperature to about 35°C 

can be observed, with a 

corresponding decrease of chil led 

ceil ing temperature to about l 6°C to 

meet the cooling load. In  exceptional 

circumstances this may cause 

uncomfortable radiation effects, but 

with all other temperatures varying 

about 2.5 to 3 .0  K, comfort conditions 

will generally be maintained. 

Figure 76.2 is based on a case study 

using a double-skinned fac:;ade with 

heat-reflecting glass units and a 

highly effective outside shading 

device. Due to the lower cooling 

load, compared with the case in 

figure 76 .  7, the feasibil ity of instal l ing 

an all-air system, thus avoiding the 

need for a chi l led ceil ing, was 

studied . In this case, the air in each 

individual room would be controlled 

by using room terminal cool ing/ 

heating units. 

The monitored temperatures prove 

th@ feasibility of this system, however, 

this is mainly due to the heat storage 

capacity of the building 's  concrete 

mass. The simulation is based on an 

air change rate of 2.5 to 3 .0 and it 

shows that the resulting temperatures 

depend to a great extent on the 

internal heat gains. A 5W /m2 

increase of internal heat gain wil l 

increase room temperatures of l K. 

To achieve a temperature variation 

as indicated in DIN 1 946 further 

improvements of the exterior shading 

device would be needed. 

1 7  



Figure 76.3 shows annual temperature 

frequencies in a south-facing room 

depending on the occurring internal 

heat gains based on a double­

skinned frn;:ade with heat-reflecting 

glass units. 

To conclude, a design solution 

without the need to install a chi l led 

coi l ing can bo made feasible with 

the implementation of a highly 

effective facade incorporating 

effective external shading . In this 

case, the room would be cooled by 

air, supplied at the minimum rate 

necessary to maintain hygienic 

conditions. 

Temperature simulation curves of box 

windows 

If a bui lding is designed with natural 

ventilation, whereby air is supplied via 

the cavity of the box-window. it is of 

importance to focus on air 

temperatures which occur during air­

flow path through the frn;:ade 

construction .  The temperatures for a 

south-facing room are shown in 

figure 7 7.  The simulation for a box­

window type frn;:ade is based on a 

sunny September day. 

With a peak external air temperature 

of 28°C the air in the cavity between 

the two glass layers reaches a peak 

temperature of 33uc. On the inner 

glass layer, which works as a radiative 

surface, the temperature reaches a 

figure of 28°C and the surface 

temperature of the shading device. 

which is between the two glass layers, 

reaches a maximum of 50°C. 

For a situation with exterior air 

temperature of 22 to 24°C, room air 

temperature should be around 22°C 

as can be seen from the diagram. If 

exterior air temperature rises to 2£\°C 

1 8  
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Figure 76.3 .  Annual temperature 

frequencies in a south-facing room, 

double-skinned fm;;ade, heat-reflecting 

glass unit 

with h igh Incident solar radiation, an 

uncomfortably high room air 

temperature of 33°C can occur in the 

case where the bui lding is equipped 

with natural ventilation only. 

Simulated frequencies of predicted 

temperatures in box-windows 

By designing naturally ventilated 

h igh-rise buildings one's Interest 

focuses on frequencies of predicted 

temperatures, especially of exterior 

air temperatures. By incorporating a 

box-window to the fac;:ade, the 

resulting cavity air can be seen as 

"exterior ai r" .  

As previously discussed. the cavity air 

temperature depends on louver 

surface reflection which can lower 

significantly due to dust and aging . 

Figure 1 8  compares annual 

frequencies of predicted 

temperatures In box-windows with 

clean and dusty louver blades 

(Krulland D-31 1 type) .  

During periods o f  maximum external 

air temperature in the city centre, the 

air temperature is raised by 8 K in the 

box-window cavity with dusty louver 

blades. With clean louvers, this figure 
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is significantly lower (4K). This il lustrates 

the importance of a high reflection 

value of the louver surface in order to 

keep incoming air temperature as 

low as possible. 

Figure 7 8 i l lustrates the fact that box­

window cavity air temperature, even 

with clean louver surface, is 24°C or 

higher during l 000 hours per year, 

due in part to the high intensity of 

diffuse solar radiation on south­
facing fac;ades. 

When designing natural ventilation 

frequencies of occurring wind speeds 

must also be assessed. As an 

example, figure 7 9 shows figures for 

the city of Frankfurt a .M.  (Germany). 

Wind speeds of l 0 m/s and more 

occur during less than l 00 hours per 

year whereas wind speeds of 6 m/s 

are more usual .  It is not only of 

importance in which city a building 

stands but also its specific location 

within the particular city. This topic wil l  
be discussed in the following 

chapters. 
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Figure 7 8. Annual temperature frequencies in the box-window cavity with clean and 

dusty louvers 
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Figure 7 9. Annual wind speed frequencies for Frankfurt a. M., Germany 
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Specific energy consumption with 

various fac;rade options 

As previously discussed. the occurring 

heating and cooling loads are 

heavily dependent on fac;;:ade, 

glazing and shading options. For the 

user and owner of a building it is of 

importance to see the effects of 

these options on the building 's 

energy consumption. 

Figure 20. shows specific energy 

consumption figures for double- and 

single-skinned fac;;:ade options. Each 

of the options has a similar total 

energy consumption with the 

exception of the box-window with 

clear glass. The similar performances 

obtained are mainly due to the use in 

each case of a combined air-water 

air-conditioning system which 

minimises the energy required to 

distribute cooling throughout the 

building . 

To conclude, from the point of view 

--of-energy consumption. -the use oH;, 
single-skinned frn;:ade can also be 

considered. The main difference 

between double- and single-skinned 

fac;;:ades l ies in lower cooling loads 

achievable when using double­

skinned fac;;:ades. 
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2.3 Considering natural ventilation 

To study the feasibil ity of naturally 

ventilating a building at a particular 

location requires a review of the 

following parameters: 

Local wind speed 

frequencies (see figure 7 9)  

Local mean wind speeds 

(see figure 2 7) 

Wind direction distribution at 

site (see figure 2 7) 

Number of calm days per 

year 

Figure 2 7 shows wind statistics for 

Frankfurt and, as can be see from the 

diagram on the right, prevail ing winds 

are from south-west and north-east 

directions. The diagram on the left 

gives information on mean wind 

speeds depending on wind 

directions. Calm days occur on 

average during 3 .4% of the year, this 

figure being higher in July (5. 7%) and 

September (5.3%). 

Wind pressure coefficient curves 

describe the distribution of pressure 

and suction zones as a result of wind 

acting on the bui lding. These wind 

pressures g ive rise to air-flows along 

frn;:ades and also through the 

building from its windward- to 

leeward-side. 
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pressure 
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Figure 22. 7. Distribution of wind pressure on the fm;:ade, south-west wind 
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Figure 22.2. Distribution of wind pressure 

coefficients on the fm;:ade, cylindrical 

tower, south-west wind 

Fac;:ade wind pressure coefficients 

(mathematical verification) 

Figures 22. 7 and 22.2 are based on a 

computer simulation with a wind 

direction from south-west (225°). They 

show the wide range of positive and 

negative wind pressure coefficients 

and their distribution along the 

building 's  frn;;:ade. To verify the data, 

comparison results from wind tunnel 

studies, carried out by Kessler  & Luch 

Ltd . ,  are indicated in  these diagrams. 

As can be seen computer simulation 

results are close to the empirical 

values obtained. 
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Figures 22.3 and 22.4, also based on a 

computer simulation, show the 

situation with wind from north-east 

(45°). Comparing these two diagrams 

with figures 22. 1 and 22.2 shows that 

the cylindrical tower gives better 

wind distribution than the rectangular 

tower. 

In order to quantify a building 's 

aerodynamic performance, the 

dimensionless wind pressure 

coefficient Cp is used. This term 

comprises of 

AQ__ 
Cp = !2- W2 

2 

p = air density in kg/m3 

(around 1 .2 kg/m3) 

w = wind speed in m/s 

L\p = pressure difference in Pa 

(Pascal) 

2 d . 
P _"'!!____ = _ ynamic pressure 

2 

Wind pressure coefficients vary not 

only horizontally but also vertically. 
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Figure 22.3. Distribution of fac;:ade wind pressure , north-east wind 
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pressure coefficients, rectangular tower, 

north-east wind 

Figure 23 shows the vertical situation 

on wind-parallel, windward and 

leeward sides for the rectangular 

tower of the previously described sky­

scraper. 
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Figure 23. Vertical distribution of wind 

pressure coefficients 

Air extraction shaft, 
positive pressure zone 

Neutral pressure 

Air extraction shaft, 
negative pressure zone 

T 
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Figure 24. Positive and negative pressure 

zones with fac:;ade air extraction by stack 

effect 

Wind and buoyancy effects: 

Simulation of air-flow on curtain wall 

fm;:ade due to stack effect 

The box-window type fac;:ade design 

i l lustrated in figures 1 1 . 1 - 1 1 .2 

incorporates vertical air shafts over 

the complete building height which 

extract air from the box-window due 

to stack effect. The stack effect 

depends on differences of air 

densities between the air in the shaft 

and the external air, wind speeds and 

shaft surface structure. 

Studying the positive and negative 

pressure zones reveals a neutral zone 

at approximately half the building 's  

height. This phenomenon occurs 

independently from air temperature 

differences. The pressure zone 

distribution i l lustrated in figure 24 

al lows exhaust office a i r  to enter the 

lower part of the shaft whereas on 

the upper part, the same air could re­

enter the office space due to the 

positive pressure occurring in this 

region. It is clear that this situation 

must be avoided. 

By designing air shafts which extent 

above the bui lding's roof l ine, with 

negative pressure at their outlet, the 

location of the neutral pressure zones 

will be nearer the top of the bui lding. 

Figure 25 shows the performance of 

this improved design and figure 26 

i l lustrates the top of the building, the 

design being derived from "venture 

jet" theory. In order to have equal 

performance with changing wind 

directions, the design is circular­

symmetrical .  

� �- - �  
Shaft extension 

Figure 25. Pas.and neg. pressure zones 

with fac:;ade air extraction, improved 

performance by shaft ext. and " Venturis " 

ill� 

'1i 1bl. " ' ..... ;;:; J I 
'" ' 

· 11 ; ;1 I 
Figure 26. " Venturis " on cylindrical tower 

Air extraction shaft, 

Neutral pressure 
, ... 

Air e)(traclion shaft, 
negative pressure zone 

� I:- - - �  Shaft e><tension 

Figure 27. Positive and negative pressure 

zones with multiple fac:;ade air extraction 

shafts 
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and in the shaft for each of the 5 1  

floors. 

to be individually adjusted . 

(// 111111111� 
To improve air-flow patterns a 

multiple- shaft design as i l lustrated in 

figure 27 was considered. Using shafts 

with different lengths relocates 

neutral zones to above the building 's  

uppermost floor. The performance of 

this split shaft system is plotted in 

figures 28. 7 to 28.3 indicating the air 

quantity values in the box-window 

The air quantity depends on 

buoyancy as well as wind (pressure 

and suction) effects. In order to 

achieve equal a i r  extraction from 

each floor, air-flow resistances 

between window and air shaft need 

Figures 29. 7 to 29.3 show the effects 

of natural ventilation with various 

thermal and wind situations. As can 

be seen it is difficult to achieve an 

equal air-flow from each box­

window. 

VP Window Sh.lllt Window VP WrndoW Shatt f'N1ndow vP \\llJlllQ Sh•ll Wlnuow VP I Window �1hlft �l·l'ldo'H 
JT\3/h a> l t r t l l !  <- rn3Jh ., I J l l l1 T  C• m3//I • >  t f t l t t f  <• m3/h r t Tf lft l c • 
Sl.CICO 1D'4 H.� 991 S1.0CI M7 SU>CI 4'01 
SO.OG \rM.4 50.0Ci 991 :ii0,00 M7 50.0G 902 

49.oc; '°"' 4?.� Wl 411;1.o; 657 49'.� HZ 
<1.0G 10(4 li6.0G 991 48.oc; i»? 4&.ac 90z 

47.0Ci 10li4 47.00 991 - &7.0t'i 6.\7 '""'47:00 -- � 
ff.Oil '°'' ,,,a;; 991 46.0G 657 46.0G 90:1' 
45.0G 10li'1 li5.0G 992 l'5,0Q. 0� 45.00 il;IOl 
"°'·°' lc;K.I. ''·°" 'i"9l U.OQ tin 44.0G 90.l 
4J.Ull 1Ulo' t,.LOG WO! 4:!1.0G 0)7 
n:.DG 1oli" .1;z.oo m n.°' 05-1 
41.CC '°" U.Qi. fXIZ '1.0G 6S7 
40.0G 104' 40.0G 09l ,0.00 ti.HT 1 40. 0G 

JV.DG H>H !f,CC- 99l 39.0G ��_!J __ J 'li.Ci 902 38.0G 1� 34,GQ 99Z: J.B.OC 6� 38.0G 902 

.n.ocz 1°" n.oc 99t 37.oc; 6H I I J7,0l1 91ll 
"M>.OC tO« 36.0G 992: � J5,0Ci 11l« l'S.OC 9'f2 35.0G 

Jir..OC 1044 
--

34.0G ·20 992 ·20 
' � n.aa M7 

32.0G 0.U 
-Jl.OCi 657 

JO.OG 1in 
l'P.Q; 657 

;a.oa 657 
�� m 
16.0G �n 
ll.Clll 6!i7 
� �  = 
ll.Dt � IJ;OG 7 
�l.'DCii -· 1 

Figure 28. 1. Frn:;ade air shaft extraction 

by stack effect (/\. T - 1 0  K) 
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Figure 28.2. Frn:;ade air shaft extraction 

by wind effect (wrn = 12 f<m/h. cµ = + 1 .0) 
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Figure 28.3. Far;:ade air shaft extraction 

by wind effect (wm = 72 km/h, Cp = - 2.0) 

Figure 30 is the computer simulation 

plot of a situation with strong winds. 

For this study the effect on mean 

surface pressures was considered. As 

pressure value of l 000 Pa is the 

equivalent of l 00 kg/m2, a peak 

pressure difference between box­

window and air shaft of 1 70 to 200 

kg/ m2 has been recorded. It is easy 

to imagine the resulting difficulties in 

F01;ade air shaft extraction 

by stack effect 

(M = IOK) 

frn;:ade construction, therefore 

option 3 is not an appropriate solution 

for high-rise bui ldings. This solution can 

only be used in low-rise build ings, 

where the pressures arising are not so 

critical .  

Frn;:ade air shaft extraction F01;:ade air shaft extraction 

by wind effect by wind effect 

(Wm = 12 km/h),cp = + 1 ,0) (wm = 12 km/h), cp = -2 0) 

Figures 29. 7 to 29.3. Frn;:ade air shaft extraction 

with adjusted air-flow resistances 
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Fm;ade air shaft extraction 

by wind effect 

(wm = 700 km/h,cp = + 1 .0) 

Buoyancy (stac k) effect on the 

fa9ade surface 

When no wind pressure exists, i .e .  on 

calm days, then the air-flows along 

the building envelope are a result of 

air temperature differences between 

the frn;:ade's exterior surface and the 

ambient air. This mechanism is 

i l lustrated in figure 3 1  showing air 

speed profiles near to the frn;:ade 

surface. The frn;:ade absorbs solar 

radiation and this causes 

temperature differences. The resulting 

temperatures not only depend on 

solar radiation but on the frn;:ade's 

absorption rate. 

Presuming a temperature difference 

of 20K between the frn;:ade's exterior 

surface and the ambient air, an air 

speed of 20km/h is achieved on the 

Figure 30. Positive and negative pressure 

with adjusted air-flow resistances 

(// 1 1 1 1 1 1 1 1 1--
upper part of the building. This effect 

wil l be even higher on sunny and 

calm summer days. Temperature 

differences up to 50K have been 

measured on existing high-rise 

buildings. 

Figures 32 - 33 i l lustrate the effects of 

temperature differences on air 

movement. Figure 32 gives 

information on the maximum air 

speed along the fac;:ade's surface 

depending on the building height 

and air temperature differences, 

whereas figure 33 i l lustrates the same 

mechanism but outlines the resulting 

air-flow rate along the fac;:ade 

surface. The resulting air-flow rate is 

remarkable even on "smaller" high­

rise buildings;this positive effect helps 

to exchange air in urban spaces. 
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Figure 32. Maximum air speeds along the frn;ade surface due to Figure 33. Air quantity moving along the fm,;ade surface due to 

stack effect stack effect 
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Figure 3 7 .  Air movements and speed 

distribution along the fm;ade due to stack 

effect (L'l f=20K) 

Air change rates in offices with 

various fa9ade options 

Laboratory wind tunnel tests using 

scale models showed the 

dependence of air change rates in 

the office on wind direction and the 

use of tilting sash- type windows or 

box-windows. The results, based on a 

mean wind speed of 3.4 m/s, are 

i l lustrated in figure 34. As can be seen 

from the diagram, the box-window 

with a 1 8  mm perimeter slot results in 

a lower, more control lable air 

change rate than the tilting sash­

type window. To achieve a minimum 

air change rate of 2-2 .5 ac /h, the 

perimeter slot should be increased to 

35 mm. 

Figure 35 provides additional 

information on air change rates 

depending on room orientation and 

window type. The diagram is based 

on a south-west wind with a mean 

speed of 3.4 m/s and data are for an 

opened box-window and a tilting 

sash window option opened at 45° .  

The a i r  change rate for the tilting sash 

window is higher than for the box­

window in both windward and 

leeward exposed rooms. To achieve 

better control of the air-flow, the box­

window should be of a combined tip­

tilt type which enables 

uncomfortable air drafts to be 

minimised . 

The obtainable air change rates 

i l lustrated in figure 35 prove the 

viabil ity of natural ventilation for 

build ings in the Frankfurt area, due to 

favourable wind conditions. 

ac/h 
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W1ncl _Leeward 7 ward 

2 6 � 
Q) g's 
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10 20 30 40 50 60 70 80 90 
Window opening angle 

Figure 34. Air change rates in standard 

office module with 3.4 m/s wind speed 

and various window opening angles 
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Figure 35. Standard office air change 

rate; comparison of box-window with 

tilting sash window 
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Figures 36. 7-36.2. Air change rates for a 

standard office with box-window and 

wind speed of 3.4 m/s: dependence on 

fa9ade orientation 
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Figure 37.2. Box windovv ventilation with stack offoct (tomporaturo difforonco), 

300 mm ventilated cavity, 35 mm perimeter slot 

Considering frn;::ade and box-window 

construction options, the width of the 

box-window cavity can be extended 

to provide an accessible gangway. 

The perlorrnance of 1wo differen1 

cavity options were studied and the 

resulting air change rates are 

i l lustrated in figures 36. I and 36.2. 

Based on the same parameters as 

used for figure 25, these two 

diagrams compare a 300 mm box­

window cavity with one of 

only 50mm. 

The room air change rates which can 

be achieved are also heavily 

dependent on the desiQn and 

orientation of the perimeter slots in 

Hie external frn;::ade. The 

performance of both horizontal and 

vertical slots, with various wind 

speeds and temperature differences, 

are shown in figures 37. I - 37.2. From 

these diagrams the approximate air­

flow rates through a single box­

window unit can be read. 
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Air-flow patterns in the building 

Room air change rates and 

distribution depend not only on the 

window opening possibil ities, but also 

on room and hal lway doors. Figures 

38. 7 to 38.3 give impressions of air­

flows through the building. The results 

of this study are based on a south­

west wind with a mean speed of 

3.4 m/s and closed doors with a 

perimeter slot free area coefficient 

aF = 3.0 m3/Pa 2/3. 

Opened windows will reduce the 

frn;;:ade flow resistance and therefore 

wind pressure will affect indoor walls 

to a greater extent. With the windows 

opened, the flow resistance of interior 

door openings become more 

important. When hallway and office 

doors are opened the air will flow 

through offices and hallways towards 

the build ing 's  leeward side. In a 

situation shown in figure 38. 1, 

increased indoor air speeds of up to 

0.2 - 0.3 m/s can be observed 

whereas in a situation with closed 

hal lway doors (figure 38.2) air 

movements are lowered to a level 

which occupants can no longer 

detect. In the case with closed office 

doors and opened hal lway doors 

(figure 38.3) air movements are 

similarly low. 
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Figure 38. 7 .  Air-flow rates through the building, office doors opened, south-west wind 
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Figure 38.2. Air-flow rates through the building, office doors closed, south-west wind 
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Figure 38.3. Air-flow rates through the building, office doors closed, hallway doors 

opened. south-west wind 
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Figures 39. 7 to 39.3 show resulting air  

movements with a north-east wind. 

As can be seen, air flow 

characteristics are similar to those in 

figures 38. 7 to 38.3. 

In situations with strong winds air 

movements can cause pressure 

d ifferences on closed doors between 

200 - 600 Pa. I n  such situations with 

wind speeds of more than l 0 m/s, 

doors cannot be opened and in 

order to avoid this disruption, al l 

windows should be kept closed. 

In  situations with average wind 

speeds, in  the region of 5 m/s, office 

doors should only be opened for 

access and closed immediately 

afterwards. This will avoid high air 

change rates which would exceed 

the range-limits of the ventilation 

plant control system. In situations with 

moderate wind speeds, doors can be 

easily opened. By closing fire 

resistance doors the interior flow 

resistance can be increased and 

hence -tl:le-pGttern 0f elr m0vemeAt­
improved. These aspects make clear 

that layout optimisation also requires 

a review of door locations, functions 

and expected usage. 
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Figure 39. 7 .  Air-flow rates through the building, office doors opened, north-east wind 
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Figure 39.2. Air-flow rates through the building, office doors closed, north-east wind 
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Figure 39.3. Air-flow rates through the building, office doors closed, hallway doors 

opened, north-east wind 
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Wind tunnel studies using various 

model scales 

Complex air-flow studies can be best 

carried out by using a wind tunnel 

with scale models. This also helps to 

prove and evaluate results from 

theoretical studies and calculations. 

Figures 40 to 42 show a scale-model 

with the site of the proposed building 

and its surrounding environment. In  

an urban space such as  Frankfurt air 

movements are determined by the 

inter-relationship of the surrounding 

buildings. As computer simulations of 

this phenomenon are still at an early 

stage of development, wind tunnel 

tests are the main design aid . 

Figure 40. Turnable mounted scale model 
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Figure 42. Local urban environment model (Frankfurt bank 

district) 

Figure 4 7 .  Sky-scraper model for wind tunnel tests 
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Figures 43. I to 45 are smoke flow 

visualisations of conditions at the sky­

scraper roof line and at pedestrian 

level. Figures 46. I to 46. 3 i l lustrate air­

flow patterns occurring around the 

buildings based on wind tunnel 

studies. As can be seen from the flow 

vectors, air accelerates in narrow 

spaces between buildings and 

turbulent air-flows occur i n  leeward 

situations. On the frn;ade, up- and 

downward air-flows, depending on 

the stagnation point, and turbulent 

air-tlows on the building ' s  root line 

with downward windward flows, can 

be observed. 

Air-flow patterns observed in wind 

tunnel studies are not only of 

importance to predict the feasibility 

of natural ventilation, they also 

provide information on how the re­

entry of contaminated air to the 

office space can be avoided. The 

knowledge of such patterns is 

necessary to determine the location 

of air intakes, exhausts, chimneys and 

cooling towers. 
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Figure 43. 7 .  Downward air-flow occurring 

below neutral point 

Figure 44. 7. Wind speed acceleration 

between two sky-scraper towers (H 7 /H2) 

�/ 1 1 1 1 1 1 1 1 1� 

Figure 43.2. Air-flow in street space 

Figure 44.2. Wind speed acceleration 

between sky-scraper and surrounding 

buildings 

Figure 45. Roof line air-flow with leeward re-circulation 
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Figure 46. 1 .  Typical air-flow pattern, south-west wind 
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Figure 46.2. Typical air-flow pattern, south-west wind 
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Figure 46. 3. Typical air-flow pattern, north-east wind 
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Figure 46.4. Typical air-flow pattern, north-east wind 

,......._ .,, 

33 



61 60 49 3 1 f I �7 46 

I ,4$ 32. 
�I - 61 : H � 9:1 rn 

« 

33 
37 43 

41 
�o 

5G 

55 � ·-

52. 
Ill! . !it :  1-l • 7B m 

i-----l \ ) 63 

54 

at 

!fl 
57 - 61 : H • !l3 m  

®r � • 

@ I® �l 

®I 
att @ @  @ 10 • • • • •  

I @ @  ®r ·�- · .. · 
building H2 

@ 

@I @ @ I® 

Side elevation 

� 

@ [® . 

.@ 

� 

Proposad bank 
building H2 

�I ll "@ 

� ·® 

� 

Front elevation 

{'l 111111111� 

f>elti t lng.bank 
bullding Hl 

Figures 47.2-47. 3 Vertical instrumentation layout for pressure coefficients measurement 
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Fiqure 47. I .  Horizontal instrumentation 

layout for pressure coefficients 
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Figures 48. 1 -48.2. Cp·values on the frn;;ade, south-west wind 
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Figure 49. Typical pressure coefficient 

distribution, south-west wind 
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Pressure coefficients on the fac;:ade 

under various wind conditions 

To obtain detailed information on 

building pressure coefficients, the 

scale model was equipped with 

numerous probes, the layout being 

shown in figures 47. 1 to 47.3. Figures 

48. 1 -48.2 provide pressure coefficient 

data, based on a south-west wind, 

for the south-west fa<;:ades of the 

cylindrical and the rectangular 

towers. 

Figure 49 i l lustrates the pressure 

coefficient profile for the measuring 

axis between points 1 3  and 68 

whereas in figure 50 a typical 

leeward and windward situation at 

93 m above street level is shown. In  

an experimental study of  this nature, 

both the effects of the proposed 
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Figure 50. Gp-values on the fm:;ade at 

93 m above ground level 

building itself and the interaction with 

the surrounding urban environment 

must be considered to accurately 

predict occurring wind patterns. 
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Figure 5 7 .  Horizontal instrumentation layout for air speed measurement 

(pos. 1 -6 1 . 8  m above ground level) 

on�·® 
a I i-!-'  - 'I ii>  

! 1�•UJU\all � 
building 1- • @  

� 1 e 

i Cll 
flro1111)'Mid lfl" 

ilhlln�� 

q;' 

Figure 52. Vertical instrumentation layout 

for air speeds 

Air-flow in urban spaces 

To obtain data of air-flows in urban 
spaces, the installation of additional 

probes in the site model is required . 

A typical instrumentation layout is 

i l lustrated in figures 5 1  and 52. 
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Figure 53. Air speeds in street space, 

instrumentation points from figure 5 1  

Figure 53 shows ratios of wind speeds 

in the pedestrian zone to incident 

wind speed . As can be seen. 

occurring wind speeds in occupied 

urban spaces are in the range of 20 

to 40% of the incident wind speed. 
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As can be seen from figure 54, the 

wind speeds arising between 

buildings are different from those in 

urban spaces. Based on an incident 

wind speed of 3.3 m/s, the resulting 

air speed between buildings is in the 

region of 20-40% higher. 

Figure 55 provides data for wind 

spood fluctuations in urban spaces. 

With an incident wind speed of 

3.3 m/s the resulting wind speed 

fluctuates in the range of 0.3-0.4 m/s. 
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Figure 54. Air speeds between buildings 
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Figure 55. Air speed variation in street 

space 
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Figure 56. Diagram to determine plume height 

Contaminant concentration levels at 

air intakes 

The term "contaminant 

concentration rate" describes the 

di lution of air pollutants over a 

specific area . The actual figure for a 

specific location can be calculated 

by dividing local concentration by 

the source concentration.  The source 

concentration depends on location, 

size and characteristic of the 

pollutant source. 

Contaminant concentration 

distribution and di lution should be 

carefully reviewed in order to prevent 

exhuus l air rrorn can l eens, kitchens, 
restaurants etc. reaching air intake 

locations, opened office windows or 

pedestrian levels. Therefore the 

contaminated air should be 

exhausted from the building ut the 

highest point possible. Increased 

exhaust air speed can also be used 

so as to avoid air re-circulation to the 

building surface. 

Figure 56 can be used to 

approximately assess the effective 

plume height giving the relationship 

between exhaust area, the ratio of 

exhaust air to wind speed and the 

resulting difference between source 

and plume height. The boundary 

layer air-flow level mainly depends on 

incidenl  wind speed, surrour 1dir 11J 

build ings and building aerodynamic 

shape (see figures 46.2 and 46.4). 

Elased on the fact that boundary 

layer air-flow level is several meters 

above the bui lding 's roof l ine the 

effective plume height can achieve 

a level of 5 to l 0 m above the roof 

l ine. 
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Natural ventilation of offices 

Office air change rates and air-flow 

patterns are usually studied on 

transparent room scale-models 

made of Plexiglas. Figure 57. I shows 

a model of a typical office and 57.2 

a frn;:ade box-window section. 

(Photos by Kessler & Luch, Dr Detzer). 

Figures 58 and 59 show l :20 scale­

models of the box-window and tilting­

sash window options respectively. 

Room air-flows are visualised by 

smoke as i l lustrated in figure 60. This 

shows the typical mechanism 

whereby air enters the room at 

ceil ing level and then circulates. It is 

important that incoming fresh air is 

tangential ly and evenly distributed 

over the ceiling area. 

Figure 57. 7. Model view of a typical 

cylindrical tower office floor 

Figure 57.2. Model view of a box-window 

with 300 mm cavity 

Figure 58. Model section of box-window 

type far;:ade with 300 mm cavity 

Figure 59. Model section of a fa<;:ade 

with tilting sash window 

Figure 60. Visualised room air-flow 

pattern by smoke test 

Figure 57. 1 .  

Figure 6 0. 

� 

Figure 58. 

�� 

= � 

Figure 57.2. 

2 

�I � 
� 

Figure 59. 

37 



2.4 Cost considerations of active 

technical measures 

After having considered the building 

physical characteristics, the effects of 

various fac;:ade design options and 
the feasibility of natural ventilation, 

the cost for all active technical 

measures should be determined 

before deciding the final bui lding 

and services design.  

As d ifferent passive measures result 

from fac;:ade design and heavy mass 

structure, active technical measures 

and the cost for the necessary 

building services can vary 

significantly. 

Specific investment costs for bui lding 

services are indicated in figure 65, 

which shows the advantage of the 

box-window type frn:;:ade with heat­

reflecting glass units and high qual ity 

shading device. Total investment 

costs for this option are around /bO 
DM/ m2 floor area whereas for the 

singlo slcinnod fac;:ado with hoat­

reflecting g lass units and internal 

shading l he rigure is 900 DM/ rn2 

The lower cooling demand achieved 

with the box-window fac;::ade allows a 

reduction of the chilled ceil ing area 
to about 50% of the total cei l ing area 

and hence allows better utilisation of 

the building's thermal mass. With the 

sing le-skinned fac;;ade, the chi l led 

ceiling covers almost the whole 

c:0iling meo hence reduces the 

possibil ity of cooling from the 

building 's thermal mass. 

To determine total investment cost 

also requires a review of fac;:ade 
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Figure 65. Specific Investment costs of active technical measures 

with various glazing options 

option costs, which are significantly 

higher for the box-window type than 

for a single-skinned fac;::ade, 

Specific energy costs with various 

Cost considerations in this chapter 

are based on l t 1e  rollowin(J ri(Jures: 

- Heat generation: 80 DM/ MWh 

glazing options are indicated in figure - Electricity: 300 DM/ MWh 

66 and as it can be seen from this 

comparison, the box-window type 

fac;;ade gives lowest energy 

consumption and obviously the 

lowest energy costs. The same 

applies to operation and 

maintenance costs due to the 

reduced running time of the active 

technical measures, 

Not included in these figures are 

window cleaning costs which are 

presumed to be lower for the single­

skinned fac;;ade. 

- Cooling genoration: 1 20 DM/ MWh 

- Water: 4.5 DM/ m3 

For purposes of this calculation a rate 

for cost for service and operation of 

3% and for maintenance of 2% of the 

investment were used. 
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A calculation of total annual costs is 

shown in figure 67. From all fac;:ade 

options considered the box-window 

type results in the lowest building 
services costs. For purposes of this 

calculation, an interest rate of l 0%, a 

product life of 20 years and a total 

discount factor of 1 1 . 75% were used. 

Using a single-skinned frn;:ade results 

in significantly higher costs for 

building services, without 

consideration of the higher costs of 

the frn;:ade itself and higher 

maintenance (cleaning) costs for the 

double-skinned fac;:ade. 

From the services point of view, and 

by summarising the previously 

discussed aspects, a double-skinned 

fac;:ade can be recommended for 

high-rise buildings. The term " double­

skinned " not only applies on double­

glazing; it covers a wide range of 

fac;:ade design options which are of 

two main layers leaving the architect 
with freedom for his creative 

imagination. It must be remembered, 

however, that wind pressure and 

noise effects, possible condensation 

and freezing conditions will need to 

be reviewed in some detail. 
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Figure 66. Specific energy costs of active measures with various glazing options 
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3. Case study 2 - Sky-scraper with 
integrated conservatories 

The architectural design competition 

for another sky-scraper to be built in 

Frankfurt, Germany, focused on the 

implementation of ecolog ical 

measures. Figure 68 shows a model of 

urban Frankfurt with the proposed 

building modelled in some detai l .  

The design by architect Ch. 

lngenhoven (Dusseldorf) not 

only incorporates natural ventilation 

but also ideas to improve micro 

climate around and in the building. 

Figure 68. Ecological sky-scraper in a model of urban Frankfurt, Germany 

Architect Ch. lngenhoven, DQsse/dorf 
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3. 1 The building's ecological 

assessment 

In order to minimise energy 

consumption, the fundamental 

design idea was to minimise the 

building 's  surface area to enclosed 

space ratio. Derived from the sphere 

which has the lowest surface/ space 

ratio, a cylindrical tower design was 

envisaged. As discussed in previous 

chapters, a cylindrical form performs 

better aerodynamically than a 

rectangular form. This cyl indrical 

design provides maximum possible 

daylighting levels and maximum 

usable office area. 

Considering permanent natural office 

ventilation, the room depth was 

l imited so that the whole office space 

is penetrated by fresh air .  As the 

building should react properly to all 

weather conditions, it is of primary 

importance to consider measures 

such as: solar-control, feasibility of 

openable windows, enlargement of 

naturally spaces, time-limited use of 

supporting air conditioning systems 

and the creation of different climate 

zones such as conservatories and 

office spaces. 

Figures 69. 7 to 69.3 show possible floor 

layouts to meet the previously 

mentioned requirements. In order to 

provide high qual ity indoor 

environment, the design l inks floors 

together to create functional multi­

storey units. Up to now, this concept 

has only been realised in buildings 

with 5 to 6 storeys. 

Figures 69. 7 - 69.3 Typical floor 

plans for the ecological sky­

scraper by Ch. lngenhoven, 

Dusseldorf 

Circular- type layout 

Cross- type layout 

Open plan office layout 
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3.2 Layout design for natural 

ventilation 

As previously described, the cross 

type layout with incorporated 

conservatories for the main floors. 

allows all occupant areas to be 

naturally ventilated . (  ng. 69.2)  The 

natural ventilation rate of the office 

space is aiso enhanced by a double­

skinned frn;ade. Figure 70 shows a 

typical section of 6 floors with a multi­

storey conservatory. In figure 71 ,  

typical situations in summer, mid­

seasons and winter are i l lustrated. In  

winter, the conservatory is closed in 

order to work as a buffer-zone for the 

utilisation and storage of passive solar 

energy. During mid-seasons and in 

summer, the conservatory is opened 

providing natural ventilation to 

adjacent office spaces. 

Conservatory concept 
f0r summer (?00 h/n) 
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As can be seen from figure 7 1 , the 

building mass can work as a heat I 
cooling store which allows the chil led 

ceiling area to be reduced to 50% of 

the total ceil ing area. Figure 72 shows 

the concept of both natural 

ventilation and smoke removal in a 

fire situation through the double­

skinned (box-window type) fac;ade. 

3.3 Micro climate improvement by 

the integration of conservatories 

The integrated conservatories and 

the large entrance hall should work 

as a functional and aesthetic l ink 

would improve the indoor micro 

cl imate by providing numerous 

positive effects such as light and 

shade contrasts, agreeable noises 

and odours as wel l as by reducing 

summer air temperatures through 

evaporative cool ing . 

between the build ing's internal and Smoke removal �� 
external environments. This wil l enable Fresh air 

the occupants to observe seasonal Fresh air 

and diurnal changes. Figure 73 gives Fresh air 

us an impression of the integrated 

conservatories and as an analogy, 

an airy bamboo plantation, which is 

shown in figure 74. Tall bamboo trees 

complement the vertical sky-scraper 

concept and would be ideal for 

plantation in the conservatories. This 

Fresh air 

Fresh air Fresh air 

Figure 72. Smoke removal concept in a fire situation 

�duced exhaust openings 

(--1 
Figure 7 7 .  Operational 

conditions with the 

panorama type 

conservatory 
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Figure 73. Partial view with conservatories and entrance hall 

��iilliitlltr Smoke removal 

Fresh air 

Fresh air 

Fresh air 

Fresh air 
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In summer, overheating should be 

avoided due to the conservatories 

being naturally ventilated and 

shaded on the inside by translucent 

blinds. The intensive plantation with 

large leaf area and humid soil 

surface provides effective 

evaporative cooling. This also 

provides shading, and due to these 

effects, the micro cl imate of the 

surrounding office space is improved 

without uti l ising active technical 

measures. On sunny days, the 

conseNatories are opened and as a 

result of the evaporative cooling 

combined with external shading, 

indoor air temperature is similar to 

outside air temperature. 

During mid-seasons (spring and 

autumn), on cloudy summer days, 

and on sunny days with low air 

temperatures, the conservatories are 

ventilated by wind pressure effects 

(windward and leeward situations). 

For office ventilation, the windows 

can be opened manually by the 

occuµunls .  

I n  winter on days with low ambient air  

temperature (below -5°C), the 

frn;:ade should be closed so that the 

conservatories can work as a cl imate 

buffer. The air temperature in the 

conservatories wil l  be significantly 

above 0°C due to solar radiation and 

heat gains from surrounding spaces. 

Fresh air for the conservatory and its 

plantation is supplied at a minimum 

Uil cl  1UI 1\JU I U I U  u r  0.3-0.5 µer I iUUI  by 

infiltration through the external 

fac;ade. Even in winter, occupants 

can open windows onto the 

conservatory, to ventilate th0ir offices 

through stack effect. An auxil iary 

ventilation system controls the room 

air hygiene and recovers heat from 

exhaust air. 
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Figure 74. Sky-scraper and Bamboo plantation: an analogy 
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selection 

3.4 Daylight 

The tower's cylindrical plan layout 

enables exceptionally good daylight 

utilisation. All office types, whether 

single-room or open plan offices can 

be adequately daylighted either 

directly or indirectly by light shelves or 

The natural ventilation of buildings, 

whether they are high or low- rise, wil l  

only function up to a certain room 

depth. This depth is influenced by the 

building location, room layout and 

the manner of controlling the air 

infi ltration . 

mirrors. In figure 77 ,  a system with The qual ity of air available depends 

louvered overhangs which provide on the building location e.g.  whether 

d iffuse daylight to the room inner part on a greenfield site or in the city 

is shown. The room i l luminance can centre. 

be further enhanced by coating the 

chi l led ceiling with a l ight-reflecting The building 's  layout will determine 

surface. the quantity of air available for 

Case study 2, a sky-scraper with 

incorporated conservatories, further 

develops the ideas described in case 

study l ,  with high priority given to the 

incorporation of ecological 

measures. These ecological measures 

will have ever increasing importance 

in influencing the design of future 

buildings. 

natural venti lation. As a general 

guideline, natural ventilation is 

feasible in rooms with a depth to 

height ratio of 2 .5  when ventilated 

from one side, increasing to 5 when 

ventilated from two opposite sides. 

It is, however, possible to improve on 

these ratios as shown in the case of 

Tchibo company's CN2 office 

building in Hamburg . (For details see 

HL-Technik Technical Report No. 7). In 

this case air infiltration has been 

enhanced by the creation of pressure 

gradients through the use of internal 

courtyards and extended roof 

structures. Thus rooms with higher 

depth-height ratios than those 

normally considered feasible were 

successfully provided with natural 

venti lation. 

In  the case where the building's 

location and layout al low for the use 

of natural ventilation, then the 

building envelope and hence correct 

fac;:ade selection is of primary 

importance. 

To achieve successful results when 

planning natural ventilation, not only 

is a clear understanding of the 

existing physical constraints required, 

but also a large measure of 

innovative thinking in developing 

concepts with the architect and 

building engineer. 
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4. 1 Thermal insulation 

In recent years the thermal insulation 

standards as laid down in the bui lding 

codes of many countries have 

improved, with the aim of reducing 

building heat losses. To meet these 

codos a moan thermal conductivity 

(u-value) of 1 .0 to 1 .2 W/m2K should 

be od1ieved . With the use of heat­

reflecting glass units, these low values 

can be achieved. However, care 

must be taken so as not to ,,over­

insulate", which could increase 

cool ing loads arising from the high 

internal heat gains found in today's 

buildings. 

Due to the fact that ,,cold radiation" 

because of low surface temperatures 

wil l  give rise to discomfort among the 

building occupants, it is important. in 

addition to the thermal conductivity 

of the bui ldinQ envelope, to focus on 

the glass inner surface temperature 

and its effect on low level air 

movement. 

4.2 Shading devices 

Office buildings and buildings with 

intensive occupancy require efficient 

shading devices in order to avoid 

excessive energy consumption while 

ensuring architectural design 

flexibi l ity. 

In the past heat-absorbing and 

reflecting-type glass units have been 

widely used whereas now a 

renaissance is taking place in the 

development of external shading 

devices with improved reflection and 

daylight transmission. As shown in the 

performance comparison in 

figure 3.3., shading devices which 

fulfil the above requirements are 

already on the market. 
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4.3 Blinds 

Shading devices usually combine 

both heat and glare control. 

However separate bl inds may be 

necessary on those days when high 

i l luminance from an overcast sky 

givos riso to glaro probl0ms. It is 

especially relevant in the modern 

office. with t1-1e profi leratioi-1 of 

computer workstations. that the l ight 

intensity at the window is as uniform 

as possible with that on the other 

room surfaces. 

Today, not only are roller and 

awning-type blinds available, but 

also a number of daylight reflection 

systems which provide glare 

protection while maintaining 

adequate doyligh l i r ig levels i r 1  l he 

room. Whether, and to what extent. 

external shading in combination with 

blinds will be used must be reviewed 

for each project individually. Only 

then wil l  it be possible to optimise the 

balance between performance and 

t1-1e capital and ru 1-ii-i ing costs. Until 

now stand-alone daylight directing 
systems have failed to prove 

economically viable, with pay-back 

times of l 00 years not unheard of. 

To satisfy the above requirements 

and consume the lowest possible 

amount of energy, while al lowing the 

possibi l ity of natural ventilation and a 

visual relationship to the exterior 

environment. the multi-function 

frn;:ade offers itself as the ideal 

solution. 

4.4 Natural ventilation 

In a today's building. whatever its 

proposed usage, natural ventilation is 

of great importance and the design 

of the frn;:ade has to include this 

aspect. Room layouts have to be 

considered, allowing air infi ltration 

rn;?/ 1 1 1 1 1 1 1 1 1� 
without giving rise to draughts. Each 

frn;:ade construction. whether double 

or single-skinned, box window type or 

conservatory based, must be 

evaluated individually for the 

particular project. For the 

,,environmentally sound building ", an 

appropriate solution can only be 

found when the above aspects are 

considered and combined . 

4.5 Multifunctional fa�ade designs 

As described previously, selection of 

the correct frn;:ade construction is of 

primary importance. Equally 

important is the selection of the 

control system, which should detect 

changes in the building's physical 

state and cause the frn;:ade to react 

appropria1ely. The yardstick by w1Jicl1 

multifunctional frn;;ades will be 

measured is their adaptabil ity in order 

to save energy whilst ensuring 

optimum occupant comfort. 

It must be remembered that even the 

most sophisticated system wil l  fail to 

satisfy occupant comfort 

requirements if some form of manual 

control. although limited, is not 

included. 

The multifunctional frn;:ade should 

util ise all natural energy sources 

available such as solar, wind 

temperature gradients and 

daylighting in harmony with the 

bui lding's  energy demands so that 

energy consumption is minimised. 

The occupant's comfort requirements 

can be met in different ways; the flow 

chart in figure 75 shows the operation 

of an intelligent fac;:ade, the many 

possible active building measures 

and the complexity of their 

interactions. 
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Figure 76 i l lustrates how the 

requirements of occupant thermal, 
hygienic and visual comfort are met, 

first by the implementation of passive 

and then, when necessary, active 

technology. Other diverse influences 

such as the predicted cooling load 

and corporate identity, and 

eventually the inclusion of ecological 

measures such as photo voltaic 

elements and transparent insulation 

will determine the adaptability of the 

frn;:ade to changing climatic 

conditions. 

With the multifunctional fac;ade, 

control strategies for passive as well 

as active measures can be 

generated to reduce primary energy 

consumption to an absolute 

minimum. 

In conclusion, future facades will be 

selected, not only on their aesthetic 

merits, but also on the criteria of 

minimising energy consumption and 

ecological damage, whilst providing 

optimum environmental conditions 

for the building user. 

Zurich, 27 April 1 993 
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