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% Problem formulation

Current knowledge
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The current situation

We’ve been given a warning by science
and a wake-up call by nature; itis up

to us now to heed them.
~ Bill McKibben
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Problem formulation



Distribution emissions

Other Residential (direct)
o : - 6%
l Residential (indirect)
Transport 11
%
22 % -

Non-residential

(o) — (direct)
37 /o w;c%

Other industry

30 + . -— Non-residential
(indirect)

X - 8%

Other building and Buildings construction
construction industry - concrete,
industry aluminium and steel

6% - | . 6%

Estimated emissions

for bricks and glass

‘ -~3 %




Material efficiency

Linear economy Circular economy

Natural resources Natural resources

Efficient use
of materials

Non-
renewable

Non-

Renewable Renewable

renewable
resource resources resource

Landfill Landfill
and incinerate and incinerate

Transition towards a circular economy




Material efficiency

Reuse of materials

Efficient use
of materials

Structural efficiency



Historical perspective

Historically reuse was more common Popular when material was more expensive then labour
The industrial revolution “unlearned” us to reuse Material efficient span because of the double curvature

Is there the need to reuse again? Is the shell topology relevant again?
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Impact of steel

HEB 200 - S275

/ H: 200mm
W: 200mm
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Material efficiency

Reuse of materials =

reusing steel members
Efficient use

of materials
Structural efficiency =

oridshell as efficient topology



Gridshell

Shell > Gridshell



Gridshell

Virgin materials

Digital manufacturing

Digital design
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Material databases

Madaster

Let the user create a material passport
BUT, information is not publicly available

RESULT, still no knowledge about the current
material supply within the built-environment

RESULT, sourcing from existing buildings time-
dependent and unreliable

Input

Excel

Bim

17

Databases

Raw material
Products

Environmental impact

Output

Financial Valuation
Material Passport
Circularity
Embodied Carbon

External apps

Urban mining
Life Cycle Assessment

Marketplace Certification



Material marketplaces

Current status of online
second-hand material
marketplaces

18



More complexity

To make it more complicated:
100% RR # optimal EI

(a)  Pratt New RR=0% £EI— 648

(=%

[[Stock element M Reused element MNew element

N
T
1

[m]
F=s
T
1

= 24 |2d
7 T
5,0 50 22 [25] 8 ﬂ J : i
- No stock element used - - 3
L b - 1]
0 ISHS 40x2.9; 40\'-' 9 4 q0}{2 9E50x6,31190x4/ 3

Length [m]

Length [m]
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Research question

What if... @

10101110011010101011
111000110101601101001
01110000111010101010
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Current knowledge,_



Identified scenarios
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Different scenarios

Obsolete
structure

Recycling

Deconstruction
ECPC

Element stock

Reu

v

T Y
% Demolition
ECD.-L{
Aot » Scrap
", _______ steel
New production
ECF
Fabrication B d,
frame d,
d, |
Al
Ab&.&n}bly Cut-off steel
on site
ECA
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Different scenarios

Obsolete

/l. structure
:i
Deconstruction m

EC™®

Element stock

- W q “Deconstruction scenario”
|

il

_ Fabrication
frame d,
d !
[ Y
Abhe”,]b Y Cut-off steel
on site
ECA
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Different scenarios

Recycling
Obsolete
structure !L
—_:i Y
dm Demolition
ECD.-H
e ' . Scrap
"r """"" steel
R - o . L )
New producti a New production scenario
Fabrication B d,
frame
d
Assembly
on site
ECA
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Different scenarios

= =y
™ 40,000 FT* i~ Wogte cons

WSS WELDING AND FABRICATION FACILITY [
— ” .

PAINTING FACILITY

78,000 TONNES

OF TUBES IN STOCK : N
y : T \1

100 ACRE

FACILITY

"

A third-party harvesting stock to be reused
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Different scenarios

Available stock through online second-
hand material databases
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Different scenarios

Recycling
Obsolete T WA i
structure ’ . K " e I | il
Deconstruction g | i Demolition | 7
ECDC ECD‘_M
d, Scer:
Element stock Rec 1 - —— - - o Iu P
¥ steel
o \ d New production
Ml |
TTIrzEal
R _ Fabrication B d,
frame d,
Fals ‘I( — o k ll " )
I,_J —t— | = “stockpile scenario
- Cut-off steel
on site
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(Structural) optimization
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(Structural) optimization
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Topology




Phoenix3D

PhoenixsD, - . LT
integrated in Grasshopper A \/\ \f | |\|||||||||||:’l|"{‘!”

reusable

adjust
Members —— OPTIMIZATION
) v |
Supports ——+—>  Structure FEA L Best-Fit
loads ——
> select method —— > Results
New
elements Stock MILP ——>  Optimal cutting pattern
L——>  Used new elements
Reused
elements
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Phoenix3D

Parameters Geometry
= ,
A
— R
» __ ==
. >
— e e
il

e Best-Fil
% == S
MILP h\
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Results - Best-Fit

-]

I 1. Solution exception:next became larger than number of elements in the Element Group

=<

No solution could be
generated due to an
unknown error message.




Phoenix3D
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Climate crises, the Efficient structural ) :

. Reusing steel in
need to reduce _——> topologiesand ~— 3 ridshell structures
emissions material reuse g

Current tools can’t

adapt to different Complexity of
scenarios and can’t Q/\ different scenarios
be applied to at different locations
gridshell topologies

N9



Computational tool _



Used software/plugins

OpenNest, nesting geometry

Python, programming in Grasshopper

Karamba3D, finite element analysis

gf Kangaroo, bubble-packing

Anemone, data looping

36



Grasshopper script

Summarized =——————)




Tool overview

New

Reused

Start loop

add node when size = "big”, remove node when size = "small”

Seed +1 based
on generations

|

Simplified
FEA

Bubble Project .
. L : Node shifting
packing —» random nodes Del
+
nodes on surface elaunay
variables
T 1
| Gal '
1
Random nodes | Curved surface : (I' iji}' (Ig(')S ! objective
based on seed defined by ' op timization 1L
height ' algorithm |
1
when size = “good” e
no compliance = objective penalty
Tension force, shear FEA+ . Structure
force, bending moment, traint comp liance . -ded GHG
compression force and constrain recorde emissions
member length Check database
Displacement members
’ Utilization members s
. Displacement glass panes pre-settime
reached

Stock

Best-Fit
algorithm

Stock

»  assigned
structure
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End loop




Tool overview

New

Reused

add node when size = "big”, remove node when size = "small”

Bubble Project .
. L ) Node shifting
Start loop packing —» random nodes Del
nodes on surface +Delaunay
variables
T T T T T T T :
| Galapagos
Seed +1 based Random nodes | Curved surface : ) p g ;i ! objective
on generations based onseed [ defined by : op timization : 1|
height ' algorithm |
1
when size = “good” -
i no_compliance = objective penalty
] . Tension force, shear FEA+ ; Structure
Snnphfled force, bending moment, . comphance GHG
ession for constraint recorded
FEA compression forceand emissions
member length Check database

l

Displacement members
Utilization members
Displacement glass panes

Stock

-/
/-

Best-Fit
algorithm

Stock

assigned
structure
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pre-set time
reached

End loop




Tool overview

Bubble
packing
nodes

Seed +1 based
on generations

Random nodes
based on seed

40




Tool overview

Bubble
Start loop packing
nodes
Seed +1 based Random nodes

on generations

based on seed
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Tool overview

add node when size = “big”, remove node when size = “small”

Project e
) Node shifting
random nodes Del
on surface telaunay
variables

____________ .
| I
1

Curved surface : Ga!ap agc.)s : e objective

> defined by | optimization | HE
height ' algorithm |
whensize = “good” lommoooooood
\ 4
L 4
Simplified GHG
FEA emissions
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Tool overview

add node when size = “big”, remove node when size = “small”

Project

Node shifting
random nodes Del
on surface telaunay
variables

____________ .
| I
1

Curved surface : G({Ia?a‘g?s ! .|,  objective

> defined by | optimization | HE
height ' algorithm |
whensize = “good” lommoooooood
\ 4
L 4
Simplified GHG
FEA emissions
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Tool overview

New

Reused

Simplified
FEA

Tension force, shear
force, bending moment,
compression force and
member length

Stock

Best-Fit
algorithm
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Tool overview

New

Reused

Simplified
FEA

Tension force, shear
force, bending moment,
compression force and
member length

Stock

Best-Fit
algorithm
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Tool overview

New

Reused

Simplified
FEA

Tension force, shear
force, bending moment,
compression force and
member length

Stock

Best-Fit
algorithm
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Tool overview

no_compliance = objective penalty

GHG

Structure

FEA+
constraint
check

compliance

Displacement members

Utilization members
Displacement glass panes

Stock
assigned
structure

emissions

recorded
database

pre-set time
reached

End loop
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Tool overview

no_compliance = objective penalty
Structure
recorded

database

GHG
emissions

FEA+ compliance

constraint

check

Displacement members

Utilization members
Displacement glass panes

pre-set time
reached

Stock
assigned End loop
structure




Tool overview

FEA+
constraint
check

Structure
recorded
database

I

I

I

GHG !
emissions 1
I

______________

+  Displacement members
. Utilization members R
*  Displacement glass panes pre-settime |
1
reached : 4 )

Stock :
assigned End loop :
structure !
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Used algorithms

Best-Fit
algorithm

50

Galapagos i
optimization |
algorithm |



Used algorithms

Best-Fit
algorithm

51

Galapagos i
optimization |
algorithm |



Self-developed Best-Fit =

k+1

A\ 4

Stock [K] Stock [K]

Calculate

length capacity
Member [i] »  Stock [K] >= capacity >=
Member [i] Stock [K] Member [i]
3 7y length forces
i+1 True
k+1

k [k Stock [k jecti Calculat
Stock [k] length - Z True Stoc _[_] f)c [d ] Objective [K] a _cu.a e
Member [i] length [~ type == assigned to . < emissions
/ Reuse Member [i] Objective [k-1] Stock [K]
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Self-developed Best-Fit

Member [i]

Stock [K]
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Self-developed Best-Fit =

k+1

Stock [K]
length Calculate
>= capacity
Member [i] Stock [K]

length
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Self-developed Best-Fit =

k+1

Stock [K]
capacity
>=
Member [i]
forces

True

A 4

Calculate
emissions
Stock [K]
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Self-developed Best-Fit

k+1

Stock [K]
assigned to
Member [i]

56

Objective [K]
<
Objective [k-1]



Self-developed Best-Fit

i+1

Stock [K]

type ==
Reuse

/ Stock [K] length - Z True

Member [i] length / N




Self-developed Best-Fit

Member [i]

Stock [K]
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Used algorithms

Best-Fit
algorithm

59

Galapagos
optimization
algorithm




Galapagos

Create initial population

A\ 4

y vy

Score and scale population

A 4

Retain elite

A 4

Select parents

A 4

Produce crossover and mutation children
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Galapagos

apagos

Solvers

Options

& @

o®elo

% Stop Solver

Start Solver

h
il

25 26 27 28 29 30 31

15 16 17 18 19 20 21 22 23 24

Reinstate

_

\\

6 7 8 9 10 11 12 13 14

Display @O O O E‘
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Galapagos

xyz-coordinates
of the points

Greenhouse gas
emission [kgCOzeq]
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Galapagos

xyz-coordinates
of the points
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Emissions beam members

Obsolete New
building production

Stockpile |

GHG,,,,, = Mass * (ECp + EC, + ECy) [kgCO2eq]

Pre-cutting of
steel

| Deconstruction

GHGgeconstruction = Mass * (ECpc + EC4 + ECe + ECr) + Massyyqste * ECr [KgCO2eq]
dgtockpile dreuse dproducljion GHGStOCkpile = MaSS k (ECA —I— ECC -l— ECT) [kgCOZeq]

Fabrication
prefabricated -« ECr = ECtransporttype * dphase [kgCO2eq/kg]

parts waste dphase = distance [km] related to the current phase

dsite

Assembly on

site
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Emissions beam members

| Obsolete New
building production

Stockpile

GHGneW = Mass * (ECP + ECA + ECT) [kgCOZeq]

h 4

| Deconstruction

Pre-cutting of
steel

GHGdeconstruction = Mass * (ECDC + ECA + ECC + ECT) + Masswaste * ECT [kgCOZGQ]

dgropkpf]sj dr@us@ dlirl?d“f”a” GHGStOCkplle - MaSS * (ECA + ECC + ECT) [kgcozeq]

Fabrication
— prefabricated
parts

A

ECr = ECtransporttype * dphase [kgCO2eq/kg]
aste dphase = distance [km] related to the current phase

dsire

Assembly on
site
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Emissions beam members

Obsolete New

Stockpile | building production

GHG,,,, = Mass * (ECp + + ECr) [kgCO2eq]

h 4

| Deconstruction

Pre-cutting of
steel

GHGgeconstruction = Mass * (ECp¢c + +HECoi+ ECr) + Massygste * ECr [KgCO2eq]

dyroution GHGgrockpize = Mass * (EC, +IEC A+ ECy) [kgCOzeq

Astockpile dreuse

Fabrication
— prefabricated
parts

A

ECr = ECtransporttype * dphase [kgCO2eq/kg]
aste dphase = distance [km] related to the current phase

dsire

Assembly on
site
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Stockpile |

Pre-cutting of
steel

dSFOEk]Jf]F

Emissions beam members

Obsolete New
bui]ding production
Y
| Deconstruction
dreuse dpm(hu‘rian
Fabrication
— prefabricated |«
parts d\.\f’asre
dsire

Assembly on
site

0,337 kgCOzeq/kg

N

y

2,030 kgCOzeq/kg

GHG,,py,, = Mcllss * (ECp + EC4 + ECy) [kgCO2¢q]

GHGgeconstruction = Mass * (ECpc + ECy + ECc + ECr) + Massyyqste * ECr [KgCO2eq]

GHGstockpite = Mass * (ECy + EC¢ + ECr) [kgCOzeq]
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ECr = ECtransporttype * dphase [kgCO2eq/kg]
dphase = distance [km] related to the current phase




Results_



General conditions
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General conditions

8 meter 8 meter
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General conditions
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Testing scenarios

73



Testing scenarios

B P
=== 40,000 FT" 5 ¥

==
—

"% WELDING AND FABRICATION FACILITY [
———— . S ¥
) | : 3 R = ~ - P

78,000 TONNES g
o rocs o S

- 220000 FT* g

& OF WAREHOUSING

T

10,000 FT?

PAINTING FACILITY

100 ACRE

FACILITY

.

A\
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Steelgrade: S235,S275 and S355
Tickness (t): 2,5 up to 22,2 [mm]
Radius (R): 17 up to 109,5 [mm]

dproduction' dreuse' dstockpile

dsite

= 70-km;
= 15-km.



Testing scenarios

NSO
NAND
NSO

N
Avas %A

1073,5 kg to 1704,8 kg
—

Increase of 37%




Testing scenarios

New production, New production, Deconstruction, Stockpile,
single cross-section optimized cross-sections optimized cross-sections optimized cross-sections
transpcrt assembl assem
80;35 187.53y 12 Ll;ly
5% 5% assembly
deconstruction 1216
361.75 25%
74% assembly transport
121.6 532
96% 4%
transport
5.32
2 2740
-35% -79% v -74%
emissions — emissions — emissions — emissions
[kgCO2eq] [kgCOZeq] [kgCOZeq] [kgCO2eq]
3656.66 wranisport 2370.98 488.67 126.92
d% production
2244.06
95%
production
3460.68
95%

Total reduction of -97%
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Testing stock-sizes
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Testing stock-sizes

B P
=== 40,000 FT" 5 ¥

==
—

"% WELDING AND FABRICATION FACILITY [
———— . S ¥
) | : 3 R = ~ - P

78,000 TONNES g
o rocs o S

- 220000 FT* g

& OF WAREHOUSING

T

10,000 FT?

PAINTING FACILITY

100 ACRE

FACILITY

.

A\

78

Steelgrade: S235,S275 and S355
Tickness (t): 2,5 up to 22,2 [mm]
Radius (R): 17 up to 109,5 [mm]

dproduction' dreuse' dstockpile

dsite

= 70-km;
= 15-km.



Testing stock-sizes

Total length of the members = 183-m

Small stock = 1*4,5-meter for every unique cross-section (56%)
Medium stock = 2*4,5-meter for every unique cross-section (112%)
Large stock = 3*4,5-meter for every unique cross-section (168%)

Reuse = all deconstruction

79



Testing stock-sizes

Optimized
gridshell

Including
node-shifting




Testing stock-sizes

node-shifting

60
k=
S
=
S
<
1]

AVAVAVAVA <‘<

WV

Standardized
gridshell




Testing stock-sizes

Small
deconstruction
190.68
8%
transport
12.87
0% assembly cutting
176.67 0.68
7% 0%

total emissions
[kgCO2eq]
2492.64

production
2111.74
85%

-19%

transport

13.01
1%

T~

Medium

deconstruction
379.13
19%

assembly
20041
10%
total emissions
[kgCO2eq]
2008.63

production
1414.73
70%

Total reduction of -42%

~ -28%
a5t =
0%

Large

deconstruction
607.34
42%

total emissions

[kgCO2eq]
1452.15 assembly
230.69
16%
transport
13.08
1% .
production cutting

598.88 2.16

41% 0%

V /]

/1




Testing stock-sizes Total reduction of -50%

Small Medium Large
transport deconstruction
8.19 206.88 transport
g g 9.48
i lak 1% deconstruction
406.31 deconstruction
assembly 34% 466.98
125.17 66%
9%
total emissions - 1 5 % total emissions _4_ 1 % total emissions
[k ; [kgCO2eq]
gC02eq] cutting [kgC02Zeq]
—l — :
1404.79 0.74 1197.88 707.82
0%
assembly
5 production 165.93
production 5 § § assembly
1063.81 S 14% transport 156,45
76% : i 22%
cutting ° cutting
1.45 1.66
0% 0%
production
74.30
11%

NN/ " \V
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Testing stock-sizes

-15%
s

Small
transport
12.87
0% deconstruction
190.68
8%
assembly cutting
176.67 0.68
= 7% 0%
9]
N
- p—
o L
— total emissions
(qv) [kgCOZeq]
s®] 2492.64
=
(98]
i
wn
production
2111.74
85%
-44%
deconstruction
206.88 cutting
15% assembly 0.74
125.17 0%
9%
o
]
N
- p—
E total emissions
. [kgC02eq]
5 1404.79
Q.
O production
transport 1063.81
8.19 76%
0%

-19%
—_—

Medium

deconstruction
379.13

99
transport 2zt

13.01

1% assembly
\ 200.41
10%
total emissions

[kgC02eq]
2008.63

production
1414.73
70%

-40%

deconstruction

406.31
34%
assembly
165.93
14%
total emissions
[kgCO2eq]
1197.88
production
614.71
transport 51%

9.48
1%

\
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Large

deconstruction
607.34
42%
cutting
1.35
0%
total emissions
- 0, [kgC02eq]
28 A) N 1452.15 assembly
230.69
16%
transport
13.08
1% -
production cutting
598.88 216
41% 0%
-51%
deconstruction
466.98
66%
cutting
1.45
0% assembly cutting
156.45 166
total emissions 229, 0%
'4‘ 1 % [kgCO2eq] &
— .
707.82 \.\ production
74.30
11%
transport
8.43
1%



Testing stock-sizes
Small Medium Large

-

% RR = RR =

f:; 33,5% 84,99%,

| +18,6% | +18,8% | +12,4%

o

g RR = RR =

=

£ 52,1% 97,3%







Case study

4@ Cleveland steel & tubes
4@ Immingham docks

" dproduction

dnodgs




deconstruction “‘(’/f\ {F \—%/?

1813 \ ‘ 4

23% ‘ & |

production i \
232.63
28% total emissions i . ] »
[kgCO2eq] P o 1\
826.51 )
\, A B
cutting /] \ \
3.49 / \
1% assembly <
332.63 7 AR S\ J
¢ Y. AR

GHG Reuse-rate Structure Waste [cm] Waste [%] Deconstruction | Stockpile stock I
emissions [%] mass [kg] stock used from | used from total :
total [%] [%] 1
[kgCOz2eq] ]
826,51 95,97 6404,38 1805,35 11,8 57,84 88,34 i
|




deconstruction ‘("/r\‘ N \'%/?
193 \ ‘ &
23% | | & |
production ¥ 54
232.63
28% total emissions ) . J i
[kgC02eq] P D A
826.51 )
A/ A R
cutting /] \ \
3.49 / \
1% assembly L )
332.63 Nl N A P NP
10% \ /\ / \/ﬁ]\
L ‘__*‘( Aﬂ—f
GHG Reuse-rate I Structure | Waste [cm] Waste [%] Deconstruction | Stockpile stock
emissions [%] mass [Kkg] stock used from used from total
total [%] [%]
[kgCOZeq]
826,51 95,97 6404,38 1805,35 11,8 57,84 88,34




Stock size == Medium stock

Medium stock-size

Case study hybrid stock only deconstruction

incl. stockpile

Y | %
) |
AN g
AL A\ transport
[ —— 1 048
I deconstruction | 1%
] 19131 :
| 23% 1 deconstruction
I - - -l +44 9 ()/ 40631
34%
production ) p ’
232.63 v
28% total emissions . total emissions
production
[kgCO2eq] 61471 [kgCO2eq]
826.51 519 1197.88
cutting
3.49 ——
r H bl
1% 1 assembly : ais%eSm 93y
1 33263 Cuting o
| 40% | 1.45 4
I - 0%



Relation glass and nodes




Calculation nodes




Calculation nodes

T

GHGnode — 4 * D% — (D _ Zt)z * L o* p * (ECWAAM‘l'ECA + ECT * dphase) [kgCOZeq]



Calculation nodes

WAAM manufacturing —| T Transportation

* D2 — (D — Zt)z * [ * p * (ECWAAJ\/I+ECA + ECT * dphase) [kgCOZeq]

T

GHGpoge = 2

Assembly




Calculation glass

6-mm heat strengthened glass
6-mm heat strengthened glass

8-mm tempered glass




Calculation glass

GHGglaSS = A * (ECM + ECLAM + Z * ECINT T U Pglass * ECA + ECT * dphase) [kgCOZeq]



Calculation glass

Production glass —| Interlayer —l Transportation —l

GHGgqss = A* (ECy + ECpam + 2 % ECiyy + t % pgiass * (ECy + ECr dppgse) ) [K8CO4]

Lamination Assembly




Relation components

Small

total
emissions
[kgC02eq]
13528.41

| -183%

total
emissions

[kgC02eq]
11049.1

-1,5%
—_—

+0,8%
—_—

98

Medium

total
emissions

[kgC02eq]
13326.44

| -16.4%

total
emissions

[kgCO2eq]
11137.28

-6,2%
—_—

Large

total

emissions

'2,9% [kgCO2eq]

12934.9

| -19.3%

total
emissions
[kgC02eq]
10443.13



Relation components

Calculation of emissions for individual
beam members, therefore more biased
towards big cross-sections of an overall
better scenario.

total

emissions

[kgCO2eq]
11793.67




Benchmark Phoenix3D



Benchmark Phoenix3D

-
Q 1. Solution exception:next became larger than number of elements in the Element Group

Simplified to
fixed connections

420kN 420kN 420kN 420kN 420kN
~ 16-meter .

101



Benchmark Phoenix3D

Freedom of movement for the
developed computational method =
1-meter over the X- and Z-axis

No movement
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Benchmark Phoenix3D

Phoenix, MILP
420kN 420kN 420kN 420kN 420kN
A o
Max. 4.5-m
GHG-emissions: 1182 kgCOzeq
Mass structure: 1820 kg

Developed node-shifting formulation

420kN

420kN 420kN

420kN 420kN

O ZN
1

Max. 4,5-m

GHG-emissions:
Mass structure:

763 kgCOZeq
1210 kg
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Visualization
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Visualization

Standardized,
small stock
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Visualization

Standardized,
large stock
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Visualization

Optimized,
small stock

107



Visualization

Optimized,
large stock
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Discussion & conclusion _



Discussion

GHG-coefficients Metaheuristic
algorithm



Conclusion

Reduced GHG- Higher RR = Glass of importance
emissions lower GHG eco-impact



Recommendations

& & E

Further development Steel dominant Different contexts Multi-criteria
calculation method structures optimization
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