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The Bio-Cooling Home: Project Description
MODULAR HOUSING IN 2050: TACKLING THE COST OF COOLING AND HEATING IN A CLIMATE SENSITIVE ERA

BUILDING TYPE: Housing
SITE: The railway tracks above Waterloo Station & the underground platforms of the Bakerloo Line at
Waterloo Station.
DESIGN NARRATIVE: The concept of the project is to provide eco-friendly solutions to increase London’s
housing stock in 2050, a time when the city is said to face an increase in temperature of up to 6.5 °C during
hot summer days. The new building is an innovative timber structure with Weaire-Phelan modules. Due to
this change of temperatures, a new evaporative cooling system has been studied. Th system is designed
to cool down the housing modules during the hot summer of 2050 without any mechanical cooling device.
In parallel, the evaporative cooling system will lower the rising temperatures of the Bakerloo line platform at
Waterloo Station. In terms of heating the homes during cold days, this will be done through a heat exchange
process. The heat from the underground will be transferred to each housing module through ventilation
shafts.
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2.

Lattice Study: Symmetries
2D Lattices - 4 Symmentries
The symmetry of a lattice = Crystal System
There are 4 2D Crystal Systems

Symmetry 1: Oblique

Symmetry 2: Square

Symmetry 3: Hexagonal

Symmetry 4: Rectangular

3D Lattices - 7 Symmentries
The symmetry of a lattice = Crystal System
There are 4 2D Crystal Systems
Symmetry 7: Cubic - single 3 fold axis four times

Symmetry 1:
Triclinic - centre of
inversion

Symmetry 2:
Monoclinic - 2 fold axis & mirror
plane

Symmetry 3:
Orthorhombic
- 2 fold axis & mirror plane

Symmetry 4:
Tetragonal
- 4 fold axis & mirror plane
perpendicular to 4 fold axis

Symmetry 5:
Hexagonal
- 6 fold axis & mirror plane
perpendicular to 6 fold axis

Symmetry 6:
Trigonal
- single 3 fold axis & mirror
planes

3.

Lattice Study: Parakeet Pattern Testings
In order to have a better understanding of lattices, I experimented with various
patterns in the Grasshopper Parakeet Software. This page highlights three of
these patterns.
Pattern Grid: Rhombitrihexagonal - creates a Euclidean semi-regular tiling
consisting of convex polygons.
Pattern Generation Method: Star Pattern I - creates a geometrical method of
designing Islamic patterns. In order to get a heterogeneous pattern, variable
parametres A and D will need to be input to change the angles between the
polygons.

Rhombitrihexagonal grid

Rhombitrihexagonal grid - extruded grid & 3D
printed

Pattern added to the grid with angle: 5
units.

Rhombitrihexagonal pattern (5 units) - extruded
grid & 3D printed

Pattern added to the grid with angle: 7
units. Multi-piped lines.

Rhombitrihexagonal pattern (7 units) - extruded
grid & 3D printed

4.

Bio-machine Study: Air Plants, Water & Gels

Air plants such as Tillandsia are different from the average rooted plants because they were only able to evolve due to a different carbon dioxide-absorbing system, namely “CAM” respiration. The CAM plants do not take up carbon
dioxide during the day, they wait until night. At night they lose far less moisture
when they open their stomata, because the ability of the air to suck moisture out
is much less (this is a function of the lower temperature and higher humidity expressed as “VPD” or the vapour pressure deficit of the air. Tillandsia species
is able to absorb fine water droplets during intermittent fog events while also
preventing evaporation when the plant is exposed to the desert’s hyperarid conditions (Raux et al.,2020).
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Water absorbiton of Tillandsia (Nature, 584, 11, 2020).

Peng Xiao, Tao Chen and their colleagues at Ningbo Institute of Materials Technology and Engineering in China, created a gel composed of a porous, water-attracting scaffold, filled with a water-absorbing liquid. Their main inspiration
was the Tillandsia (Nature, 584, 11, 2020).

Foot Cells
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Inspired by this article, I came up with the idea of using a similar gel-like material
in order to create a bio-machine that retains water. With this in mind, I started
my material explorations which include cellulose fibre gels and hydrogel beads.
These explorations are presented in the following pages.

The anatomy of a Tillandsia plant before and after water absorption.

5.

Cellulose Fibre Gel Experiment
Based on the research on Tillandsia air plants, I conducted experiments with a
similar material (cellulose fibre gel) that absorbs water.
The cellulose fibre gel may be either cellulose nanocrystal (CNC or NCC), cellulose nanofibers (CNF) also called nanofibrillated cellulose (NFC), or bacterial
nanocellulose, which refers to nano-structured cellulose produced by bacteria
(Hongli et al., 2016).
I used the previously 3D printed extruded pattern designed in Parakeet Software
to check whether the cellulose fibre gel would take the shape of any mould. The
experiment was performed by using 10 ml of water and different sized cellulose
fibre. I used a caliper to measure the diameter of the fibre gel during the swelling
process.
The outcomes of the experiment are presented in the table below. As a conclusion, the fibre gel material is less adequate for model-making due to its fragility
when in contact with water. Moreover, it is not malleable and hence quite difficult
to add to existing shapes and spaces.

Utensils used to perform the experiment: 10 ml water, 3D printed shell, digital vernier caliper, cellulose fibre.
Swelling dynamics of cellulose fibre gel using 10 ml water
Initial

Expanded

Diameter (mm)

Diameter (mm)

1

4.15

8.90

2

2.87

6.51

3

2.58

6.32

OverFilled

4

3.47

7.31

OverFilled

5

1.60

7.02

Best Fit

6

2.01

6.02

OverFilled

No. Tests

Observations

OverFilled

OverFilled

Obervation of the swelling process.

6.

Hydrogel Beads Swelling Experiment
The hydrogel beads I used throughout my experiment are 1.0 mm in diameter
when dry and they swell up to 10 mm in diameter. The hydrogel bead is a water-absorbing polymer that can absorb and retain extremely large amounts of a
liquid relative to its own mass.
This polymer absorbs aqueous solutions through hydrogen bonding with water
molecules. Its ability to absorb water depends on the ionic concentration of the
aqueous solution. In deionized and distilled water, it may absorb 300 times its
weight (from 30 to 60 times its own volume) and become up to 99.9% liquid
(Kabiri K., 2003).
These hydrogel beads come in different sizes, they can grow up to 15-20 cm in
diameter.

1.0 mm
0.01 g

The atomic structure of hydrogel when it aborbs water.

0 Hrs

8.5 mm
0.59 g

1 Hrs

10 mm
0.94 g

2 Hrs

Swelling time of hydrogel beads of 1 mm diameter.

Hydrogel absorbs water on rainy days and releases water during hot days.
This is why it is often used as an addition to soils when growing plants.

In this experiment I explored how long it takes for hydrogel beads to shrink back to their initial size based on the distance
between each other.The image above illustrates the hydrogel beads after 2 hours of being in contact with 10 ml of water.
The more distance there is between the beads, the faster evaporation will take place due to more air passing through.

7.

Cooling & Environmental Effects

Air conditioning contributes to the environmetal impact in two
ways:

What is a refrigerant?

Heat-trapping greenhouse gases come
from six sectors:

THE ATMOSPHERE

A/C units promote electricity production.

Indirectly: Air conditioning systems use a large amount of
energy. Consequently, they increase electricity production
through burning fossil fuels and hence, emitting more CO2
into the atmosphere.

AC units in buildings and in transportation (e.g cars, trains,
airplanes etc.) often times have refrigerant leakage.

Directly: leakage of refrigerant gases into the atmosphere
which can cause ozone depletion.
It is a compound typically found in either a fluid or a gaseous
state. It readily absorbs heat from the environment and can
provide refrigeration or air conditioning.
Refrigerant Leaks in Buildings:

35
19 Refrigerant tanks
An average commercial building has
a 35% rate of A/C leakage

129
Which equals to 526,312 kg of CO2

TODAY’S SOURCES
*data collected from ‘The Drawdown Review 2020’

8.

Increased Demand of Coolers Around the World

10

2/3

Of all global electricity is used for A/C
units and fans.

Of the world population will have A/C
units in their homes by 2050.

The precentages of households owning A/C units around the world in 2021.

*data collected from ‘The Drawdown Review 2020’

9.

Precedent Studies
Swamp Coolers
A swamp cooler uses moisture to cool air. A swamp cooler (which is also called
an evaporative air conditioner) works by taking warm outside air through wet
evaporative cooler pads, effectively cooling the air. The cold air is then blown
into a home by a blower motor through a vent.
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‘The Cool Brick’ by Emerging Objects. The project explains how the porosity of the
brick allows it to retain water, encouraging evaporation to take place.

Pump

Section drawing through a swamp cooler.

The chart below shows the approximate temperature of the cooled air as it
leaves the front of the evaporative cooler given the ambient temperature and
relative humidity (RH) combination (The Airconditioning Company, 2021).

Muscatese evaporative cooling by Rosa Schiano-Phan using ceramic water pots.

10.

A Bio-Cooler for Every Home
Initial Design Iterations

My bio-machine for brief 1 is a Bio-Cooler, formed of hydrogel beads, which
aims at reducing the use of electricity by replacing A/C units. The hydrogel
within my structure allows for evaporative cooling to take place when air passes around the hydrogel. The temperature of dry air can be dropped significantly through the phase transition of liquid water to water vapor (evaporation).
This can cool air using much less energy than refrigeration.
My initial design iterations were based on a lattice form-finding exercise using
the Grasshopper Software. Such endeavour required a rigurous research and
experimentation to design a functioning Bio-Cooler. The images and diagrams
below present initial ideas.
Bio-Cooler Fact Sheet

ECO-FRIENDLY

NO MECHANICAL

LOWERED TEMPERATURE

LOWERED COST OF
ENERGY

COOLING

The main design process followed three steps: hand sketching, 3D modeling in Grasshopper, and 3D printing the structure at a smaller scale
for physical testings.

As a second proposal, a 3D hexagonal structure to allow for the most efficient sphere packing of the hydrogel beads was created. The upper
side has circular perforations of 8 mm thick to allow water to enter the hexagonal pods. The base of the structure has 0.8 mm thick circular
perforations to allow air and evaporative cooling to take place, without losing the hydrogel beads (which at their dry state are 1 mm thick in
diameter.
The hexagonal grid provides a space for each hydrogel bead, allowing more
air to pass through.

11.

Sphere Packing of Hydrogel Beads
Form Finding Study
In geometry, a sphere packing is an arrangement of non-overlapping spheres
within a containing space. The spheres considered are usually all of identical
size, and the space is usually three-dimensional Euclidean space.
The sphere packing problem:
How densely can we pack identical spheres in space without overlap?
For the most optimal 2D packing, the hexagonal lattice is the most efficient
way. Similarly, we can get dense three-dimensional packings by stacking layers of spheres in a hexagonal lattice arrangement.

Square Packing

Hexagonal Packing

The image above highlights my attempt at packing the 10mm
hydrogel beads in a hexagonal grid.

Hexagonal and square packing illustrations.

12.

Hydrogel Beads - Evaporation Experiment
Experiment Objective: The goal of this experiment was to calculate the dimensions of a grid and a container that contains a hydrogel bead of 1 mm diameter that is watered to reach its maximum dimension for allowing the maximum
effect of evaporative cooling.

Procedure:
Step 1: Determination of the swelling velocity.
Step 2: Determination of the amount of water needed for reaching the maximum size of the bead.
Step 3: Determination of the best geometry that incorporates the evaporative
hydrogel bead.

11:27 AM

11:32 AM

11:46 AM

12:18 PM

12:00 PM

12:45 PM

Table of experiment obervations

Step 4: Calculus of the grid dimensions.
Step 5: Model elaboration.

Time

Water (ml)

11:27 AM

+1

Beads Disposal

The easiest way to describe the swelling is by measuring the swelling ratio,
generally done by scaling. Besides that, it can also be done by volume investigations. The properties of hydrogels are influenced by several factors. These
factors can be divided into environmental and polymer network factors.
Another method is to directly measure the dimensions of the hydrogel with e.g.
a gauge caliper or micrometer screw in its initial and swollen state and calculate the volume swelling ratio from this. In this case, the samples with a simple
symmetric shape like a cylinder, cube, or sphere should be used to simplify
the size measurements

Vessel Dimensions:

11:32 AM

11:46 AM

+1

+1

31 mm

21 mm

3

4

9

9

12.45

17.00

5

2
1

11.27

11.35

11.46

12.00

12.18

Time (hours)

h

12 x

Water quantity (ml)

Hydrogels are three-dimensional cross-linked hydrophilic polymers that can
swell in an aqueous environment without dissolution.

12:00 PM

+1

12:18 PM

+1

12:45 PM

+4

The swelling velocity was meaningful for calculating the amount of water needed for the ball to reach the full dimension of 10 mm. The speed
of absorption is required to calculate the volume of water needed for
each ball to reach the maximum dimension and to calculate the dimensions of the container that will keep the bead at its maximum dimension
of 10 mm.

13.

Hydrogel Beads - Evaporation Experiment
Determination of the amount of water needed for reaching the maximum size
of the bead.The hexagon dimensions of the cell from the grid has been calculated as follows:

Initial size of the bead is 2r = 1mm
Maximum size of the bead is 2r = 10 mm

For a hexagonal cylinder:

For a circular cylinder:

V=Axh

V=Axh

The hexagon side a is calculated by the formula described below:

P- Perimeter
Space for air to pass through

A - Area

h = 747/87.4

R - K radius

h = 8.54 mm

r - Radius k

h = V/A
h = ∛747/0.74
h = 12.25 mm

S’ - Centre
a - Sides
K - Circumscribed Circle
k - inscribed circle
Results: a=2r/ √3
a = 5.8 mm
d = 11.6 mm

Conclusion:
The design would benefit from a hexagonal cylinder structure because it requires less height than the circular one to store the required volume of water.

14.

Hydrogel Beads - Hexagonal Cylinder Grid Structure
The First design iteration is created based on the previous calculations to
maximise the space and to allow air to pass around the hydrogel beads.

Air Flow

d max. = 10 mm

a = 5.8 mm
Air flow diagram on the hexagonal cylinder lattice structure.

a = 5.8 mm

Top rendered view of the hexagonal cylinder lattice structure with the hydrogel beads.
Time for the water in the beads to evaporate in the new structure

3D Printed hexagonal cylinder lattice structure.

3D Printed hexagonal cylinder lattice (top view).

Time

Diameter of Beads (mm)

16:53 PM

10 mm

19:35 PM

7 mm

21:56 PM

5 mm

22:50 PM

4 mm

01:53 AM

1 mm

15.

Hydrogel Beads - Hexagonal Grid Sustained with Stretch Fabric
Instead of creating a container for the hydrogel bead, this exercise tests whether
the bead can be held by a stretch fabric.

Sewing kit

Stretch fabric mesh & swollen
hydrogel bead

design concepts using the hexagonal grid and hanging hydrogel beads to create the bio-cooler. the beads can also be used to grow plants within containers. In these sketches the hydrogel
beads are at a larger scale when swollen (around 15 cm in diameter).

Sewing the fabric mesh around the
hydrogel bead

16.

Large-Scale Hydrogel Beads in Truncated Trihexagonal Grids
In order to create a new design proposal for the larger hydrogel bead, I worked
with Parakeet once again to find a suitable tiling that can allow for the storage
of both hydrogel and plants. The tiling used here is the truncated trihexagonal
one, which is one of eight semiregular tilings of the Euclidean plane. There are
one square, one hexagon, and one dodecagon on each vertex.

The dodecagon is a 12-sided polygon which will be used to store smallscale hydrogel beads (up to 10 mm in diameter) in large quantities to allow
for the growing of moss and grass. The hexagons will each alternate between being empty to let air flow and having one inscribed hydrogel bead
of 5 cm of diameter which will have air passing by to allow for evaporative
cooling to take place. The squares will be used to provide water and air
passage.

Time: Sunday, 17:47

51 min

Time: Sunday, 18:38

13 h 22 min

Time: Monday, 08:00

13 h

Time: Monday, 21:00
27 h 13 min

31 mm

Swelling time of large scale hydrogel beads.

2D Truncated trihexagonal tiling made in the Parakeet software.

Top and front perspective views of one unit of the bio-cooler lattice structure.

3D Printed truncated trihexagonal lattice unit. The
hydrogel beads are inscribed in the hexagons, allowing space for air to pass in between the beads.

17.

Large Scale Hydrogel Beads in Dodecahedrons
Calculus and Production

After making the truncated trihexagonal lattice structure, I studied different geometries to minimise the amount of material used. The dodecahedron turned
out to be one of the most efficient of such geometries. It is a polyhedron with
twelve flat faces. The most familiar dodecahedron is the regular dodecahedron
with regular pentagons as faces, which is a Platonic solid. Side a is calculated
by the formula described below, using the Sphere’s Radius:

To calculate side a, I used the radii of two hydrogel beads previously measured (The red bead has r of 25 mm and the green bead has r of 15.35 mm).

If

If

r = 25 mm

r = 15.35 mm

a = 22.4514 mm

a = 13.79 mm

Space for air to pass through

The initial way I started to add the hydrogel beads within the
3D printed dodecahedrons was by swelling them within the
3D print whilst being immersed in water. However, this is not
an efficient method when having to manufacture many copies. Consequently, my next idea was to add the hydrogel
beads while the 3D printer is in the process of printing the
dodecahedrons.

3D Printer Settings for one dodecahedron print with
a = 13.79 mm:

In order to test the accuracy of my calculations, I decided to 3D print two dodecahedrons to allow for two beads of radius 15.35 mm to fit inside.

Nozzle heat - 200 degrees Celcius
Bed Temperature - 50 degrees Celcius
Fan Speed - 100%
Print with raft, no supports
infill - 40%
Nozzle Diameter - 0.2 mm
Time of Print - 50 min

Stopping the 3D printer halfway to add the hydrogel bead then letting it
print over it to complete the dodecahedron.

18.

BIO-COOLING THE UNDERGROUND
BRIEF 2

19.
23.

Site Analysis: Waterloo Station, London
The London Waterloo Station is a central London terminus on the National Rail
network in the United Kingdom, in the Waterloo area of the London Borough
of Lambeth.
It is connected to a London Underground station of the same name and is
adjacent to Waterloo East station on the South Eastern Main Line. The station
is connected to four underground lines: Bakerloo, Jubilee, Northern, and Waterloo & City.

Waterloo

The main part of the railway station complex is known as “Waterloo Main” or
simply Waterloo. It is the busiest transport hub in Europe.

19 Platforms

KEY:

6,309,545
interchanges
in 2019-20
- 4th in UK

86,903,518
entries and exits
in 2019-20
- highest in UK

KEY:

London Blackfriars

0 to 10 people per hectare
Charing Cross

20 to 30 people per hectare

40 to 50 people per hectare

60 to 70 people per hectare

100 to 200 people per hectare

10 to 20 people per hectare

30 to 40 people per hectare

50 to 60 people per hectare

70 to 100 people per hectare

200 + people per hectare

A. Victory Arch
1. Former Waterloo International Terminal (WIT)
2. Leake Street Passage
3. Lower Marsh
4. London Eye
5. Existing Elizabeth House Building
6. London Aquarium
7. Victoria Embankment
8. Whitehall Gardens
9. Embankment Station
10. Charing Cross Station
11. South Bank
12. Exton Street
13. BFI IMAX
14. Southbank Place (Under Construction)
15. Royal Festival Hall
16. Royal National Theatre
17. Doon Street Development
18. London TV Centre
19. Palace of Westminster
20. The Cut
21. County Hall

Waterloo East

Waterloo

Bakerloo Line London
Street Depot

Elephant &
Castle
10 min walking distance

Context map of area around Waterloo Station (Lambeth Council, 2021).

15 min walking distance

Site maps of the area around Waterloo station. The top image higlights the population around the site and the one below
shows the area in terms of walking distance.
20.

Materiality & Infrastructure on Site: Waterloo Station, London

Extisting steel roof structure

Glass ceiling creates transparency on site

Industrial, cold, and unwelcoming environment

Ventilation shaft from the Bakerloo underground
line platforms

The Images were taken during the site visit on 4th of October 2021.

21.

Waterloo Station Research: London Underground Temperatures
Over the years, the heat from the trains soaked into the clay to the point
where it can no longer absorb any more heat. Tunnels that were a mere 14
degrees Celsius in the 1900s can now have air temperatures as high as 30
degrees Celsius on parts of the tube network.
About 21% of the heat in the tunnels comes from the movement of the
trains themselves, from aerodynamic drag and other frictional losses. The
motor engines account for 15%, the electrical and auxiliary systems are the
remaining 12%.
About half the heat in the tunnels though comes from just one source –from
the trains slowing down — the conversion of movement into heat by applying the brakes (TFL, 2020).

WATERLOO & CITY

JUBILEE

PICCADILLY

NORTHERN

?
14 °C in 1900

20 °C in 1940

30 °C in 2021

VICTORIA

CENTRAL
2050
BAKERLOO

Temperatures of the TFL underground platforms over the years.

The heat on different London Underground trains. The hottest underground line, the Bakerloo Line, passes through Waterloo Station (TFL, 2020).

+
The highest amount of heat comes from the breaks of the underground train (Cibse Journal, 2018).

=

A possible solution to lower the temperature of the Bakerloo line platforms at Waterloo Station would be to
create a bio-cooling Hydrogel structure for trains to pass through.

22.

The Intersection Between Bakerloo Line & SouthWestern Railway
My aim for brief 2 is to use the lessons learned while making the bio-cooler to
create a tunnel that will cool down the Bakerloo line and its platforms at Waterloo Station. Additionally, my target is to re-use the heat generated by the underground stations and trains to heat up new housing blocks which will be built on
top of the SouthWestern railway lines, which are passing above the Bakerloo
Line at Waterloo Station.

The instersection between the Bakerloo line and the SouthWester Railway at Waterloo Station is the project’s site location.

The sketch above highlights the undeground tubes which pass below the SouthWestern Railway trainlines at Waterloo Station.

23.

Cooling the Underground - Truncated Trihexagonal Hydrogel Tunnel

Concept renders of the bio-cooling underground tunnel using truncated trihexagonal lattice structures. The hydrogel beads are at max. diameter of 15 cm and the lattice grids are 3D-printed with terracotta clay. The water is dripping from the ceiling at an hourly rate to allow the hydrogel beads to swell.

24.

15 cm

Cooling the Underground - Dodecahedron Hydrogel Tunnel

Concept sketch of the bio-cooling underground tunnel using dodecahedron lattice structures. The hydrogel beads are at max. diameter of 15 cm and
the dodecahedrons are 3D-printed with terracotta clay to allow for a more efficient evaporative cooling to take place due to the material’s porosity.

25.

THE BIO-COOLING HOME

RESEARCH & DESIGN DEVELOPMENT
BRIEF 2

26.
27.

Concept Sketch: Housing Above Trainlines & Cooling the Underground

The collage represents an initial concept of brief 2: to cool down the hot underground platforms and the soil around it by using the bio-cooler and to create affordable, modular housing above
the SouthWestern trainlines.

27.

Site Research: The London Housing Crisis
‘‘Between 1997 and 2016, the number of people living in London grew by
25% to 8.8 million. However, over the same period the housing stock only
increased by 15%’’ (Mayor of London, 2018). Waterloo Station is located
In the London Borough of Lambeth, which is considered to be Inner London. The way the city is currently expanding will mean that more areas in
the outer London will be gentrified. 280 000 New homes can be built above
the existing railway lines, promoting the use of already existing urban land.

London Housing Statistics - 2017

17, 530 Homeless,

49 000 Annual population growth

69, 000 Concealed families

20, 000 Annual Construction

Household income required to afford median house price in South London
£160, 000

(The average London salary of full-time employees in 2017 was £39,716).

£140, 000
£120, 000
£100, 000
£80, 000
£60, 000
£0
SE1 Waterloo SE11 Kennington

SW8 Vauxhall

SW2 Brixton

SW4 Clapham SW16 Streatham

Design Possibilities to Improve the Housing Crisis:

280 000
Homes can be built above the
London railway lines.

Homes for social rent, London
living rent (average salaries),
shared ownership.

Modular structures that can be
repurposed in the future, following the principles of circular
economy.

Precentage of dwellings built between 2015 and 2020.

28.

Concept Sketch: Design Tackling the London Housing Crisis

Building modular timber homes above the railway lines at Waterloo Station.

29.

Weather in 2022 vs. 2050 - How will Climate Change Affect the Site?
2022

Wind Path - Autumn

Wind Path - Winter

2050

Wind Path - Spring

Wind Path - Summer

The climate could have warmed
by 1.7°C under high emissions
and 1.3°C under reduced emissions.

The UK will experience tropical
nights when after dark temperatures will not drop below
20°C.

The number of flooding in the
UK will double to almost 2 million households.

‘‘The actions that we take now in terms of reducing greenhouse gas emissions won’t
have a lot of effect on the weather out to 2050’’ Professor Rowan Sutton, director of climate
research at the National Centre of Atmospheric Sciences.
Summer Solstice

Winter Solstice

Spring Equinox
Increase of 1.75-1.95 C
Increase of 1.96-2.15 C
Increase of 2.16-2.35 C

Hottest Day in 2022 - 17th of August
(Prediction made with Ladybug Software).

Hottest Day in 2050 on site - 22nd of July
(Prediction made with Ladybug Software).

30.

Underground Heat Exchange: Waste Heat Recovery for Homes

Heat exchange diagram connecting the modular houses above the trainlines with the ventilation shafts of the Bakerloo line platforms at Waterloo Station.

31.

Form Finding Study: The Weaire–Phelan Structure
In geometry, the Weaire–Phelan structure is a three-dimensional structure representing an idealised foam of equal-sized bubbles, with two different shapes).
The tessellation developed by Weaire and Phelan is made with two different
types of cells. The first is a pentagonal dodecahedron cell with irregular faces
(pyritohedron). The second is a truncated hexagonal trapezohedron, i.e. an
irregular tetrakaidecahedron having two hexagonal faces and 12 pentagonal
faces

The Irregular Dodecahedron

The Tetrakaidecahedron

The Weaire–Phelan structure continues to have the smallest known surface
area per cell of its platonic solid counter examples, such as the Kelvin. It has
two hexagonal and twelve pentagonal faces, in this case only possessing two
mirror planes and a rotoreflection symmetry.

Closed

The Weaire-Phelan aggregation in Grasshopper.

Open

Surface

Wire

Kelvin

Weaire - Phelan

Form analysis exercise in Grasshopper to compare the Kelvin to the Weaire-Phelan structure.

32.

One Unit - One Home
The Standard London Guide for Housing

Dwelling type

Minimum dwelling size

Parker Morris
standard* - 1961

LHDG** space
standard - 2022

1 Bedroom flat for max.2 people

50 m2

44.59 m2

50 m2

2 Bedroom flat for max. 4 people

70 m2

69.98 m2

70 m2

3 Bedroom flat (two unit cells) for max. 4 people

80 m2

69.98 m2

74 m2

4 Bedroom Maissonette (two unit cells) for max. 6 people

100 m2

91.97 m2

92 m2

*The Parker Morris Standard (1961) - the Parker Morris Committeedrew up an influential report on housing space standards in public housing in the
United Kingdom titled Homes for Today and Tomorrow. The committee was led by Sir Parker Morris. Its report concluded that the quality of social housing needed to be improved to match the rise in living standards.

**LHDG (2010) - The London Design Housing Guide - Document to help interpret and implement the new London Plan policies on housing design,
optimising site capacity on all scales of site and enabling housing supply through smaller housing developments.

2 Bedroom flat for max. 4 people

3 Bedroom flat for max. 4 people

4 Bedroom flat for max. 6 people

1 Bedroom flat for max. 2 people
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First Design Iteration: Weaire-Phelan Tower Structure

Concept render of the Weaire-Phelan tower on site.

Following the study of the LDHG regarding the required dwelling sizes, I designed the first iteration of the housing modules. The structure is made of dodecahedrons and tetrakaidecahedrons stacked on each other.

1 Irregular dodecahedron in the tower
measures an area of 53.57 m2

1 Tetrakaidecahedron in the tower
measures an area of 53.20 m2

The tower has 105 irregular dodecahedrons reaching an area of 5624.9 m2

The tower has 100 tetrakaidecahedrons reaching an area of 5320 m2

Total area of the tower = 10,944.9 m2

34.

Second Design Iteration: Weaire-Phelan Arch Structure

1 irregular dodecahedron has surface
area of 53.57 m2

1 tetrakaidecahedron has surface
area of 53.20 m2

One row has 25 irregular Dodecahedrons
reaching a surface area of 1339.25 m2

One row has 20 tetrakaidecahedrons, measuring an area of 1064 m2

Total area of one arch = 2403.25 m2
For 6 arches, the total area = 14,419.5 m2

The second iteration tests out whether an arched design would be more space and material efficient compared to the tower
concept. Because the site spans horizontally, the arched Weaire-Phelan structure would require less material to create the
same amount of housing units as the tower.

Initial concept sketch of the arched structure.

35.

Weaire-Phelan Arch Development
Conceptual Design of the Arch Structure

Initial section drawing of one inhabited Weaire-Phelan arch.

Initial section through the Weaire-Phelan arch complex.

36.

Front view of a complex Weaire-Phlean arch-like structure.

Six different rotations of the same
tetrakaidecahedron
with two hexagonal and twelve pentagonal faces, posessing two mirror
planes and a rotoreflection
symmetry.

Isometric view

70 m
Arched Weaire-Phlean structure.

90 degrees rotation

90 degrees rotation

180 degrees rotation

180 degrees rotation

90 degrees rotation

3D Modeling: Weaire–Phelan Arch Structures

Two rotations of the
same irregular dodecahedron
with
pentagonal
faces,
posessing tetrahedral symmetry.

The connection pattern of Weaire-Phelan units.

Weaire-Phlean arches following the direction of the trainlines at Waterloo Station.

37.

3D Modeling Weaire-Phelan Arches Along Train Tracks

Weaire-Phlean arch complex on site - first 3D model prototype.

Platform view - first 3D model prototype.

38.

Deconstructing the First Weaire-Phelan Arch: Home Typologies

26 Dwelling units in the first arch.
Total No. of people accomodated - 104.

7 Studio Units
Max. 14 people accomodated.
5 Two Bed Units
Max. 20 people accomodated.

6 One Bed Units
Max. 12 people accomodated.

3 Three Bed Units
Max. 18 people accomodated.

5 Four Bed Units
Max. 40 people accomodated.

39.

Exploded DesignArch:
Weaire-Phelan
- TheDesigning
First Rowthe
of Houses
Access Bridge

B.C.ELECTRIC RY. CO.

B.C.ELECTRIC RY. CO.

1709

CHILLIWACK

1304

1304

1709
DO NOT BOARD
MOVING TRAIN

CHILLIWACK

1212

DO NOT BOARD
MOVING TRAIN

1212
DO NOT BOARD
MOVING TRAIN

1212

1212
DO NOT BOARD
MOVING TRAIN

Isometric view of the first arch skeleton.
Cross section through the hallway entrance.

Isometric view of the first arch, highlighting the access
bridge in red.

Front elevation of the access bridge.

Cross section through the middle of the first arch.

40.

Exploded DesignArch:
Weaire-Phelan
- TheDetails
First Row
of the
of Houses
Access Bridge & Hallway Entrance

Internal view of the acess bridge.

1709

1709
DO NOT BOARD
MOVING TRAIN

Internal perspective view of the hallway entrance.
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Cross Section View

Inside the dwelling units

1
2
3
4
5

6
7
80 mm Rockwool sound insulation
80 mm Thermal insulation

8

50 mm Timber cladding

9
10

150 mm Internal CLT wall

11
12

Exploded dwelling unit

MDF Flooring System
Timber Floor

Top
Chord

Timber Cladding

Bottom Chord
Diagonal
Web
Members

Timber Joist

CLT Truss

Fibre Quilt Insulation
Ceiling

Timber Warren Truss Structure

Floor Construction Detail

Timber Cladding to Timber Truss Connection
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A Glace into a One-Bedroom Unit

Rendered kitchen view.

Floor plan of a one bedroom unit.

Rendered bedroom view.

43.

The Structure of the Bio-Cooler Window

Water tubes with diameter of
1.5 cm inside the 3D printed dodecahedron walls.
Water reservoir

Temperature sensors inside
the 3D printed terracotta walls.
Cool moist air inside

Warm dry air from outside

Water reservoir

Rendered view of the Bio-Cooler window.

Humidity sensors measure the water quantity within the hydrogel beads. When the water
evaporates, the sensor activates the water
tubes which are filled from the water reservoir.

Illustrated components of the Bio-Cooler window.

44.

The Bio-Cooler Roof

Rendered view of the Bio-Cooler roof.

45.

The Bio-Cooling Home: Front Outside View

Rendered outside front view.

46.

The Bio-Cooling Home: Roof View

Rendered roof view.

47.

The Bio-Cooling Home: Train Platform View

Rendered platform view.
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