
2007-g

LESO.PB

On the Sensitivity of Building Performance
to the Urban Heat lsland Effect

Rasheed, A.
Robinson, D.

Clappier, A.

GISBAT 2OO7

4-5 Septembre 2007



ON rrrn SnNsrrrvITY oF Burr,nrNc PBnToRMANCE To THE UngA.N
HB,tr Isr,aNn ErFncr

A. Rasheedr, D. Robinsonr and A. Clappief

1: Solar Energt and Building Physics Laboratory, Ecole Polytechnique Fdddrale de Lausanne

IEPFL], CH- I 0 I 5 Lausanne, Switzerland

2: Soil and air Pollution Laboratory, Ecole Polytechnique Fdddrale de Lausanne, CH-1015 Lausanne

IEPFL], Switzerland.

ABSTRACT

Crurent practice in building simulation is to use historic climate data which has been measured in
rural locations. However, numerous measurement programs have demonstrated that the urban-
rural temperature difference can be of several degrees Kelvin, with corresponding implications for
heating/cooling energy consumption in buildings. In order to quantifu this issue for a specific
case, we study the city of Madrid (for reasons of data availability). In this we simulate the region
for the case in which the city is physically represented as well as for the case in which this is
artificially replaced with a rural representation. We then produce spatial maps of degree hours of
cooling for the two scenarios and the summertime period in question; and from this a quotient
image. Using these results we discuss implications for cooling energy use.

I INrnoDUCTroN

Differences in exchanges of buoyancy, mass, momenfum and turbulent fluxes between the
atmospheric boundary layer and rural and urban surfaces are responsible for considerable
temperature differences between rural and urban locations. Called the urban heat island ([IHD
effect, its mean intensity also varies as a function of the intensity of the various thermal exchanges

- which itself also depends upon the thermophysical properties of the surfaces of interest - and
the wind speed. Furthermore, UHI intensity also varies spatially, according to position within the
city (heat pickup en-route to a given location), wind direction and the local three-dimensional
urban morphology. This UHI intensity may increase the magnitude and duration of heat waves
within cities, with corresponding implications for the comfort of pedestrians as well as for energy
use for heating and cooling buildings.

It is therefore important, in principle, to represent the urban (rather than rural) climate when
simulating the energy and environmental perfonnance of buildings. However, due to the
modelling complexities involved, tools to simulate the urban microclimate are in their infancy.
Consequently, it is still current practice to use rural climate data when simulating the energy
performance of buildings in urban contexts. In order to understand the errors involved in this
simplification we simulate (using our detailed mesoclimate simulation program) the region in
which the city of Madrid (Spain) is located. In this we consider two scenarios: the base case
scenario in which our model is calibrated to represent the city and an alternative situation in which
the city is replaced with a description of a rural environment which is similar to its environs. We
then compare calculations of cooling degree hours (which is linearly related to cooling energy
use) for the two cases.

2 MorEL DEscRrPTroN

The mesoscale model selected here, referred to as FVM (Finite Volume Model), was initially
developed at the Air and Soil Pollution Laboratory of EPFL (Clappier et al. [1]). Subsequent
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developments have been carried out by Martilli l2l and Roulet [3] and further improvement work
is ongoing at LESO/EPFL.

Most atmospheric phenomena involved are described by a set of standard conservation principles:

Conservation of Mass: The mass in a particular cell is constant with time and since the wind
speed (both local and geostrophic) is much lower than the speed of sound the assumption of
incompressibility of the atmospheric fluid is fully justified.

Conservation of Momentum: The rate of change of momentum is counter balanced by the

pressure gradient, buoyant, drag, shear and coriolis forces. Because ofthe chaotic behaviour ofthe
atmospheric flow an additional term describing turbulence appears, which is comparable to other
forces.

Conservation of Energy: In atmospheric flow there can be sources and sinks of heat and the

transport ofenergy by advection or turbulence. The conservation principle states that the net total
ofthe energy balance due to energy generation / dissipation and transfer through a cell should be

reflected in the temperature change of the fluid in the cell. In other words, energy in less energy
out is equal to energy stored. Water conservation is based on similar principles.

The corresponding equations are solved explicitly, except for pressure, which is solved implicitly.
The spatial discretisation is based on the finite volume method (FVM). The pressure gradient and

velocity fluxes are estimated at the cell faces while the velocity components, potential
temperature, air humidity and the pressure are located at the cell centre. The mesh is structured,
with each cell having six faces, and can be defined to follow the terrain. A third order scheme is
used for advection.

2.1 Urban Parameterization

The parameterisation scheme developed by Martilli [2] takes into account the impact of horizontal
(roofs and canyon floor) and vertical (wall) surfaces on the momentum, temperature and kinetic
energy equations for all numerical levels within the urban canopy. The effects of a city's
morphological from on radiation absorption are considered by calibrating a standard typology to
the situation of interest, based on a set of building rows characteized by street width, building
width, distribution of building heights, street orientations. Radiometric and thermophysical
properties of the urban material may also be defined.

3 CasB sruDy DoMAIN AND GRrD DEscRrprroN

3.1 About Madrid: Located at 40o 23'N and 3o 40'W, Madrid is the capital and largest city of
Spain. It is also the third most populous city (within city limits) in the European Union after
London and Berlin, and the third most populous urban area in the European Union after Paris and
London.

3.2 Topography and land use: Madrid is home to mountain peaks rising 2,000m above the

surrounding relatively low lying plains. The slopes of Guadarrama are cloaked in dense forests of
Scots Pine and Pyrenean oak. The province of Madrid occupies a surface area of approximately
8,028 km'z. Practically the entire Province is located between 600 and 1,000 m above sea level but
the highest point, Penalara, is at an altitude of 2,430 m whilst the lowest, Alberche river in Villa
del Prado, is at 430m. Both altitude and land use (as percentage rural) are depicted in Figure 2.
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Figure 2: Madrid and its neighbourhood: height above Sea level in meters [LeftJ; percentage of
rural area [Right]

3.3 Climate: The region of Madrid has a temperate Mediterranean climate with cool winters and

temperatures that sometimes drop below 273 K. Summer tends to be warm with temperatures that
consistently surpass 303 K and often reach 313 K in July. Due to Madrid's high altitude and dry
climate, night-time temperafures tend to be cooler, leading to a mild average temperature during
the summer months.

3.4 Grid: The grid used here is a terrain following one which can take into account the topology
of the land surface. The model is applied over a domain of 110km by l10km horizontally and
10km vertically. A uniform horizontal resolution of 2km is assumed in the horizontal directions
and the vertical resolution ranges from 10 metres near the surface to lkm near the top of the

domain. A vertical domain size of 10 km is sufficient to cover the entire troposphere.

3.5 Sefup: Three simulations were conducted. These are referred to as cases l, 2 and 3. Same
topology has been used for all the three cases. Case 1 corresponds to our mixed urban/rural
Madrid case study site; but with the land use artificially defined as fully (100%) rural. Cases 2 and

3 correspond to the actual land use, but with different thermophysical properties for the building
surfaces. Table 1 lists the values of the conductivity (Kb,Kg), specific heat capacity (Cpb,Cpg),
intemal temperature of the buildings (b) and ground (g) and the albedo and emissivity of the walls
and the ground. The only differences between case 2 and 3 relate to the conductivity and specific
heat capacity of the building materials.

Kb Kq Cpb Coo Ti
Surface
Albedo

Emissivity
of walls

Emissivity
of qround

Oase 1 1.18E+06 0.2 0.95
Case 2 2.90E-07 4.70E-07 2.80E+05 1.74E+06 298K 2.00E-01 9.00E-01 9.50E-01

Case 3 4.93E-06 4.70E-07 2.25E+06 1.74E+O6 298K 2.00E-01 9.00E-01 9.50E-01

Table 1: Thermophysical properties of the building materials.

Building and street widths are assumed to be 15 meters and all the streets intersect each other at
right angles. The temperature within all buildings is 298 K. A surface roughness value of 0.01 is
assumed for the roof and the ground surface.

The simulations were each conducted for a period of 36 horns during which the boundary
conditions were forced (using results from a global climate model) every 60 minutes.

4. Rrsur,rs

At 04:00H in the morning, when it is relatively cool, the temperature without the urban area

would have been in the range of 288 to 291 K. In cases 2 and 3 buildings of relatively high
specific heat capacity have been introduced. These transfer heat to the air which has been
absorbed by and stored within their structural envelope during the day (note that urban albedo is
far lower than its rural counterpart, so that more radiation is absorbed) - behaviour which is
somewhat pronounced in the relatively massive case 3 (see Figure 3b).

At 15:00H the phenomenon that occurred at 4:00am is reversed. This time the heat from the
surrounding is conducted into the buildings. Since, in case 2 the conductivity is lower than in case
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3 less heat is transferred, leading to an increase of ambient temperature. As expected buildings in
case 3, due to high specific heat capacity, respond less quickly. It appears that in case 3 heat
absorbed by the buildings balances the radiation absorption due to urban geometry and hence the
temperature profile is similar to that of case l.

At 02:00am the situation is very similar to that at 04:00H. The heat absorbed during the day by
the urban fabric is being released to the surroundings making them warmer.

The effect of specific heat capacity of the built material is perhaps clearer from Figure 4. A high
value of specific heat capacity dampens the effect of the changes in temperature.

Figure 3: Topleft: Percentage of urban area qcross the domain of interest. Clochuisefrom top
right: Computed temperature profiles at 4H, 15H,2H (red, green & blackfor cases 1, 2 A. 3)

Figure 4: Evolution of t"*p)orure witll)rme fr*, ur)'} blackfor cases 1, 2 sL 3)
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Effects on velocity profile:

It is clear from Figure 5 that there is a shong entrainment of air toward the centre of the urban
area. Although this trend is also somewhat evident in Figure 5(a) (100%rural) the effect is more
pronounced in Figure 5(b) because of a large temperature gradient between the urban area and its
rural surroundings.

s
h

Figure 5: Influence ofan urban area oyer velocity profile. Rural (left), urban (righA at 06:00H

Figure*u, ***rio"n r;:;, degree days foo"A*)*lno"f**Dl r)'rrrr, , f*fl & 3 (right)

Effects on energy demand: Energy consumption for the cooling of buildings may be determined
by the simplifred expression Qc =24C.Do".10-'lrtGlvh), where C is total building conductance

(w.K-'), DD are the cooling degree-days (DD" =Z::@,-ru^)fzl, ry is the boiler efficiency and

Tu*" is the base temperature above which cooling is required: assumed to be 297 K in these

simulations. Since, the ratio of energy consumption for cooling is linearly proportional to the
corresponding degree days, the normalized DD6, gives an indication of the increase in the energy
demand for cooling purpose when an urban area is introduced in a rural area. Figure 6 suggests
that this increase can be as high as a factor of 1.7. Note that the contour of the maximum urban
percentage doesn't coincide with that of DD,. This may be because of the shift of the hottest
region in the city due to wind.

5 CoucLUSroNs

Using a mesoscale atmospheric flow model in conjunction with a module in which the
hydrothermal effects ofurban structures on the 3D conservation and turbulent transport equations
are represented, we have studied the effect of the urban heat island of Madrid on cooling energy
use in buildings. In this we have studied the city climate both with and without the urban
characteristics being physically represented. From this we conclude that:
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More shortwave radiation is absorbed and less longwave radiation is emitted in urban
environments. This and anthropogenic gains (though these latter are not represented here)
causes an elevation in mean temperature. However, depending upon the capacitance of urban
structures (buildings, roads etc) the amplitude in diumal temperature swing may be greater or
lower than in a rural context, such that peak summertime temperatures may be higher or
lower, with corresponding implications for cooling. These peaks may also be considerably
shifted in phase. But, the opposite effect on heating energy use may outweigh these changes.

For our two cases of lightrveight and heavyweight structures, the urban heat island intensity
([IHD is always positive. Spatial images of the quotient of (urban/rural) cooling degree hours
suggest that cooling loads may be up to 70% higher in a city, compared to a rural context.

Due to cumulative surface-air heat transfer from the perimeter to the city core, urban
structures tend to exhibit plume-like behaviour. Air is entrained into this plume from the
boundaries of a city and this warmed air exits vertically from the centre. This plume may be
deflected by wind.

The stronger the buoyancy force within this plume, the more effective the dilution of thermal
and chemical pollution. It may be interesting to study, for example, ways in which plume
entrainment can be accentuated (due to structural composition of a city cenhoid) to reduce
UHI outside of the city core.
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AssrRAcr

Current practice in building simulatton is to use historic climate data which has been measured in
rural locations However, numerous measurement programs have demonstrated that the urban-
rural temperature difference can be of several degrees Kelvin, with corresponding implications for
heating/cooling energy consumption in buildings. In order to quantifr this issue for a specific
case, we study the city of Madrid (for reasons of data availability). In this we simulate the region
for the case in which the city is physically represented as well as for the case in which this is
artificially replaced with a rural representation. We then produce spatial maps of degree hours of
cooling for the two scenarios and the summertime period in question; and from this a quotient
image. Using these results we discuss implications for cooling energy use.

I IxrnoDUCTroN

Differences in exchanges of buoyancy, mass, momentum and turbulent fluxes between the
atmospheric boundary layer and rural and urban surfaces are responsible for considerable
temperature differences between rural and urban locations. Called the urban heat island (UHD
effect, its mean intensity also varies as a function of the intensity of the various thermal exchanges
- which itself also depends upon the thermophysical properties of the surfaces of interest - and
the wind speed. Furthermore, UHI intensity also varies spatially, according to position within the
city (heat pickup en-route to a given location), wind direction and the local three-dimensional
urban morphology. This UHI intensity may increase the magnitude and duration of heat waves
within cities, with corresponding implications for the comfort of pedestrians as well as for energy
use for heating and cooling buildings.

It is therefore important, in principle, to represent the urban (rather than rural) climate when
simulating the energy and environmental performance of buildings. However, due to the
modelling complexities involved, tools to simulate the urban microclimate are in their infancy.
Consequently, it is still current practice to use rural climate data when simulating the energy
performance of buildings in urban contexts. In order to understand the errors involved in this
simplification we simulate (using our detailed mesoclimate simulation program) the region in
which the city of Madrid (Spain) is located. In this we consider two scenarios: the base case
scenario in which our model is calibrated to represent the city and an alternative situation in which
the city is replaced with a description of a rural environment which is similar to its environs. We
then compare calculations of cooling degree hours (which is linearly related to cooling energy
use) for the two cases.

2 MoDEL DEscRrprroN

The mesoscale model selected here, referred to as FVM (Finite Volume Model), was initially
developed at the Air and Soil Pollution Laboratory of EPFL (Clappier et al. [1]). Subsequent
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developments have been camed out by Martilli l2l and Roulet [3] and further improvement work
is ongoing at LESO/EPFL.

Most atmospheric phenomena involved are described by a set of standard conservation pnnciples:

Conservation of Mass: The mass in a particular cell is constant with time and since the wind
speed ftoth local and geostrophic) is much lower than the speed of sound the assumption of
incompressibility of the atmospheric fluid is fully justified.

Conservation of Momentum: The rate of change of momenfum is counter balanced by the
pressure gradient, buoyant, drag, shear and coriolis forces. Because ofthe chaotic behaviour ofthe
atmospheric flow an additional term describing turbulence appears, which is comparable to other
forces.

Conservation of Energy: In atmospheric flow there can be sources and sinks of heat and the
transport ofenergy by advection or turbulence. The conservation principle states that the net total
ofthe energy balance due to energy generation / dissipation and transfer through a cell should be
reflected in the temperature change of the fluid in the cell. In other words, energy in less energy
out is equal to energy stored. Water conservation is based on similar principles.

The corresponding equations are solved explicitly, except for pressure, which is solved implicitly.
The spatial discretisation is based on the finite volume method (FVM). The pressure gradient and
velocity fluxes are estimated at the cell faces while the velocity components, potential
temperature, air humidity and the pressure are located at the cell cenfe. The mesh is structured,
with each cell having six faces, and can be defined to follow the terrain. A third order scheme is
used for advection.

2.1 Urban Parameterization

The parameterisation scheme developed by Martilli [2] takes into account the impact of horizontal
(roofs and canyon floor) and vertical (wall) surfaces on the momentum, temperature and kinetic
energy equations for all numerical levels within the urban canopy. The effects of a city's
morphological from on radiation absorption are considered by calibrating a standard typology to
the situation of interest, based on a set of building rows characteized by street wrdth, buiiding
width, distribution of building heights, street orientations. Radiometric and thermophysical
properties of the urban material may also be defined.

3 CaSB STUDY DoMAIN AND GRID DESCRIPTIoN

3.1 About Madrid: Located at 40" 23'N and 3" 40'W, Madrid is the capital and largest city of
Spain. It is also the third most populous city (within city limits) in the European Union after
London and Berlin, and the third most populous urban area in the European Union after Paris and
London.

3.2 Topography and land use: Madrid is home to mountain peaks rising 2,000m above the
surrounding relafively low lying plains. The slopes of Guadarrama are cloaked in dense forests of
Scots Pine and Pyrerrean oak. The province of Madrid occupies a surface area of approximately
8,028 km'z. Practically the entire Province is located between 600 and 1,000 m above sea level but
the highest point, Penalara, is at an altitude of 2,430 m whilst the lowest, Alberche river in Villa
del Prado, is at 430m. Both altitude and land use (as percentage rural) are depicted in Figure 2.
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Figure 2: Madrid and its neighbourhood: height aboye Sea level in meters [LeftJ; percentage of
rural area [Right]

3.3 Climate: The region of Madrid has a temperate Mediterranean climate with cool winters and
temperatures that sometimes drop below 273 K. Summer tends to be warm with temperatures that
consistently surpass 303 K and often reach 313 K in July. Due to Madrid's high altitude and dry
climate, night-time temperatures tend to be cooler, leading to a mild average temperature during
the summer months.

3.4 Grid: The gnd used here is a terrain following one which can take into account the topology
of the land surface. The model is applied over a domain of 110km by 110km horizontally and
10km vertically. A uniform horizontal resolution of 2krn is assumed in the horizontal directions
and the vertical resolution ranges from 10 metres near the surface to 1km near the top of the
domain. A vertical domain size of 10 lffn is sufficient to cover the entire troposphere.

3.5 Setup: Three simulations were conducted. These are referred to as cases 1,2 and 3. Same
topology has been used for all the three cases. Case 1 corresponds to our mixed urban/rural
Madrid case study site; but with the land use arbificially defined as fully (100%) rural. Cases 2 and
3 correspond to the actual land use, but with different thermophysical properties for the building
surfaces. Table I lists the values of the conductivity (Kb,Kg), specific heat capacity (Cpb,Cpg),
internal temperature of the buildings (b) and ground (g) and the albedo and emissivity of the walls
and the ground. The only differences between case 2 and 3 relate to the conductivity and specific
heat capacity of the building materials.

Kb Ko Cpb Cpo Ti
Surface
Albedo

Emissivity
of walls

Emissivity
of qround

3ase 1 1.18E+06 0.2 0.95
3ase 2 2.90E-07 4.70E-07 2.80E+05 1.74E+06 298K 2.00E-01 9.00E-01 9.50E-01
3ase 3 4.93E-06 4.70E-07 2.25E+Oo 1.74E+O6 298K 2.00E-01 9.00E-01 9.50E-01

Table I: Thermophysical properties of the building materials.

Buildlrg and street widths are assumed to be 15 meters and all the streets intersect each other at
right angles. The temperature within all buildings is 298 K. A surface roughness value of 0.01 is
assumed for the roof and the ground surface.

The simulations were each conducted for a period of 36 hours during which the boundary
conditions were forced (using results from a global climate model) every 60 minutes.

4. Rrsurrs
At 04:00H in the morning, when it is relatively cool, the temperature without the urban area
would have been in the range of 288 to 291 K. In cases 2 and 3 buildings of relatively high
specific heat capacity have been introduced. These transfer heat to the air which has been
absorbed by and stored within their structural envelope during the day (note that urban albedo is
far lower than its rural counterpart, so that more radiation is absorbed) - behaviour which is
somewhat pronounced in the relatively massive case 3 (see Figure 3b).

At 15:00H the phenomenon that occurred at 4:00am is reversed. This time the heat from the
surrounding is conducted into the buildings. Since, in case 2 the conductivity is lower than in case
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3 less heat is transferred, leading to an increase of ambient temperature. As expected buildings in
case 3, due to high specific heat capacity, respond less quickly. It appears that in case 3 heat
absorbed by the buildings balances the radiation absorption due to urban geometry and hence the
temperature profile is similar to that of case 1.

At 02:00am the situation is very similar to that at 04:00H. The heat absorbed during the day by
the urban fabric is being released to the surroundings making them warmer.

The effect of specific heat capacity of the built material is perhaps clearer from Figure 4. A high
value of specific heat capacity dampens the effect of the changes in temperature.

t trs}
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Figure 3: Topleft: Percentage of urban area across the domain of interest. Clockwisefrom top
right: Computed temperature profiles at 4H, 15H,2H (red, green & blackfor cases l, 2 & 3)
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Effects on velocity profile:

It is clear from Figure 5 that there is a strong entrainment of air toward the centre of the urban
area. Although this trend is also somewhat evident in Figure 5(a) (100%rural) the effect is more
pronounced in Figure 5(b) because of a large temperature gradient between the urban area and its
rural surroundings.

Figure 5: Wuence of an urban area over velocity profile. Rural (eft), urban (ri7h| at 06;00H

t$

i"i

* * *r*,)* iB s * ,rrrf *

Figure 6: Normalized cooling degree days [DDg(urban)/DDs(rural)J for cases 2 (l"fl A 3 eight)

Effects on energy demand: Energy consumption for the cooling of buildings may be determined
by the simplified expression Qc =24C.DO".10-' lry (kwh), where C is total building conductance

(w.K-'), DD are the cooling degree-days (oo" =>::(r,-r0,")fz+),4 is the boiler efficiency and

Tuo"" is the base temperature above which cooling is required: assumed to be 291 K in these

simulations. Since, the ratio of energy consumption for cooling is linearly proportional to the
corresponding degree days, the normalized DDc, gives an indication of the increase in the energy
demand for cooling purpose when an urban area is inffoduced in a rural area. Figure 6 suggests
that this increase can be as high as a factor of 1.7 . Note that the contour of the maximum urban
percentage doesn't coincide with that of DD". This may be because of the shift of the hottest
region in the city due to wind.

5 CoxcLUStoNS

Using a mesoscale atmospheric flow model in conjunction with a module in which the
hydrothermal effects ofurban structures on the 3D conservation and turbulent transport equations
are represented, we have studied the effect of the urban heat island of Madrid on cooling energy
use in buildings. In this we have studied the city climate both with and without the urban
characteristics being physically represented. From this we conclude that:
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More shortwave radiation is absorbed and less longwave radiation is emitted in urban
environments. This and anthropogenic gains (though these latter are not represented here)
causes an elevation in mean temperature. However, depending upon the capacitance of urban
structures (buildings, roads etc) the amplitude in diurnal temperature swing may be greater or
lower than in a rural context, such that peak summertime temperatures may be higher or
lower, with corresponding implications for cooling. These peaks may also be considerably
shifted in phase. But, the opposite effect on heating energy use may outweigh these changes.

For our two cases of lightweight and heavyweight structures, the urban heat island intensity
([IHD is always positive. Spatial images of the quotient of (urban/rural) cooling degree hours
suggest that cooling loads may be up to 7|o/ohigher in a city, compared to a rural context.

Due to cumulative surface-air heat transfer from the perimeter to the city core, urban
structures tend to exhibit plume-like behaviour. Air is entrained into this plume from the
boundaries of a city and this warmed air exits vertically from the centre. This plume may be
deflected by wind.

The stronger the buoyancy force within this plume, the more effective the dilufion of thermal
and chemical pollution. It may be interesting to study, for example, ways in which plume
entrainment can be accentuated (due to structural composition of a city centroid) to reduce
UHI outside of the city core.

AcxNowl,EDGEMENT:

The financial support received for this work from national research programme 54 of the Swiss
National Science Foundation is gratefully acknowledged. Many thanks also to Alberto Martilli for
kindly assisting with calibrating the model to Madrid.

RBrBRrNcps

1. clappier, A., Perrochet P., Martilli, F. and Krueger, B.c.: 1996, 'A new non-hydrostatic
mesoscale model using a CVFE (conhol volume finite element) Discretizationtechnique.', in
Proceedings of EUROTRAC Symposiurn '96., Editors: P.M. Borrell et al., Computational
Mechanics Publications, Southampton, pp 527 -53 1 .

2. Martilli, A. 2001, Development of an urban turbulence parameterisation for mesoscale
atmospheric models. Ph.D. thesis, Ecole polytechnique f6d6rale de Lausanne, Lausanne,
Suisse. Thdse No 2445.

3. Roulet, Y-A. F, 2004. Validation and application of an urban turbulence parameterisation
scheme for mesoscale atmospheric models. Ph.D. thesis, Ecole polytechnique f6d6rale de
Lausanne, Lausanne, Suisse. Thdse No 3032.

596


