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Composition, dimensions and thermal performance ahhe

external walls solutions






Life cycle assessment “from cradle to cradle” of bilding assemblies - application to external walls

Table 3.1.1 - Single-leaf wadls - External insulation

External cladding Internal coating Insulation Elements of the Heat transfer
Material A Thickness wall structure coefficient (U-value)
[Density (kg/m®)] | [W/(m.°C)] (mm) [Thickness (m)] [W/(m Z_OC)]
Adherent (i.e. cement-based,| Adherent (i.e. gypsum or cement- EPS (15-20) 0.040 30 CHB (0.20 to 0.24); 0.67
ceramic or natural stone) based, ceramic or natural stone) 40 LCB (0.20 to 0.30) 0.58
within a ETICS =
40 . NCB (0.20t00.30)
- CW (0.10to 0.20)
MW (100-180) 0042 . CHB (0.20t0 0.24); | 0.69
. LCB (0.20t0 0.30) 0.59
. NCB (0.20t00.30) |
CW (0.10to 0.20)

Fastened to a supporting XPS (25-40) 0.037 30 . CHB (0.20t0 0.24); 0.67
structure - VRF (i.e. metallic . LCB(0.20t00.30) 0.59
sheet, wood-based, ceramic

natural stone, creating a

ventilated cavity)' NCB (0.2010030)
CW (0.10to 0.20)
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Appendix 3.1 - Composition, dimensions and thermal performance of the external walls solutions

External cladding Internal coating Insulation Elements of the Heat transfer
Material I Thickness wall structure coefficient (U-value)
[Density (kg/m®] | [W/(m.°C)] (mm) [Thickness (m)] [W/(mZ2.°C)]
Fastened to a supporting | Adherent (i.e. gypsum or cement- . EPS (15-20); MW 0.040 CHB (0.20 to 0.24); 0.70
structure - VRF (i.e. metallic | based, ceramic or natural stone) | (35-100); PIR/PUR LCB (0.20 to 0.30) 0.61

sheet, wood-based, ceramic gr (20-50)
natural stone, creating a
ventilated cavity)*

NCB (0.20t0 0.30)

CW (0.10 to 0.20)

EPS (13-15); MW 0.042
(100-180); PIR/PUR
(Projected; 20-50)

CHB (0.20t0 0.24); |
LCB (0.20 to 0.30)

NCB (0.20t0 0.30) |

CW (0.10 to 0.20)

ICB (90-140) 0.045 CHB (0.20t0 0.24);

LCB (0.20 to 0.30)

NCB (0.20 to 0.30)

CW (0.10 to 0.20)

30
40

Notesto Table 3.1.1:
- Elements of the wall structure - CHB (Hollow fired-clay bricks, horizontaly perforated), NCB (Normal concrete blocks, vertically perforated), LCB
(Lightweight - with LECA - concrete blocks, vertically perforated) and CW (In-situ concrete - unreinforced or reinforced - walls);

For these U-values, a surplus should be considered when: wood profiles interrupt the thermal insulation - surplus of 0.02; metallic profiles interrupt the thermal
insulation - surplus of 0.08; wood or metallic profiles fastened to isolated metallic supports - surplus of 0.02).

1
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Life cycle assessment “from cradle to cradle” of bilding assemblies - application to external walls

Table 3.1.2 - Single-leaf walls - Internal insulation

External cladding Internal coating Insulation Elements of the wall Heat transfer
Material A Thickness structure coefficient (U-value)
[Density (kg/m)] | [W/(m.°C)] (mm) [Thickness (m)] [W/(m?2.°C)]
Adherent (i.e. cement-based, Adherent to the insulation XPS (25-40) 0.037 30 CHB (0.20 to 0.24); 0.63
ceramic or natural stone) material or fastened to a 40 LCB (0.20 to 0.30) 0.54
supporting structure (e.g. gypsum
or wood-based)?
40 * NCB (0.20t0 0.30)
- CW (0.10to 0.20)
EPS (15-20); MW 0.040 30 - CHB (0.20t0 0.24)
(35-100); PIR/PUR . LCB (0.20t00.30) |
(20-50)
. NCB (0.20t00.30)
CW (0.10 to 0.20)
EPS (13-15) 0.042 30 : CHB (0.20t0 0.24)

 LCB(0.20t00.30)

'NCB(0.20t0 0.30)

CW (0.10 to 0.20)
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Appendix 3.1 - Composition, dimensions and thermal performance of the external walls solutions

3.1-4

CW (0.10to 0.20)

External cladding Internal coating Insulation Elements of the wall Heat transfer
Material Iy Thickness structure coefficient (U-value)
[Density (kg/m%] | [W/(m.°C)] (mm) [Thickness (m)] [W/(m?2.°C)]
Adherent (i.e. cement-based, Adherent to the insulation ICB (90-140) 0.045 30 CHB (0.20to 0.24); 0.69
ceramic or natural stone) material or fastened to a 40 LCB (0.20 to 0.30) 0.60
supporting structure (e.g. gypsum
or wood-based)?
40 .~ NCB (0.20t0 0.30)
ICB (90-140) 0.045 - CW (0.10to 0.20)
Adherent to the insulation XPS (25-40) 0.037 30 CHB (0.20 to 0.24); 0.57
material (e.g. gypsum or wood- 40 LCB (0.20 to 0.30) 0.49
based) and creating a non-
ventilated cavity (with a
thickness higher than 15 mm) 30 NCB (0.20 to 0.30)
between the latter and the 40
elements of the wall structure® -
40 . CW (0.10t0 0.20)
EPS (15-20); MW 0.040 30 CHB (0.20 to 0.24); 0.59
(35-100); PIR/PUR 40 LCB (0.20to 0.30) 0.51
e Cow
30 NCB (0.20 to 0.30) 0.67
40 0.57




Life cycle assessment “from cradle to cradle” of bilding assemblies - application to external walls

External cladding Internal coating Insulation Elements of the wall Heat transfer
Material A Thickness structure coefficient (U-value)
[Density (kg/m®)] | [W/(m.°C)] (mm) [Thickness (m)] [W/(m?2.°C)]
Adherent (i.e. cement-based, Adherent to the insulation EPS (13-15) 0.042 30 CHB (0.20to0 0.24); 0.60
ceramic or natural stone) material (e.g. gypsum or wood- 40 LCB (0.20 to 0.30) 0.52
based or sandwich panel) and 60 0.42
creating a non-ventilated cavity 80 0.35
(with athickness higher than 30 NCB (0.20 to 0.30) 0.69
15 mm) between the latter and 40 0.59
the elements of the wall structure® 60 0.46
80 0.38
40 CW (0.10to 0.20) 0.69
60 0.52
80 0.42
ICB (90-140) 0.045 30 CHB (0.20 to 0.24); 0.62
40 LCB (0.20to 0.30) 0.54
60 0.44
80 0.37
40 NCB (0.20 to 0.30) 0.61
60 0.48
80 0.40
60 CW (0.10to 0.20) 0.55
80 0.44

Notesto Table 3.1.2:

2

Elements of the wall structure - CHB (Hollow fired-clay bricks, horizontally perforated), NCB (Normal concrete blocks, vertically perforated), LCB
(Lightweight - with LECA - concrete blocks, vertically perforated) and CW (In-situ concrete - unreinforced or reinforced - walls);

For these U-values, a surplus should be considered when: the internal coating is fastened to a wood structure that interrupts the thermal insulation - surplus of
0.13; theinternal coating isfastened to a metallic structure that interrupts the thermal insulation - surplus of 0.25;

For these U-values, a surplus should be considered when: the internal coating is fastened to a wood structure that interrupts the thermal insulation (which is
fastened to the element of the wall structure) and creates a non-ventilated cavity (with a thickness higher than 15 mm) between it and the internal coating -
surplus of 0.13; the internal coating is fastened to a metalic structure that interrupts the thermal insulation (which is fastened to the element of the wall
structure) and creates a non-ventilated cavity (with athickness higher than 15 mm) between it and the internal coating - surplus of 0.25.
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Appendix 3.1 - Composition, dimensions and thermal performance of the external walls solutions

Table 3.1.3 - Cavity walls - Thermal insulation completely filling the cavity

External cladding Internal coating Insulation Elements of the wall Heat transfer
Material A Thickness | structure - external/internal |  coefficient (U-
[Density (kg/m®)] | [W/(m.°C)] (mm) [Thickness (m)] value) [W/(m?2.°C)]
Adherent (i.e. cement-based,| Adherent (i.e. gypsum, wood or XPS (25-40) 0.037 30 CHB (0.11/0.11) 0.64
ceramic or natural stone) | cement-based, ceramic or natural 40 0.55
stone)
CHB (0.11/0.15) 0.60
0.51
CHB (0.15/0.15) 0.56
0.48

CHB (0.11)/ CB (0.11)

CHB (0.15)/ CB (0.11)

NCB (0.11/0.11)

NCB (0.11/0.15)

3.1-6
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Life cycle assessment “from cradle to cradle” of bilding assemblies - application to external walls

External cladding Internal coating Insulation Elements of the wall Heat transfer
Material A Thickness | structure - external/internal |  coefficient (U-
[Density (kg/m®)] | [W/(m.°C)] (mm) [Thickness (m)] value) [W/(mZ2.°C)]
Adherent (i.e. cement-based,| Adherent (i.e. gypsum, wood or XPS (25-40) 0.037 30 LCB (0.11/0.112) 0.64
ceramic or natural stone) | cement-based, ceramic or natura 40 0.55
stone)
LCB (0.15/0.11) 0.63
0.54
LCB (0.15/0.15) 0.61
0.52
CW (0.10t0 0.20) / CHB
(0.11)*
CW (0.10t0 0.20) / CHB
(0.15)*
CW (0.10t0 0.20) / CB
(0.11)*
CW (0.10t0 0.20) / NCB
(0.11)*
CW (0.10t0 0.20) / NCB
(0.15)*
CW (0.10t0 0.20) / LCB
(0.11)*
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Appendix 3.1 - Composition, dimensions and thermal performance of the external walls solutions

External cladding Internal coating Insulation Elements of the wall Heat transfer
Material A Thickness | structure - external/internal |  coefficient (U-
[Density (kg/m®)] | [W/(m.°C)] (mm) [Thickness (m)] value) [W/(m?2.°C)]
Adherent (i.e. cement-based,| Adherent (i.e. gypsum, wood or XPS (25-40) 0.037 40 CW (0.10t0 0.20) / LCB 0.60
ceramic or natural stone) | cement-based, ceramic or natura (0.15)*
stone)
EPS(15-20); MW 0.040 CHB (0.11/0.11) 0.67
(35-100); 0.57
PIR/PUR (20-50)
CHB (0.11/0.15) 0.62
0.54
CHB (0.15/0.15)

CHB (0.11)/ CB (0.11)

CHB (0.15)/ CB (0.11)

NCB (0.11/0.11)

NCB (0.11/0.15)

3.1-8

NCB (0.15/0.15)




Life cycle assessment “from cradle to cradle” of bilding assemblies - application to external walls

External cladding Internal coating Insulation Elements of the wall Heat transfer
Material A Thickness | structure - external/internal |  coefficient (U-
[Density (kg/m®)] | [W/(m.°C)] (mm) [Thickness (m)] value) [W/(mZ2.°C)]
Adherent (i.e. cement-based,| Adherent (i.e. gypsum, wood or | EPS (15-20); MW 0.040 30 LCB (0.11/0.112) 0.67
ceramic or natural stone) cement-based, ceramic or natural (35-100); 40 0.57
stone) PIR/PUR (20-50)
LCB (0.15/0.11) 0.65
0.56
LCB (0.15/0.15) 0.63
0.55
CW (0.10t0 0.20) / CHB
(0.11)*
CW (0.10t0 0.20) / CHB
(0.15)*
CW (0.10t0 0.20) / CB
(0.11)*
CW (0.10t0 0.20) / NCB
(0.11)*
CW (0.10t0 0.20) / NCB
(0.15)*
CW (0.10t0 0.20) / LCB
(0.12)*
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Appendix 3.1 - Composition, dimensions and thermal performance of the external walls solutions

External cladding Internal coating Insulation Elements of the wall Heat transfer
Material A Thickness | structure - external/internal |  coefficient (U-
[Density (kg/m®)] | [W/(m.°C)] (mm) [Thickness (m)] value) [W/(m?2.°C)]
Adherent (i.e. cement-based,| Adherent (i.e. gypsum, wood or | EPS (15-20); MW 0.040 40 CW (0.10t0 0.20) / LCB 0.63
ceramic or natural stone) | cement-based, ceramic or natura (35-100); (0.15)*
stone) PIR/PUR (20-50)
EPS (13-15); MW 0.042 CHB (0.11/0.11) 0.68
(100-180); 0.59
PIR/PUR
(Projected; 20-50)
CHB (0.11/0.15) 0.63
0.55
CHB (0.15/0.15) 0.59

CHB (0.11)/ CB (0.11)

CHB (0.15)/ CB (0.11)

NCB (0.11/0.11)

NCB (0.11/0.15)

NCB (0.15/0.15)
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Life cycle assessment “from cradle to cradle” of bilding assemblies - application to external walls

External cladding Internal coating Insulation Elements of the wall Heat transfer
Material A Thickness | structure - external/internal |  coefficient (U-
[Density (kg/m®)] | [W/(m.°C)] (mm) [Thickness (m)] value) [W/(mZ2.°C)]
Adherent (i.e. cement-based,| Adherent (i.e. gypsum, wood or | EPS (13-15); MW 0.042 30 LCB (0.11/0.112) 0.68
ceramic or natural stone) cement-based, ceramic or natural (100-180); 40 0.59
stone) PIR/PUR
(Projected; 20-50)
LCB (0.15/0.11) 0.67
0.58
LCB (0.15/0.15) 0.65
0.56
CW (0.10t0 0.20) / CHB
(0.12)*
CW (0.10t0 0.20) / CHB
(0.15)*
CW (0.10t0 0.20) / CB
(0.11)*
CW (0.10t0 0.20) / NCB
(0.12)*
CW (0.10t0 0.20) / NCB
(0.15)*
CW (0.10t0 0.20) / LCB
(0.12)*
CW (0.10t0 0.20) / LCB
(0.15)*
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Appendix 3.1 - Composition, dimensions and thermal performance of the external walls solutions

External cladding Internal coating Insulation Elements of the wall Heat transfer
Material Py Thickness | structure - external/internal |  coefficient (U-
[Density (kg/m®)] | [W/(m.°C)] (mm) [Thickness (m)] value) [W/(m?2.°C)]
Adherent (i.e. cement-based,| Adherent (i.e. gypsum, wood or ICB (90-140) 0.045 40 CHB (0.11/0.11) 0.61
ceramic or natural stone) | cement-based, ceramic or natura
stone)
CHB (0.11/0.15) 0.65
0.57
CHB (0.15/0.15) 0.61
0.53

CHB (0.11)/ CB (0.11)

CHB (0.15)/ CB (0.11)

NCB (0.11/0.11)

NCB (0.11/0.15)

NCB (0.15/0.15)

3.1-12
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Life cycle assessment “from cradle to cradle” of bilding assemblies - application to external walls

External cladding Internal coating Insulation Elements of the wall Heat transfer
Material A Thickness | structure - external/internal |  coefficient (U-
[Density (kg/m®)] | [W/(m.°C)] (mm) [Thickness (m)] value) [W/(mZ2.°C)]
Adherent (i.e. cement-based,| Adherent (i.e. gypsum, wood or ICB (90-140) 0.045 30 LCB (0.15/0.11) 0.69
ceramic or natural stone) cement-based, ceramic or natura 40 0.60
stone) 60 0.47
LCB (0.15/0.15) 0.67
0.58
0.46
CW (0.10t0 0.20) / CHB 0.69
(0.12)* 0.53
CW (0.10t0 0.20) / CHB
(0.15)*
CW (0.10t0 0.20) / CB
(0.12)*
CW (0.10t0 0.20) / NCB
(0.12)*
CW (0.10t0 0.20) / NCB
(0.15)*
CW (0.10t0 0.20) / LCB
(0.12)*
CW (0.10t0 0.20) / LCB
(0.15)*

Notesto Table 3.1.3:

- Elements of the wall structure - CHB (Hollow fired-clay bricks, horizontally perforated), CB (Clay brick); NCB (Normal concrete blocks, vertically perforated),
LCB (Lightweight - with LECA - concrete blocks, vertically perforated) and CW (In-situ concrete - unreinforced or reinforced - walls);

For these U-values, the relative position of the elements of the wall structure (external/internal) does not matter and they can be used for solutions of externa
wallswithout cladding in one or both faces.

4
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Appendix 3.1 - Composition, dimensions and thermal performance of the external walls solutions

Table 3.1.4 - Cavity walls - Thermal insulation partidly filling the cavity (cavity with athickness higher than 15 mm)

External cladding

Internal coating

Insulation

Material
[Density (kg/m?)]

)
[W/(m.°C)]

Thickness
(mm)

Elements of the wall

structure - external/internal

[Thickness (m)]

Heat transfer
coefficient (U-
value) [W/(m?2.°C)]

Adherent (i.e. cement-based,
ceramic or natural stone)

Adherent (i.e. gypsum, wood or
cement-based, ceramic or natural

stone)

XPS (25-40)

0.037

30

40

CHB (0.11/0.11)

0.58
0.50

CHB (0.11/0.15)

0.54
0.47

CHB (0.15/0.15)

0.51
0.45

CHB (0.11)/ CB (0.11)

0.63
0.54

CHB (0.15)/ CB (0.11)

0.59
0.51

NCB (0.11/0.11)

0.66
0.56

3.1-14

NCB (0.11/0.15)

0.64
0.55




Life cycle assessment “from cradle to cradle” of bilding assemblies - application to external walls

External cladding Internal coating Insulation Elements of the wall Heat transfer
Material Py Thickness | structure - external/internal |  coefficient (U-
[Density (kg/m®)] |[W/(m.°C)] (mm) [Thickness (m)] value) [W/(mZ2.°C)]
Adherent (i.e. cement-based,| Adherent (i.e. gypsum, wood or XPS (25-40) 0.037 30 NCB (0.15/0.15) 0.63
ceramic or natural stone) | cement-based, ceramic or natura 40

stone)

LCB (0.11/0.11)

LCB (0.15/0.11)

LCB (0.15/0.15)

CW (0.10to0 0.20) / CHB
(0.11)*

CW (0.10 to 0.20) / CHB
(0.15)*

CW (0.10t0 0.20) / CB
(0.11)*

3.1-15

CW (0.10t00.20) /NCB |

(0.11)*




Appendix 3.1 - Composition, dimensions and thermal performance of the external walls solutions

External cladding Internal coating Insulation Elements of the wall Heat transfer
Material A Thickness | structure - external/internal |  coefficient (U-
[Density (kg/m®)] | [W/(m.°C)] (mm) [Thickness (m)] value) [W/(m?2.°C)]

Adherent (i.e. cement-based,| Adherent (i.e. gypsum, wood or XPS (25-40) 0.037 30 CW (0.10t0 0.20) / NCB 0.68
ceramic or natural stone) | cement-based, ceramic or natural 40 (0.15)* 0.57
CW (0.10t0 0.20) / LCB 0.65
(0.11)* 0.55
CW (0.10t0 0.20) / LCB 0.63

(0.15)*

EPS (15-20); MW~ 0.040
(35-100);
PIR/PUR (20-50)

CHB (0.11/0.11)

CHB (0.11/0.15)

30 | CHB (0.15/0.15)

30 | CHB(011)CB(011)
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Life cycle assessment “from cradle to cradle” of bilding assemblies - application to external walls

External cladding Internal coating Insulation Elements of the wall Heat transfer
Material A Thickness | structure - external/internal |  coefficient (U-
[Density (kg/m®)] |[W/(m.°C)] (mm) [Thickness (m)] value) [W/(mZ2.°C)]
Adherent (i.e. cement-based,| Adherent (i.e. gypsum, wood or ;| EPS (15-20); MW 0.040 30 CHB (0.15)/ CB (0.11) 0.68
ceramic or natural stone) | cement-based, ceramic or natura (35-100); 40 0.53
stone) PIR/PUR (20-50) —
NCB (0.11/0.11) 0.69
0.59
NCB (0.11/0.15) 0.67
0.57

NCB (0.15/0.15)

LCB (0.11/0.11)

LCB (0.15/0.11)

3.1-17

LCB (0.15/0.15)




Appendix 3.1 - Composition, dimensions and thermal performance of the external walls solutions

External cladding Internal coating Insulation Elements of the wall Heat transfer
Material A Thickness | structure - external/internal |  coefficient (U-
[Density (kg/m®)] | [W/(m.°C)] (mm) [Thickness (m)] value) [W/(m?2.°C)]
Adherent (i.e. cement-based,| Adherent (i.e. gypsum, wood or ;| EPS (15-20); MW 0.040 30 CW (0.10t0 0.20) / CHB 0.67
ceramic or natural stone) | cement-based, ceramic or natura (35-100); 40 (0.12)* 0.58
stone) PIR/PUR (20-50) —
CW (0.10t0 0.20) / CHB 0.62
(0.15)* 0.54
CW (0.10t0 0.20) / CB
(0.12)*
CW (0.10t0 0.20) / NCB
(0.12)*
CW (0.10t0 0.20) / NCB
(0.15)*
CW (0.10t0 0.20) / LCB 0.67
(0.11)*
30 W (01010 0.20) 7 LCB 0.66
(0.15)*
EPS (13-15): MW 0.042 30 CHB (0.11/0.11) 0.61
(100-180);
PIR/PUR
(Projected; 20-50)
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Life cycle assessment “from cradle to cradle” of bilding assemblies - application to external walls

External cladding Internal coating Insulation Elements of the wall Heat transfer
Material A Thickness | structure - external/internal |  coefficient (U-
[Density (kg/m®)] |[W/(m.°C)] (mm) [Thickness (m)] value) [W/(mZ2.°C)]
Adherent (i.e. cement-based,| Adherent (i.e. gypsum, wood or | EPS (13-15); MW 0.042 30 CHB (0.11/0.15) 0.57
ceramic or natural stone) | cement-based, ceramic or natura (100-180); 40 0.50
stone) PIR/PUR
(e 050 S Th—
CHB (0.15/0.15) 0.53
0.47
CHB (0.11)/ CB (0.11) 0.67
0.58

CHB (0.15)/ CB (0.11)

NCB (0.11/0.11)

30 | NCB (0.11/0.15)

30 | NCB (0.15/0.15)
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Appendix 3.1 - Composition, dimensions and thermal performance of the external walls solutions

External cladding Internal coating Insulation Elements of the wall Heat transfer
Material A Thickness | structure - external/internal |  coefficient (U-
[Density (kg/m®)] |[W/(m.°C)] (mm) [Thickness (m)] value) [W/(mZ2.°C)]
Adherent (i.e. cement-based,| Adherent (i.e. gypsum, wood or | EPS (13-15); MW 0.042 30 LCB (0.11/0.112) 0.61
ceramic or natural stone) | cement-based, ceramic or natura (100-180); 40 0.53
stone) PIR/PUR
(e 050 S —
LCB (0.15/0.11) 0.60
0.52
LCB (0.15/0.15) 0.58
0.51

CW (0.10t0 0.20) / CHB
(0.11)*

CW (0.10t0 0.20) / CHB
(0.15)*

CW (0.10t0 0.20) / CB
(0.11)*

CW (0.10t0 0.20) / NCB

(0.11)*
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Life cycle assessment “from cradle to cradle” of bilding assemblies - application to external walls

External cladding Internal coating Insulation Elements of the wall Heat transfer
Material A Thickness | structure - external/internal |  coefficient (U-
[Density (kg/m®)] |[W/(m.°C)] (mm) [Thickness (m)] value) [W/(mZ2.°C)]
Adherent (i.e. cement-based,| Adherent (i.e. gypsum, wood or | EPS (13-15); MW 0.042 30 CW (0.10t0 0.20) / LCB 0.69
ceramic or natural stone) | cement-based, ceramic or natura (100-180); 40 (0.12)* 0.59
stone) PIR/PUR
(e 050 S —
CW (0.10t0 0.20) / LCB 0.67
(0.15)* 0.58
ICB (90-140) 0.045 CHB (0.11/0.11) 0.63
0.55

CHB (0.11/0.15)

CHB (0.15/0.15)

30 | CHB(011)/CB (0.11)

30 | CHB (0.15)/ CB (0.11)

NCB (0.11/0.11)
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Appendix 3.1 - Composition, dimensions and thermal performance of the external walls solutions

External cladding Internal coating Insulation Elements of the wall Heat transfer
Material A Thickness | structure - external/internal |  coefficient (U-
[Density (kg/m®)] |[W/(m.°C)] (mm) [Thickness (m)] value) [W/(m?2.°C)]
Adherent (i.e. cement-based,| Adherent (i.e. gypsum, wood or ICB (90-140) 0.045 40 NCB (0.11/0.15) 0.61
ceramic or natural stone) | cement-based, ceramic or natura
stone) -
NCB (0.15/0.15) 0.69
0.60
LCB (0.11/0.11) 0.63
0.55

LCB (0.15/0.11)

LCB (0.15/0.15)

CW (0.10 to 0.20) / CHB

(0.11)*

CW (0.10t0 0.20) / CHB |

(0.15)*
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Life cycle assessment “from cradle to cradle” of bilding assemblies - application to external walls

External cladding Internal coating Insulation Elements of the wall Heat transfer
Material A Thickness | structure - external/internal |  coefficient (U-
[Density (kg/m®)] | [W/(m.°C)] (mm) [Thickness (m)] value) [W/(m?2.°C)]
Adherent (i.e. cement-based,| Adherent (i.e. gypsum, wood or ICB (90-140) 0.045 40 CW (0.10t0 0.20) / NCB 0.66
ceramic or natural stone) | cement-based, ceramic or natural 60 (0.12)* 0.51
stone) 80 0.42
40 CW (0.10t0 0.20) / NCB 0.64
60 (0.15)* 0.50
80 0.41
40 CW (0.10t0 0.20) / LCB 0.62
60 (0.12)* 0.48
80 0.40
30 CW (0.10t0 0.20) / LCB 0.69
40 (0.15)* 0.60
60 0.47
80 0.39

Notesto Table 3.1.4:

- Elements of the wall structure - CHB (Hollow fired-clay bricks, horizontally perforated), CB (Clay brick); NCB (Normal concrete blocks, vertically perforated),
LCB (Lightweight - with LECA - concrete blocks, vertically perforated) and CW (In-situ concrete - unreinforced or reinforced - walls);

For these U-values, the relative position of the elements of the wall structure (external/internal) does not matter and they can be used for solutions of externa
walls without cladding in one or both faces.

4
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Appendix 4.1

L Cl study - Form to support the collection of data from

the production process






Unit processindex - Production of a building product
(Company - City)

1 |RECEPTION AND STORAGE OF RAW MATERIALS
2 |PRODUCTION PROCESS
3 |PACKAGING AND PALLETISATION

APPENDIX 4.la- QUANTITATIVE DATA CONSIDERED IN THE LCA STUDY

Notesto takeinto account when filing in thisform:

a.The functional unit of the study and of each umdgess isl m® of finished product

units to be used: mass - kg; volume® power - kW; energy - kWh or MJ.

b. All materials must be quantified in volume and massd not only in mass, wh
their bulk density is lower than 300 kgim

c. Indicate if each figure was collected from a randomif it is a daily/monthly/annué
average, or if it was estimated, and its inher@cetainty.

d. Indicate the total figures of the factory and jiysthe % of allocation to this produ
(e.g. for the energy for lighting, cooling and hegtof the factory production are
for ancillary equipment such as bridge-cranes,oomifiaintenance operations of n
chines repeated every three years or more often).

e. This form can be modified but all the changes nradst be adequately marked.

f. All recycled materials used in production must decuately indicated and charact
ized.

er-

g. The non-reused wastes of each material or raw rabteust be identified in the se
tion “Outputs (solid products and wastes)” (for mheal substances - potential
emissions associated to their use must be idedhtifie

C_
air

h. All “Outputs” of unit processes must be charactdlizoncerning the amount a
type of hazardous substances that they contain.

nd

I. Whenever possible, all non-material outputs thatiltefrom the unit processes m

be recorded, namely waste energy or heat, radjatimse, vibration or odour gene

ated, or different types of land use.

St

j. All transport operations completed inside the pland all subsidiary operations tf
are needed for the production process, must bdifiéeilnand characterized.

nat
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1. RECEPTION AND STORAGE OF RAW MATERIALS

1.1. Material balance

1.1.1. Description of raw materials, including their: comsgiion and Chemical Abstracts
Service (CAS) number, type of storage at plant @latation (amount used in the
production of the studied product compared with tb&al quantity delivered at
plant):

Raw materials Allocation Storage

X Y Z

1.2. Water consumption
1.2.1. Volume of water used for cleaning the raw matersdégage areano con-

sumption

1.3. Outputs (solid products and wastes) - no flows identified
1.4. Outputs(liquid products and wastes)
1.4.1. Characteristics and volume of effluents resultirggrf the cleaning of the raw
materials storage areae not exist

1.5. Outputs (air emissions)
1.5.1. Characteristics and quantity of air emissions tesyifrom the unloading and
transport of the raw materials inside the plash not exist

1.6. Energy balance
1.6.1. Amount of energy consumed by the loader to pilertive materials APPEN-

DIX 4.1a - Specific consumption of diesel oil/m? finished product

1.6.2. Amount of energy consumed in the transport opeamatcmompleted inside the
plant: transport of raw materials, by loader, fromcks to the storage area, and
from there to production areaAPPENDI X 4.1a - Specific consumption of die-
sel oil/m?® finished product

1.6.3. Amount of energy consumed by the loader to trarigparduction wastes to
raw materials storage aredAPPENDIX 4.la - Specific consumption of diesel
oil/m? finished product

1.7. Transportation data
1.7.1. Description of the transport used for delivering raaterials to the plant:

Raw materials Origin Mode of Grossweight Return (Full /
transport (tons) empty)

X 30 km (on Truck 15 (on average) Empty
average)
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Data collection concer ning the production of the building product
(Company - City)
2. PRODUCTION PROCESS
2.1. Material balance
2.1.1. Amount of raw materials consumed per functionat:uni
| X | Y kg/mi |

2.1.2. Amount of external fuel consumed in the boiler fugrctional unit:
Y | Z n?/m?® finished product |

2.1.3. Description of chemical products used for wateattreent, including their:
composition and Chemical Abstracts Service (CAShiner, type of storage at
plant and amount consumed per functional unit:

Product Composition (and CAS) Storage Amount
(kg/ m°)
Industrial  salt X 25 kg bags| 1 ton/month
(decalcification) (Unknown CAS) (approxi-
mate con-
sumption) =
Y kg/m
finished
product
Chemical prod- Y 25 ljerry | Sum of four
ucts cans products: Z
(warnings | kg/n? fin-
on the jerry| ished prod-
cans: uct
harmful,
irritants, or
corrosives)

2.2. Water consumption (source: from borehole)
2.2.1. Volume of water consumed in the boiler per funciloanit - APPENDI X
4.1a - Specific consumption of water/m? finished product
2.2.2. Volume of water for boiler cleaning per functionalit - no consumption

2.3. Outputs (solid products and wastes)
2.3.1. Characteristics, destiny, and amount of solid weastpackaging of chemical
products for water treatment and external fuel:

Packaging Destiny Amount (kg/ m°)

Industrial salt - 25 kg bags Recycling APPENDI X 4.1a - Specific

production of plastic/m?® fin-

ished product
Chemical products - 25 || Reused by the suppli¢ X (production and end-of-life
Jerry cans (production and end- not considered in the model
of-life not considered ling)
in the modelling)

External fuel - supplied in
bulk, without packaging

2.3.2. Characteristics, origin, destiny, and amount ofdsalastes from production
process per functional unit:
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Solid waste Destiny Amount (kg/ m°)
Wastes from com- | Sent to licensed | APPENDI X 4.1a - Specific production of
bustion in the operator wastein the boiler/m? finished product
boiler
Wastes from wa- Do not exist
ter treatment
Non-used raw ma- Does not exist
terials

2.4. Outputs (liquid products and wastes)
2.4.1. Characteristics and volume of effluents resultingnf the production per
functional unit, their origin and destiny: cleaningter and effluents from wa-
ter treatment, etc.do not exist

2.5. Outputs (air emissions)
2.5.1. Characteristics and quantity of air emissions tesglfrom the production
processlhjoiler):

Origin Quantity of air | Characteristics
emissions

Boiler APPENDI X 4.1a - Specific emissions of CO,, CO, NOx, VOCs
and Particles/m® finished product

2.6. Energy balance

2.6.1 Amount of energy consumed in the transport opanatmompleted inside the
plant: transport of salt, chemical products aneel fuel -APPENDI X 4.1a -
Specific consumption of diesel oil/m? finished product and APPENDI X 4.1a -
Specific consumption of electric energy/m?® finished product

2.6.2Amount of energy consumed in the pumping of watemfthe borehole AP-
PENDI X 4.1a - Specific consumption of electric energy/m? finished product

2.6.3. Amount of energy consumed in the cleaning of theemwadoes not exist

2.6.4Amount of energy consumed in the production pr@eeger heating and boiler
operation) APPENDI X 4.1a - Specific consumption of electric energy/m?® fin-
ished product

2.6.5Amount of energy consumed in the transport opeanatcmompleted inside the
plant: transport of waste APPENDIX 4.la - Specific consumption of diesel
oil/m® finished product and APPENDI X 4.1a - Specific consumption of elec-
tric energy/m?® finished product

2.7. Transportation data
2.7.1Description of the transport used for carrying daeliastes to a licensed opera-

tor:
Solid waste Destiny M ode of Grossweight | Arrival (Full
transport (tons) / empty)
Waste 150 km (on av- Truck 15 (on aver- Empty
erage) age)
Wastes from water Do not exist
cleaning

2.7.2Description of the transport used for deliveringtte plant - chemical products
and fuel for boiler:
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Data collection concer ning the production of the building product
(Company - City)

Product Origin M ode of Gross weight Return (Full /
transport (tons) empty)
Salt and chem- | 250 km (on|  Truck 3.5 (on average) Empty
ical products average)
External fuel 30 km (on Truck 15 (on average) Empty
average)
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. PACKAGING AND PALLETISATION
3.1. Material balance
3.1.1. Description of each material used for packagindiepsation and protection
during transportation, including their compositiand allocation (amount used
in the production of the studied product compardti the total quantity deliv-
ered to the plant):

Elements for packaging, pal- Allocation
letisation and protection dur-
ing transportation

PE shrink micro-perforated | Specific consumption of PE film (packaging)/m®
film finished product

Cardboard Specific consumption of cardboard (packag-
ing)/m® finished product

Labels with technical infor- | Specific consumption of paper (packaging)/m®
mation finished product
Wood pallets Specific consumption of pallets (packaging) /m°
finished product

3.2. Water consumption
3.2.1. Volume of water used for cleaning the packagindlepsation and storage

areas 10 consumption

3.3. Outputs (solid products and wastes)

3.3.1. Characteristics, origin, destiny, and amount ofdsalastes from packaging
and palletisation processes per functional unimaged materials used for
packaging, palletisation and protection during sgortation APPENDI X 4.1a
- Specific production of plastic/m® finished product or does not exist)Non-
conforming productgused for production of granulgtgpackaging of the mate-
rials used for packaging, palletisation and prodectiuring transportation:
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Data collection concer ning the production of the building product
(Company - City)

Elements for Plastic film Cardboard (reelsor Pallets Paper packages
packaging, pallet- boxes)
isation and pro-
tection during
transportation

PE shrink micro- | APPENDIX 4.la- Specif- | Reel isreturned to 1 (6 or 8 rolls per pallet) - reused within the ptaand
perforated film ic production of plastic/m® | supplier (in the deliv- burned thereafter (amount of electric energy faith
finished product (Y kg/mi | ery of new rolls; not| transport to the boiler is already accounted fodahey
finished product) considered in the | avoid buying other “fuel” for the boiler); a palldbr each
modelling) Y kg of PE film bought - Z kg?rof finished product (only

the production of the pallet was considered inrtialel-
ling, the disposal was not considered)

Cardboard Not significant -
not considered in
the modelling

Labels with tech- Not significant — not considered in the modelling
nical information
- A4 sheets (the
packaging is no
significant and wag
not considered)

Wood pallets -
supplied  without
packaging
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Data collection concer ning the production of the building product
(Company - City)

3.4. Outputs (liquid products and wastes)
3.4.1. Characteristics and volume of effluents resultirggrf the packaging and pal-
letisation processes per functional unit, theigioriand destiny: cleaning water,
etc. -do not exist

3.5. Outputs (air emissions) - no flows identified
3.6. Energy balance
3.6.1. Amount of energy consumed in the transport of thistied product from the
packaging and palletisation area to the storage-altees not exist
3.6.2. Amount of energy consumed in the packaging ancepséition processes -
APPENDI X 4.1a - Specific consumption of electric energy/m? finished prod-
uct
3.6.3Amount of energy consumed in the transport opanatimompleted inside the
plant: transport of the packaging of the mateniesd for packaging, palletisa-
tion and protection during transportatioPAPPENDIX 4.1a - Specific con-
sumption of diesel oil/m® finished product and APPENDIX 4.la - Specific
consumption of electric energy/m?® finished product
3.6.4Amount of energy consumed in the transport opamatcmompleted inside the
plant for the materials used for packaging, pa&ton and protection during

transportation
Elements for packaging, | Amount of energy con- Amount of energy con-
palletisation and protec- | sumed totransport to sumed to transport from
tion during transportation the storage area the storage areato the pal-
letisation area

PE shrink micro- | (By stacker)APPENDIX 4.la - Specific consumption

perforated film of diesel oil/m® finished product and APPENDIX 4.la
Cardboard - Specific consumption of electric energy/m?® finished
Labels with technical in-| product

formation

Wood pallets

3.7. Transportation data
3.7.1Description of the transport used for delivering thaterials used for packag-

ing, palletisation and protection during transpiotato the plant:

Elements for pack- Origin M ode of Gross weight Return (Full /

aging, palletisation transport (tons) empty)

and protection dur-

ing transportation

PE shrink micro- | 150 km (on|  Truck 15 (on average) Empty

perforated film average)

Cardboard 110 km (on|  Truck 15 (on average) Empty
average)

Labels with tech- Not significant — not considered in the modelling

nical information

Wood pallets 100km |  Truck | 15 | Empty
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Data collection concer ning the production of the building product
(Company - City)
3.7.2Description of the transport used for carrying deliastes from packaging and
palletisation to a licensed operator:

Solid waste Destiny M ode of Grossweight | Arrival (Full

transport (tons) / empty)
APPENDIX 4.la -| 330 km (on av- Truck 15 (on aver- Empty
Specific production erage) age)

of plastic/m® fin-
ished product (for
recycling)
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APPENDIX 4.la- QUANTITATIVE DATA CONSIDERED IN THE LCA STUDY
e Electric energy providerSpanish company

* Flow quantification - average figures from 2008 &0d.0 (2009 was not a representative
year):

Type of flow Valug Unit
Specific consumption of raw material/m? finished product X | kg/m®
Specific consumption of water/m® finished product (excluding soci| X
services, WC and shower rooms) m’/m®
Specific consumption of PE film (packaging)/m?® finished product X
(the total amount was considered as LDPE) kg/m®

Specific consumption of pallets (packaging)/m?® finished product kg/m’
Specific consumption of cardboard (packaging)/m® finished prod-

uct kg/m®

X[ X

Specific consumption of paper (packaging)/m® finished product X g/m®
Specific consumption of electric energy/m? finished product X |[kwWh/m?®
Specific consumption of diesal oil/m? finished product X | IIm?
Specific production of waste in the boiler/m? finished product X | kg/m®
Specific production of plastic/m? finished product X | kg/m’
Specific emissions of CO, (boiler)/m?® finished product X | kg/m’
Specific emissions of CO (boiler)/m? finished product X | kg/m’
Specific emissions of NO, (boiler)/m?® finished product X | kg/m’
Specific emissions of VOCs (boiler)/m? finished product X | kg/m’
Specific emissions of particles (boiler)/m?® finished product X | kg/m’
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Appendix 5.1

Environmental impacts after normalisation of
construction materials and products using Ecoinvent

database

(using CML 2001 v. 2.04 and West Europe - 1995 as areference for normalisation)






Life cycle assessment “from cradle to cradle” of bilding assemblies - application to external walls

Table5.1.1 - Construction materials - Environmental impacts after normalisation

Construction Ecoinvent process Method: CML 2001 V2.05 / West Most
materials Europe, 1995 / Normalisation / significant
Excluding infrastructure processes: impact
ADP AP EP GWP ODP POCP category
Cement Cement, GWP
unspecified, at
plant
Concrete Concrete, normal, 7 GWP
at plant |
. |
Gravel and sand Sand, at mine ADP
I .=
Gravel, crushed, at ADP
mine |
I
Gypsum Gypsum, mineral, ADP
at mine I
| .
Reinforcing steel Reinforcing steel, ADP
at plant |
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Appendix 5.1 - Environmental impacts after normalisation of construction materials and products

Table 5.1.2 - Elements of the wall structure - Environmenta impacts after normalisation

Elements of the wall Ecoinvent Method: CML 2001 V2.05 / West Most
structure process Europe, 1995 / Normalisation / significant
Excluding infrastructure processes: impact
ADP AP EP GWP ODP POCP category
Glass Fibre Reinforced| Fibre cement ADP
Concrete (GFRC) facingtile, at
panels plant 1
1 I -
Hollow fired-clay Brick, at plant ADP
bricks
| I'D .
Lightweight concrete Lightweight ADP
blocks concrete block,
expanded clay,
at plant
__
Table5.1.3 - Insulation materials - Environmental impacts after normalisation
Insulation materials Ecoinvent Method: CML 2001 V2.05 / West Most
process Europe, 1995 / Normalisation / significant
Excluding infrastructure processes: impact
ADP AP EP GWP ODPPOCP | category
Expanded Polystyrene (EPS) | Polystyrene ADP
foam dlab, at
plant
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Life cycle assessment “from cradle to cradle” of bilding assemblies - application to external walls

Insulation materials Ecoinvent Method: CML 2001 V2.05 / West Most
process Europe, 1995 / Normalisation / significant
Excluding infrastructure processes: impact
ADP AP EP GWP ODPPOCP | category
Light Expanded Clay Expanded ADP
Aggregate (LECA) clay, at plant
N _ =
Polyurethane/Polyisocyanurate| Polyurethane, ADP
(PUR/PIR) rigid foam, at
plant
-
Stone Wool (SW) Rock wool, at ADP
plant
| I 1 e
Extruded Polystyrene (XPS); | Polystyrene, ADP
extruded
(XPS), at
plant
Table5.1.4 - Wall coverings - Environmental impacts after normalisation
Wall coverings Ecoinvent process Method: CML 2001 V2.05 / West Most
Europe, 1995 / Normalisation / significant
Excluding infrastructure processes: impact
ADP AP EP GWP ODP POCP category
Ceramic tiles Ceramic tiles, at regional ADP

storage

Lot
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Appendix 5.1 - Environmental impacts after normalisation of construction materials and products

Wall coverings Ecoinvent process Method: CML 2001 V2.05 / West Most
Europe, 1995 / Normalisation / significant
Excluding infrastructure processes: impact
ADP AP EP GWP ODP POCP category
Dry pre-mixed Cover coat, organic, at ADP
mortar plant (blue)
Cover coat, mineral, at ADP
plant (red)
Cement mortar, at plant GWP
(green)
|
Gypsum Gypsum plaster board, at ADP
plasterboards plant LI
|
Gypsum plasters Stucco, at plant ‘—L-J ADP
Paint Alkyd paint, white, 60% ADP
in solvent (blue)
Alkyd paint, white, 60% ADP
in H20 (red)
Two-component Adhesive mortar, at plant ADP
adhesive |
|
Noteto Tables:

- All valuesin the charts are dimensionless;

- Impact categories. Abiotic Depletion Potential (ADP); Acidification Potentiad (AP);
Eutrophication Potentia (EP); Global Warming Potential (GWP); Ozone Depletion Potentia
(ODP); Photochemical Ozone Creation Potential (POCP).
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Jorge de Brito, Full Professor, TUL - IST - DECj\ortugal - jb@civil.ist.utl.pt

Abstract: Insulation is a relevant technical solution fottiriy energy consumption in buildings. The aimhigtpaper is to

determine and evaluate the environmental impactiseoproduction of conventional thermal insulatioaterials: extruded and
expanded polystyrene, polyurethane, expanded amglomerate and light expanded clay aggregates.eTtezadle to gate”
results can be considered scientifically soundesithey follow the International Standards for L@gcle Assessment and
recent European standards on the environmentali@iah of buildings. They have been achieved thinoagconsistent
methodology and based on site-specific data angrewide innovative and up-to-date environmentaladan insulation

materials.

Keywords: buildings; cradle to gate; environmeirtgbact; life cycle assessment; thermal insulati@teamals.

1 Introduction

The consumption of energy in the world today cdmiiés to pollution, environmental degradation afaba greenhouse
emissions. Population growth and economic developni@ave led to an increase in energy consumpticencl, the
foreseeable population growth and the economicldpwgent that will occur in various countries wilhve a critical impact on
the environment [1]. The four sectors that contébdhe most to energy consumption are the indulisthailding
(residential/commercial), transportation and adtize sectors. A large fraction of energy consumpis accounted for by the
construction and operation of buildings. In thedpgan Union (EU), the building sector is respomsibl over 40% of overall
energy consumption, making a significant contributio CQ emissions. Improved building energy performanaetbarefore
alleviate the EU’s dependence on energy imporiswaMember States to meet the Kyoto protocol tezgetd decrease GO
emissions [2]. Sustainability is now a relevantu®of the construction industry, and, in particumvironmental concerns
related to buildings are growing among the genaublic and potential building buyers [3].

In Europe, the Energy certification of building$ s already had positive consequences, not ortigrins of buildings’ thermal
performance. If buildings are properly designed @perated, significant energy savings can be aelliddence, building designers
can play a major part in solving the energy problsmnmaking the appropriate design decisions, aaaly stage, for the selection
and integration of building components [5]. Theringlulation materials have an important role amdt tise is a logical first step to
reducing the energy required to keep a good imt@taperature and therefore achieve energy eftigigs].

With the minimization of carbon emissions resultingm the use of buildings, largely due to the pesg made towards low
or near-zero energy buildings, the relative impuztaof a building’s life cycle stages is changifif €ited by [8]). Thus,
measures to control and reduce the environmentphdts of the entire production chain of constructimve become a
priority, in particular the production of buildimgaterials. The increased investment in near-zeildibgs is also promoting
the use of passive solutions for the envelope]tirgun increased insulation thicknesses in buidfi all over the world. Thus,
the contribution of these materials to the lifeleyenvironmental impact of buildings is also gagnmomentum.

This paper comprises five sections, including thisoduction. The scope section sets out the olgkthis study, including the
state of the art of similar approaches. The LCAhmédblogy used is described in detail in the thedtion. The resulting graphs
are presented and analysed in section four. Ther gagls by drawing conclusions that summarize thie findings of the work.

2 Scope

A range of thermal insulation materials are avddain European markets. They can be grouped il flarailies according to
their chemical or physical structure: mineral/iremig; oil-derived; and so-called “organic naturaFurthermore, these
materials can have a fibrous or cellular structilva will determine to a great extent both theirch@nical and thermal
properties (Table 1) [9].
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Mineral/inorganic materials account for 60% of thearket in Europe; oil-derived materials account &yout 30%
(particularly extruded polystyrene (XPS), expangediystyrene (EPS) and polyurethane/polyisocyanuf@téR/PIR)); and
“organic natural” and other materials account fbod 10% [10]. In this last group, expanded corglagnerate (insulation
cork board - ICB) is highlighted since Portugalthie world’s largest producer and exporter of coakddl materials. This
material can be used both as insulation and astennal cladding (Figure 1). More exotic materialsch as transparent and
dynamic insulation, ecological materials based gnicaltural raw materials, and gas-filled and vaouinsulated panels, have
found only limited acceptance in the market, mab#gause of their high cost (various referencesl dity [10]).

Insulation materials can also be made in diffestrapes including loose-fill, blanket, batts orsptigid, foamed-in-place, or
reflective form (Table 2). The choice of the indida materials’ type and shape depends on thedegapplication as well as
the target’s physical, thermal and other propeftié$

Lightweight granular materials can be classed asroc (natural or synthetic), inorganic (not-tramsfed and transformed
materials, not-transformed and transformed by-prtsjuand mixed solutions (e.g. the so-called expdndork - ICB -
regranulate [12], or black regranulate of exparded, in a cement mortar matrix). These materialetseveral advantages: they
use raw materials that do not need significant pctidn processes to be used; they promote theliegyaf scrap or waste from
different industries, by shredding or other methaahsl they valorise natural resources and indublyiproducts. Some examples
are:

» EPS granulate resulting from the pre-expansiorestdidePS board production;

EPS or XPS regranulate resulting from shreddingaste, scrap or non-conforming boards;

Cellulose fibres recycled from discarded journald aewspapers;

« |ICB regranulate or ground raw cork.

One of the disadvantages of these materials isthigat final performance strongly depends on thgliagtion quality (e.g.
complete filling of the cavity). Their thermal perfance can also be affected by water absorptasgration, and settlements
(which occur more easily when the initial void imde high and when internal cohesion, dimensiothefparticles or dead-
weight are low). Settlements can be caused by thight of the insulation material, building vibrati@r hydrothermal
variations. These materials can be supplied in,buithout packaging and at lower loading costshat plant and unloading
costs on-site, but are normally sold in bags of1®R®M or 500 litres [13].

This group of materials is of unquestionable sigaifice in the energy, environmental and economifopaance of the
building envelope [14], and therefore an intergiBoary research project was carried out to prowitg environmental life
cycle assessment of the main thermal insulatiorenads$ of buildings. This research included a Mast®issertation in
Environmental Engineering [15] and a PhD Thesi€iwil Engineering [16].

The insulation materials selected for this studythose most often used in Portugal. They incluBS XEPS, PUR, ICB and
LECA. A number of studies on the potential enviremal impacts of producing some of these matehaige already been
performed (Table 3). Nevertheless, very few intéomal studies have been published on the envirataehémpacts generated
by the manufacture of LECA and ICB. This paper taip to fill this gap and provide a detailed enmimental impact

assessment of the thermal insulation materialsqzeg, based on real data obtained from Portugueselfacturers. Since
Portugal is a major manufacturer and exporter ok-tased products (in particular ICB boards), theimnmental impact

analysis of ICB should yield significant resultsathgh comparison with the alternatives.

2.1 State of the art on the environmental performance fothermal insulation materials

One of the most important properties of a thermallation material is thermal conductivity. Idealifya thermal insulation
material has low thermal conductivity (W/(m.K),istpossible to obtain relatively thin building efy@es with a high thermal
resistancéR-value (m’.K/W) and a low thermal transmittantlevalue (W/ nfK) [17]. Therefore, the service provided by these
materials is their thermal insulation, with a sfiecperformance level in a specific area (e.g. aasq meter), and the
parameters of this functional unit should be defimeorder to compare different types of insulatioaterials.

Various life cycle assessment (LCA) studies of lason solutions have already been performed. listnod these studies the
functional unit (f.u.) was defined as the mass (Kghsulation board that provides a thermal rasise R of 1 (FK/W) [18]:

fu=RALpA (1)

Where R represents the thermal resistance as.K)iV, A is the thermal conductivity measured as W/(mgdprresponds to
the density of the insulation product in kd/and A is the area as 1°niThis f.u. provides information on the volume of
insulation material necessary to provide a givaarttal resistance throughout the insulation lifensgacusing only on the
insulating and environmental properties of the miatender study [18].

The main characteristics of LCA research studiethefmal insulation materials conducted worldwide presented in Table
3, and they all compared functionally equivalenbdurcts. A detailed analysis of the results of thesslies and of the
information summarized in Table 3 showed that:
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« The production technology, energy mix and mostiggmt environmental impact categories differ fraountry to country;
* Regarding the production phase, the introductioreoycled materials into the product compositiod #re use of natural
resins are good options to improve their environtagrerformance;
e The results for the transportation phase showta&n choosing an insulation material it is impott@nconsider both the
energy used in manufacturing and the location efitisulation production site;
< The material with the best environmental perfornaaadighly dependent on the environmental categafosen in each study;
e The variety of origins of the raw materials (minemil-based and organic) of thermal insulation enals results in
different main environmental impact categoriesdach group.
Despite the differences between the LCA researcidieds evaluated, all of them should have a defisitepe and
methodological approach to compare functionallyiesjant products. However, some of the studiegdish Table 3 do not
follow these principles, which create limitations the interpretation and comparison of their resdlt, 15]. It was also found
that only some of the studies were based on s#&eH$p inventory data. Although some of these stadilo follow LCA
International Standards [19, 20], none of themresfee the most recent European Standards relatér tSustainability of
Construction Works (e.g. [21, 22]), which were doled in the research study presented here.

3 Research methodology

A life-cycle thinking concept should be adoptedd&termine the environmental impacts of insulatioaterials; the LCA
methodology supports this concept and is a powedol to compare various insulation materials foeit environmental
performance. The technical committee (TC) 350 efflaropean Committee for Standardisation (CEN/TC -3Sustainability
of Construction Works) is drafting a set of Eurapastandards for the sustainability assessment itdibgs and construction
products; they have been structured into threeicartolumns (environmental, social and economighly quantifiable
environmental indicators are to be consideredtimeeibuilding or construction material evaluatiobased on these standards.
They have been finishes recently and enable thessisent of the environmental performance of bugsliand building
products, based on a life cycle approach. In fhet,assessment of environmental performance idb@asehe LCA method
[19, 20], and so allows LCA results from differestidies of functionally equivalent building produtt be compared and to
be used to make meaningful choices [23, 24].
The LCA process has four phases: (1) definitiongo&l and scope, (2) life cycle inventory (LCI), (8 cycle impact
assessment (LCIA) and (4) interpretation. Thesesghare briefly described below (ISO 14044, 2006):
1. The goal and scope definition phase identifies dbgectives of the study, the functional unit, systoundaries,
assumptions and limitations.
2. The LCI phase gathers data on the material andygrftaws. The LCA study is based on input and otutpata from
Portuguese insulation materials’ producers.
3. The LCIA phase assesses the potential environmienpects related to the inputs and outputs fromnkientory analysis
phase according to different environmental impat¢gories.
4. The interpretation phase discusses the LCA resalts to assist decision-makers in making a finaice.
The life cycle stages of construction materials ammtlucts are already standardized (Table 4) ifcthhepean Standards [21, 22].
Therefore, the boundaries of an LCA study of adig material or assembly can be defined eithenfceadle to gate (including
the extraction and processing of raw materialstaagroduction), from cradle to grave (includingoathe transport, distribution
and assembly, use, maintenance and final dispasal)pm cradle to cradle (C2C), which further imbbs the reuse, recovery
and/or recycling potential (Table 4) [25, 26]. Aadle to gate LCA approach is used in this papelictwimeans that the
environmental impact analysis starts at the extraaf raw materials (A1l phase) and continues thoiineir transportation (A2
phase), and finally the production (A3 phase) aakpging (A3.1 phase) of insulation material (Tat)le
In contrast with the majority of the studies listadl'able 3, this paper presents the results of k€fearch studies on insulation
materials that were based on the same methodol@gipeoach. This approach followed recent Europstandards drafted under
CEN/TC 350, international standards on LCA [19,, 20]d some methodological procedures describeetaildn section 3.2.
The LCA boundary (Product stage: A1-A3), geograglhiepresentativeness (Portugal), type of inventiata (site-specific), and
environmental categories chosen are also simitaalfdhe studies completed. Thus, it was posdiblebtain and compare LCA
results for functionally equivalent insulation nréés.

3.1 LCA study of thermal insulation materials

The purpose of an LCA study and its field of apgdiizn must be clearly defined. The goal of theenirt CA study is to outline
and compare the environmental profile of commomntiaé insulation materials. Therefore, the primabjective of the LCA
study is to determine and evaluate individually #hevironmental impacts of five traditional thermatulation materials
manufactured in Portugal, based on a cradle tolga#eapproach. The secondary objective of the L&Al is to compare these
thermal insulation materials in terms of the enargysumption during production and of their porgnvironmental impacts.

Ferrdo [25] proposes a method to classify the tyuafiinformation used in an LCA study. This methoelproduced in Table 5)

includes the most important indicators for evahgtihe quality of data collected and it was apptedhe classification of the

information used in the LCA studies presented is plaper (Table 6). From this table it is posstbleonclude that the quality of
the information (site-specific data) varies in eattidy. Nevertheless, the quality has an averaige wd 1.6 in the 5 studies (on a
1 to 5 scale, where 1 = the best quality), whiahloaconsidered a good and appropriate value éogltbal aim of this work.
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3.1.1 Functional unit
The functional unit (f.u.) of our LCA study is defid as the mass (kg) of insulation board that ples/a thermal resistance R-
value of 1 (M.K/W) and an area A of 1 7fi18], as defined in equation (1).

According to the above definition of f.u. and tlemsiderations concerning functionality, the amaafribsulation material that

needs to be installed can be determined (TableS@gh f.u. mainly focuses on the insulating propsrtdf the thermal

insulation materials [18]. The variables presentedrable 7, such as density, thermal conductivityg ahickness, were

provided by the relevant Portuguese insulation ra$ producers. In the case of XPS different khiesses correspond to
different thermal conductivity values and, thereforarious f.us were calculated. Two average weight f.u. were calculated
for this material because the environmental impattiss production depend on the final thicknesshaf boards: one set of
blowing agents is used for thicknesses of 80 miags and another one is used for thicknesses ofrB@r more (see 4.5).

3.1.2 System boundaries

The system boundaries establish the unit proceésdesincluded in the study. The boundaries inctiaglle to gate life cycle of

thermal insulation materials are (Table 4):

e Al - production/extraction of raw materials;

e A2 -transport and storage of raw materials;

¢ A3 - manufacturing of thermal insulation material.

For reasons of transparency and traceability, amltbviing the recommendations of European standd&fy, the

environmental impacts and potential benefits qfiedtiin the A3 stage are subdivided in this papeantely in the

presentation of LCA results - see §4) into thresependent information modules which set out theufsaturing process in

more detail:

« A3.1 - covering manufacturing and transportatiothi® factory of the packaging material that leabesfactory gate with
the product;

« A3.2 - covering the gate to gate manufacturinghef product being studied, and of ancillary matgrigte-products and
coproducts, all internal transportation, and tispaial of final waste (except packaging waste)rgéeak during production;

e A3.3 - covering the production and disposal of raaterials or admixtures’ packaging, and of the wnag material of
the packaging products.

The production of packaging for raw materials omadures (and also of the material for wrapping paekaging products)

was included in the A3.3 module rather than the2A8r A3.1) modules because it was impossibledtais each of the flows

from the global packaging waste streams accouteith fach plant.

Background data for modelling the production preesswas taken mainly from Ecoinvent database [2.4 data for the

extraction/production of raw and packaging matsrielectricity - see 3.1.4, and transportationao¥é materials), although all

data used for the inventory phase was based orniguesires answered by manufacturers. The datesstgsted to model the

background processes of “production” of raw materfar the insulation materials studied are sumeeatiin Table 8. The

LCA tool chosen to model the production processas 8imaPro [28].

3.1.3 Choice of the Environmental Impact assessment metddEIAM) and categories

According to the European standard that providesctire product category rules for all construcfwoducts and services,
EN 15804:2012, the impact assessment should inwg@ven categories (i.e. global warming, ozone diepleacidification of
soil and water, eutrophication, photochemical ozeneation, and depletion of abiotic resources (el and fossil,
separately, but the latter may be used and explatmne, if the values are known)), the charaction factors being taken
from CML 2001 (developed in the Netherlands by thstitute of Environmental Sciences (CML) of Leidemiversity).
Therefore, this EIAM was chosen for the impact ass®nt of the insulation products studied. The aittarization models
and LCIA indicators of the midpoint environmentaigact categories that were used (and whose resdtpresented in
section 4) are summarized in Table 9. These impattgories are those most used in LCA studies f%] EPD
(Environmental Product Declarations), allowing teenparison of results for similar construction prois.

The results presented in section 4 include two nesréronmental categories calculated based on glesissue method
published by Ecoinvent and expanded by PRé Comgsl{80]. The cumulative energy demand (CED) metéxputesses the
depletion of energy resources and its calculatolpaised on the higher heating value [31]. It presjdn fact, the calculation
of six environmental categories (non-renewablesifpron-renewable, nuclear; non-renewable, biomassewable, biomass;
renewable, wind, solar, geothermal; renewable, ivatich were grouped and presented in a simplifeaan in only two
categories with the same unit (megajoule - MJ):

< Consumption of primary energy, renewable (PE-Regnewable energy resources depletion);

e Consumption of primary energy, non-renewable (PEENRR non-renewable energy resources depletion).

It is always preferable to choose a set of indisafoom a robust and unified methodology (definedhis case in the CML
Operational guide to the ISO standards [32]) tllmohibose each indicator from different methodoleg@ervasio [29] justifies
this statement by noting that the interdependefi¢ieindicators is taken into account in each waéttogy, e.g. considering in
the development of characterization factors (farhesategory in CML) that a given emission can dbuate simultaneously to
more than one category. Two more arguments favechoice of CML EIAM and of this set of categoriesthis study [29]:
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the characterization models were developed bas&dimpean data, which is still more important ® thtegories with effects at
a local scale; these categories reflect most gptbsent worldwide environmental concerns.

3.1.4 Energy processes

Processes included in the Ecoinvent database {#7@dch energy carrier appropriately representéhéty of the Western
countries, including Portugal, namely the interdefmnt network between countries that charactetimegternational trade in
electricity [33]. Therefore, these were used aasidto model the energy supply of the productime@sses studied, while the
corresponding quantification was carried out usitg-specific data. Based on a specific composiibtinese energy carriers,
the Ecoinvent database also includes processesdhaspond to the national electricity supply iiedustrial (Electricity,
medium voltage, at grid/PT U) consumers, based hen énergetic mix of 2004. However, to accuratelfimege the
environmental impacts of the companies from thesaomption of energy for production of the insulatipmoducts studied,
these processes were updated using the latestiafion available concerning the Portuguese eldtstmgix (data from 2011)
[34]. The processes themselves were not actuallgifiad, only their share in the national electycinix. In fact, these
processes have already been thoroughly studiedvieral research centres worldwide, and availablé d@tabases include
the relevant results [33]. Moreover, the modellmfigenergy supply systems is very complex becausevilves several
networks of suppliers, processing companies antfitdlisors in a global context [33]. Table 10 prdsethe differences
between the Portuguese electricity mix in 2004 #wedupdated one - of 2011, for industrial consuamptiThese figures show
an increasing contribution from renewable energyi@as (e.g. photovoltaic) and from less harmfuhteologies (e.g. cogen
with biogas), and a reduction in the most harméghnhologies (e.g. hard coal and oil), which is iegdo a mitigation of the
environmental impacts of electric energy use. Tée af the national electricity mix that expresdes gresent reality is even
more important when the manufacturing (A3) is epdrgensive, and, indeed, most of the environmeimtiglacts of the life
cycle of the product come from this stage.

The collection of data on the energy consumptianttie manufacturing of each functional unit wasieram some of the
studies presented in this paper because, in Parindastries that consume more than 1,000 tonfied equivalent (toe) per
year (plants termed intensive consumers of enengyg to undergo energy audits [25]. Each energyt aedort is also a
robust starting point for an LCA study [25].

3.1.5 Allocation procedure

The requirements for the allocation procedure tactwesidered in LCA studies are included in inteioratl and European
standards [19, 20, 22]. These requirements wemntako account when modelling the products studidtlis paper, to allow
the artificial division of the input and output Ws (and relevant environmental impacts) of the apen of each plant by the
different products manufactured in order to assigsroportion to the product system under studyuirsarized description
of the allocation procedure followed in the comptet CA studies is presented in this section forgheducts for which the
consequences of physical (e.g. volume or massgeoidomic allocation have been compared.

The allocation procedure is most critical for protu

1. that are co-produced with other goods

2. for which manufacturing results in production wattat is recycled inside the plant and sold as-product.

The production of expanded polystyrene (EPS) boardsides both situations. EPS boards are prodimety with EPS
granulate until the moulding stage. All the EPSduction waste is milled into regranulate and sditiree allocation
alternatives were considered for this manufactupngcess: volume, mass and economic allocation|€Tab). The first
option appears to be the most obvious and directulse all production flows are measured by thepeombased on the final
production volume of each product (boards, graeutatd regranulate). However, while the final voluaiehe boards is
directly related to their density (15 kg/m3, on i@ge), the final volume of the other two produetsults from the bulk density
(10.5 kg/m3 and 9 kg/m3 for granulate and regraaul@spectively). Therefore, the allocation basedhe final volume does
not express the physical relationship between tleelycts during the production process. The opti@s wo apply mass
allocation (using the final production volume ahd tensity or bulk density) between these thredymts in order to correctly
express the physical relation between them duriagufacturing.

Allocation can also be economic, especially whea difference in revenue from the co-products isloat, which can be

estimated at 9% or more (1% or less is consideezy ow and more than 25% is regarded as high,rdoap to European

standards [22]). It was found in this case thatdifference in revenue between EPS boards andmelgita is around 50%,
that is, high, and the difference between EPS tsoand granulate is around 15% (which is not comsitléo be low). Taking

into account the proceeds from these revenues dbasehe procedure described by Guinée et al. [36}yas found that

economic allocation can increase the share of theéuet system under study (EPS boards) by 5% (TEbleThis alternative

was not selected, however, because it leads tbrésalts that do not respect the underlying phalgielationships between the
products. Moreover, LCA results achieved using eaain allocation do not express the authentic emvivental impacts

related to the production of each co-product. Farrtiore, these results cannot be compared withadlaiL CA results for the

same products (in LCA databases or EPD) becaudattbe are usually achieved using allocation baseg@hysical relations.

Finally, even though this research work does ntovio any specific PCR rules, it was considered maceurate to apply
allocation based on physical relations in all th@l studies completed, instead of applying differalfdcation procedures to
each study.
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The production waste from polyurethane/polyisocyatei(PUR/PIR) board manufacturing is also milled aold and is thus
a co-product of the boards. However, its final and selling price depends on its quality and sizgranulate can be used as a
lightening element in several situations; powdesasd for different industries (e.g. plastics rdgyg or cosmetics). The
allocation between the boards and the producticstevaas done, in this case, directly by the compassuming a 10% share
of all production flows for the latter. This figuderives from the comparison between the volumieladks produced and the
final volume of boards sold.

The manufacturing of ICB boards also co-producegareulate that results from the milling of prodoatiwaste. Three
allocation alternatives were also considered f@g thanufacturing process: volume, mass and econaltication (Table

12).The first option is again the most obvious afigect, for the same reasons as described for ER®Bdb. However,

allocation based on the final volume again does exqiress the physical relationship between the ymtsdduring the

production process (the density of the boards GKdgim3 and the bulk density of regranulate is g0r). The option was
therefore to apply mass allocation (using the fpralduction volume and corresponding density ok loiginsity) between these
two products.

Concerning economic allocation, it was found irs tbise that the difference in revenue between I&zBds and regranulate is
around 27%, which is high. Taking into account pheceeds from these revenues [35], it was fountdebanomic allocation
can increase the share of ICB boards by 4% (TabJeHowever, this alternative was not selectedliersame reasons given
for EPS boards.

4 Results of the LCA studies of thermal insulation meerials

This section covers the environmental impacts ef Rnoduct stage (A1-A3) of thermal insulation materin two phases.
First, the relative percentage contribution of esgh-stage to the cradle to gate LCA results optieeluction of each material
is presented and analysed. Then the cradle tolgaferesults of the production of the insulationstenals are shown and
compared for each environmental category. Thesdtsesere achieved by following the LCA procedudescribed, and their
figures are in accordance with the functional defined for each study.

4.1 Expanded Polystyrene (EPS)

EPS boards are suitable for application in seMandtling assemblies. Figure 3 shows the relativegrgdage contribution of
sub-stages (A1-A3) to the cradle to gate LCA rasolt the production of these boards. This figurewsh a substantial
influence of raw material production (A1) in thevennmental impact of this product (except for OBRd POCP, but from
40% in PE-Re to 78% in PE-NRe). This impact is ttuthe production process of the only raw matargdd: the polystyrene
expandable granulate. Concerning the other contribio environmental impacts, the share of the ufaturing sub-stage
(A3.2) is between 15% (in ADP) and 98% (in ODP)isTsub-stage is dominated by the impact of burmiaghtha in the
boiler (modelled using the Ecoinvent process “Nhphtburned in boiler 100 kW condensing, non-modhgg}, by the
electricity consumption and by pentane and isopentalease during manufacturing (98% of the couatidim to the impact of
A3.2 in POCP). Table 13 presents the relative dmution of the first two of these processes todheer impact categories in
the A3.2 sub-stage.

4.2 Expanded Cork Agglomerate (ICB)

ICB boards are an insulation material that can deduin a number of building assemblies. Figure dwshthe relative
percentage contribution of sub-stages (A1-A3) ® ¢hadle to gate LCA results of the productionhafse boards. Figure 4
reflects the fact that only one raw (and naturafjterial is used in ICB production - the “falca”. ugh the Al sub-stage
contribution is only significant for PE-Re (88.9%)d for ODP (33.9%), the former being mainly redate forests and forest
roads, conservation and maintenance operationsetkmnwthe contribution of manufacturing (A3.2) igrsficant in many
categories, such as AP, EP, GWP and POCP (more8tain

Figure 5 and Figure 6 provide a more detailed amlgf the individual contributors to A3.2 sub-stagpacts for EP and
GWP, respectively. However, the most important gbation to EP (about 40%) is not represented iagdims and
corresponds to the impact of the direct air emissifsom the boiler during the heating of water flog expansion process.
Electricity consumption contributes around 10% ®, vhile the disposal of the wood ash residue fthenboiler for use on
agricultural land is responsible for 48.2% of thmpacts in this impact category. Concerning GWPy celectricity
consumption presents a significant impact (95.8%galise the CO and G@missions from the boiler are biogenic and
therefore not considered in this impact categoryhigyEIAM used (CML).

4.3 Light Expanded Clay Aggregate (LECA)

LECA can be used in the insulation of several bugdelements but it is also used as a raw matarighe production of
lightweight concrete blocks. LECA is available & tmarket both in polyethylene (PE) (50 litres]giaded with 60 bags per
wooden pallet) and polypropylene (PP) bags (opghis containing 1.5 hor 3 nf).

The relative percentage contribution of the sugesgA1-A3) to the cradle to gate LCA results ef ihoduction of LECA packaged
in PE and PP bags is presented in Figure 7 (PEfiginle 8 (PP). PP bags and raw materials do margte packaging waste, thus
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the A3.3 sub-stage does not have impacts for LECPH bags (Figure 8). Only the cumulative impakis43) and the packaging

ones (A3.1) differ for these packaging alternatiid®se figures express the environmental berfeffiansing PP bags (even if only
available from a minimum order of 1.5)nand the impact of the packaging in (PE bags)patidtization. In fact, the difference in
environmental impact on the A3.1 sub-stage of thwsealternatives varies between 1% in ODP and #®E-Re, and it is also

relatively significant for EP (10%) and GWP (8%).

Considering Figure 8, a more detailed analysidhefdther life cycle stages can be made. ManufaxgA3.2) is responsible
for a large share of the environmental impacts éban 78% in every category). The main indiviceaitributors to this sub-
stage are presented in Figure 9, Figure 10 andr&ityli for three impact categories (AP, EP and GWRgse figures show
that the contribution of coke production to envimental impacts varies between 20.8% (AP) and al®io%t (EP). Electricity

consumption also has a share in these categorigsh wan vary between 5.02% (AP) and 24.7% (EPh amn intermediate
value in GWP (12.9%). Environmental impacts frorasail stacker operation are around 5% in EP, whéeshare that is not
represented (more than 70% in the AP diagram -rEi§uand more than 60% in the GWP diagram - Figdjeresults from

the impact of the direct air emissions from the kilring the baking process.

4.4 Polyurethane (PUR)

PUR boards can be used in walls and roofs, for elanfrigure 12 shows the relative percentage dmrticn of sub-stages
(A1-A3) to the cradle to gate LCA results of theguction of these boards. The importance of raven@tproduction (Al)

in PUR/PIR environmental impacts is expressed gufd 12. The contribution of this life cycle stagen fact significant to
many categories (more than 75% for PE-NRe, ADP, &RWP and POCP), and is only less than 40% for PE-Re
Manufacturing (A3.2) has an impact of 27% for tberer category mainly due to electricity consumptituring this stage.
The burdens related to packaging waste (A3.3) aiaelyndue to the fabrication of the metal bins (naaterial packaging).

Figure 13, Figure 14 and Figure 15 provide a matitkd analysis of the individual contributorstibe Al-A2 sub-stages’
impacts for EP, GWP and POCP, respectively. Imfrach transportation (A2) is higher on EP (13%), hiaw materials
(polyol and isocyanate) share the remaining pastahpacts on this and the other two categorietyd®das a higher impact
on POCP (61.6%), with a contribution of about Hhal§ value to the other two categories (EP and GW48cyanate, on the
other hand, makes a lower contribution to POCP (3#¥d is the main contributor to EP (53.7%) and5{83.2%).

4.5 Extruded Polystyrene (XPS)

Extruded polystyrene (XPS) boards are suitableafiplication in the building envelope, particulaiyexternal walls (within
an external thermal insulation composite systemT4CS, or internal thermal insulation, usually gluéd gypsum
plasterboards). Cradle to gate LCA results of ttapction of one cubic metre of XPS depend on ihal thickness of the
boards, because one set of blowing agents is wsetthi€knesses of 80 mm or less (dimethyl ether eartbon dioxide) and
another one is used for thicknesses of 80 mm oken(ifluoroethane and ethanol). Therefore, thesalt® are presented in
two parts.

Figure 16 shows the relative percentage contributib the sub-stages (A1-A3) to the cradle to ga@ALlresults of the
production of boards with thickness of 80 mm osles

The importance of raw material production (Al) tBXenvironmental impacts is expressed in Figurd hé.contribution of
this life cycle stage is in fact significant to nyacategories (more than 65% for PE-NRe, ADP, AP @\dP), and is only
smaller than 40% for PE-Re, ODP and POCP. ManufiactfA3.2) has an important impact on many categofmore than
25% for AP, EP and GWP and more than 50% for PEER2P and POCP) mainly due to electricity consunptod air
emissions during this stage. These air emissiansnainly generated during the internal recyclingafduction waste and by
the release of dimethyl ether during the extruginctess.

Figure 17, Figure 18 and Figure 19 provide a martitbd analysis of the individual contributors Ad-A2 sub-stages’
impacts for ADP, EP and POCP, respectively. Imgemin transportation (A2) is only important to EP/4B while raw

materials (mainly polystyrene, but also dimethyleztand flame retardant) share the remaining pafciehpacts on this and
on the other two categories. Polystyrene has ahighpact on ADP and POCP (93.7% and 92.2%, reispdgt and makes a
lower contribution to the other category (76.3%). Dimethyl ether, on the other hand, makesighdst contribution to EP
(8.93%), and it is also on this category that thpact of the flame retardant is more significan8246).

Figure 20 shows the relative percentage contrinufosub-stages (A1-A3) to the cradle to gate L&2uits of the production
of boards with thickness of 80 mm or more.

The LCA results for XPS boards with thicknes80 mm (Figure 16) only differ from those of thealbds with thickness 80
mm (Figure 20) in the Al and A2 stages, as expedibd importance of raw material production (Al)lso similar and
significant for both groups of thicknesses (Figliéeand Figure 20).

A more detailed analysis of the individual conttitmg to stage Al (and A2) impacts is provided ibl&&al4. In fact, almost all
the burden of each impact category results fronmygtpiene and difluoroethane production, except @bpP (with a
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contribution of 22.4% of the flame retardant). Ttable therefore presents the relative contributbboth raw materials to
each impact category in the A1 and A2 sub-stadresqontribution of the latter sub-stage is lowantB% in every category).

4.6 Comparison of LCA results per functional unit

The comparative results per f.u. for the five tharinsulation materials are presented in Tableld®eneral, all insulation
materials make a low contribution to ODP and PE-&eept ICB in the last category. This impact igted to forests and
forest roads, conservation and maintenance opesatio allow raw material extraction (see 4.2). I8Balso the product
making the most significant contribution to EP, ghiis mostly related to direct air emissions frdm boiler during the
heating of water for the expansion process (abb@t)4and to the disposal of wood ash residue (frioenlioiler) for use on
agricultural land (48.2%).

With respect to ADP, an almost linear relationskips found with PE-NRe (Figure 21), which shows #hgnificant
contribution of the consumption of fossil resourt@ADP in the production process of these matgriaECA has the most
significant impact on both categories, principallye to the consumption of coke and electricity migininanufacturing (A3.2,
see 4.3).

Figure 22 presents the cradle to gate (A1-A3) emvitental impacts per f.u. of the insulation matersudied for two of the
categories related to the harmful effects of ailissions (AP and POCP). LECA is the material thaispnts the most
significant impact on AP (around four times highban the rest). This is due to coke production 824), electricity
consumption (5.02%) and direct air emissions frbekiln during the baking process (more than 7086 (4.3). On the other
hand, XPS has an impact around four times higherPQCP than the other materials. This impact resiutisn the
manufacturing stage (A3.2), mostly due to eledyriconsumption and air emissions generated duhiagdrternal recycling of
production waste and by the release of dimethydretluring the extrusion process (see 4.5). It viss faund that PUR has
the lowest environmental impacts both on AP an®OCP, of the materials studied.

Finally, the comparison of the cradle to gate (A3yAmpacts on the categories GWP and PE-NRe fdan e@terial (Figure
23) shows that only two materials do not preserdlarost linear relationship between these two categ. First, XPS boards
with thickness> 80 mm have higher GWP than expected, mainly dustoe impacts during raw materials production (i.e.
polystyrene) and manufacturing (A3.2), due to aiissions generated during the internal recyclingrofluction waste and by
the release of dimethyl ether during the extrugitotess), for which there is no corresponding irtgrdrconsumption of non-
renewable resources (see 4.5). LECA, meanwhilesepts a higher impact on PE-NRe than expectedalbathas the most
significant GWP among the materials studied. Theessive impact on PE-NRe is due to the high conSompf coke during
manufacturing (A3.2, see 4.3), which produces miiseions more prone to generate AP (Figure 22) Gl\afP.

5 Conclusions

Insulation materials have proved to be a good teldgy to reduce energy consumption and hence latljgee sustainability
in buildings. This work focused on the most comrttiermal insulation materials available in the Pguese market: extruded
polystyrene (XPS), expanded polystyrene (EPS),yethane (PUR), expanded cork agglomerate (ICB)lightl expanded
clay aggregates (LECA). The environmental impadtshese materials were evaluated by means of dectadgate LCA
methodological approach that enables decision-rsakennderstand their environmental behaviour.

The five LCA studies completed confirmed the tim&nsive and iterative nature of data collectiod #re importance of
giving permanent attention to allocation in mangteyn processes. Data quality can vary a lot foh egstem process studied,
as was confirmed by the characterization of thdityuaf the information provided by each of the qoamies for the LCA
studies of their relevant products.

The choice of the principles to be applied in tl@ALof each insulation product, following the guiidels defined in standards,
were of foremost importance to guarantee the séieralidity and the innovation of the results pemted in this paper.
Several LCA studies of thermal insulation matertzse already been performed worldwide, but, mbshese studies were
limited in terms of the number of insulation maaésiand environmental categories considered, ame o not even follow
the 1SO 14040 series of international standardssTthe LCA results presented in this paper cacobsidered scientifically
sound by having been achieved through a consistettiodology that also takes into considerationntiost recent European
standards. These results are also innovative anid-dpte LCA data on insulation products for uséuiidings, in particular
related to the manufacturing of LECA and ICB boards

The cradle to gate LCA results per life cycle stagd environmental category of each insulation natkave been presented
and analysed, along with the identification of thecesses that contribute most to each categorsgneSmeaningful
conclusions can be highlighted from these results:

e EPS makes a low contribution to all impact catezgprand, therefore, has a good environmental pesioce in
comparison with the alternatives. The A1 raw mategshase turns out to be very important for EPSabse most of the
environmental impacts are generated in this phase;

* ICB makes a low contribution to the impact categ@PE-NRe, GWP and ADP, which indicates that tloelyetion of
ICB involves low consumption of fossil fuels. Netreless, ICB has a significant bearing on EP dudecoperation of
the boiler. Furthermore, the environmental impadsociated with ICB production mainly come from fiveduction
phase (A3.2);
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* PUR makes a relatively low contribution to all inspaategories. The majority of the environmentgbats are generated
in the raw materials phase (Al), due to the pradoatf these components;

* XPS presents a similar environmental profile to PEkRcept with respect to GWP and POCP. For therlXPS presents
the worst performance of all materials evaluated UECA has higher impact on GWP;

e LECA makes the biggest contribution to six out ajh¢ environmental impact categories, partly duethe large
consumption of fossil fuels in the production stdé&.2) but also due to the high reference flowoaggted with its
functional unit.

“Raw material extraction and processing and prangssf secondary material input” (A1) makes a digaint contribution to

the cradle to gate environmental impacts of ingutatnaterials, except for the ones based on natavamaterials (LECA and

ICB). This highlights the importance of selectifg tmost appropriate databases and relevant preciss@odelling this life

cycle stage. It was also found that some life cystleges such as transportation of raw materialg, (p2ckaging and

packaging waste (A3.1 and A3.3, respectively), may be discarded in a cradle to gate study becthese can make a

significant contribution to some environmental gaiges and insulation products. The results alsdfico that the ODP

category should continue to be considered in LGAliss (despite its relatively low importance), hessasome background
processes are not updated and still consider taeU€FC in industry and because HCE€missions can occur in current
manufacturing processes. Some specificity that mesaken into account in the LCA of building protiuwas also identified,
including the diverse and significant environmentapacts of each stage of their life cycles, aral ithportance of giving
permanent attention to allocation in many systemc@sses. Furthermore, a sensitivity analysis wafonneed for two
materials to evaluate the consequences of phy&aalvolume or mass) and economic allocation idlr€sults.

The use of an updated national electricity mix 9seatial for a cradle to gate LCA, and it is evesranimportant when the
manufacturing is energy intensive and most of tindrenmental impacts of the life cycle of the protlaome from this stage.
Therefore, the latest information available abbiet Portuguese electricity mix was considered talide to accurately estimate
the environmental impacts of the companies arimg the consumption of energy for the productibthe insulation products.
The definition of appropriate and agreed weightsefach environmental impact category can providelte that are essential
for the building designer. Thus, a single scoreiremmental indicator for the performance of insidatmaterials can be
provided and used in the selection of the one thighbest environmental profile for each particuise.
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Table 1
Physica Fibrous Cellular Granular
structure
Chemical
compositior
Mineral Mineral wool - MW Foam glass (CG) Expanded perlite; Expanded vermiculite;
“inorganic” (Glass/Stone wool - GW and SW) Light Expanded Clay Aggregate (LECA)
Oil-derived - EPS; PUR/PIR; EPS and XPS regranulate
“organic synthetic” XPS
Plant/animal Cellulose; Wood wool; Cotton/Sheep ICB (Figure 1); ICB regranulate; Recycled paper
derived “organic wool; Duck feathers; Flax; Hemp; Stre Recycled paper
natural’ bale; Recycled paper or denim
Table 2
Insulation material commercial form Insulation material
Loose-fill that can be blown-in CG and SW
Loose-fill Expanded perlite or vermiculite; LECA; EPS, XPS 08 regranulate; cellulose
Mineral fibre blankets, batts and MW, GW and SW
rolls
Rigid boards foamed or sprayed in- ICB, EPS, XPS and PUR/PIR and GW
place (PUR/PIR)
Other insulating solutions Lightweight concrete blocks; precast concrete witigid insulation foam placed

in the core (sandwich panel); insulated ConcretenBdICF - Figure 2); reflective
materials (aluminium foil or ceramic coatings)
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Table 3
Country Research Material Application LCA study
study Boundaries  Type of inventory data LCI flows Environmental category  Standards
followed
Belgium [9] GW Cavity wall, Cradleto grave  Ecoinvent database and - Global warming, ozone layer  Not
PUR pitched roo Environmental Profiles depletion, eutrophication, documente
SW and grounc project from members of photochemical ozone creation
floor Eurisol in the United and acidification of air and water
Kingdom and PU Europe
Canada [38] Cellulose, fibreboard, EPS, - Cradle to gate and Based on literature - Embodied primary energy Not
GW, MW, PUR, XPS building operation documente
Europe  [39, 40] SW Roof Cradle to grave Site-specific  Consumption of ener¢ Global warming, acidification,|SO 14040
Flax European average and water, production nutrient enrichment, standard
(weighted average over a of solid waste, air  photochemical ozone creation series
period of five years) emissions (i.e. C§)  and generation of solid waste
Paper wool Literature NO, and SQ)
Greece [3] EPS Load Cradle to grave Site-specific - Embodied energy, global Not
MW bearing (including board warming potential, acidificatiodocumente
PUR walls manufacture, potential, eutrophication
XPS transportation and potential and photochemical
building operation) ozone creation potential
Greece [41] SW - Cradle to gate  European and Greek CO, emissions, electr Global warming, acidification,|SO 14040
XPS (including databases and heating energy eutrophication, smog, solid andstandard
transportation) consumed, raw, liquid wastes production series
auxiliary and packagir
material consumption
Italy [10] Kenaf fibre insulation boarc - Cradle to grave Site-specific and basedConsumption of ener¢Global warming potential, glob ISO 14040
(and compared to SW, flax, (including boards on literature (based ona(renewable and fossenergy requirement, acidificati standard
paper wool, PUR, GW and manufacturing, literature for the and water, production  potential, eutrophication series
MW) installation, materials in brackets) of solid waste, air andpotential, photochemical ozone
maintenance, use water emissions  creation potential, ozone layer
and end-of-life) depletion potential
Spain [42] EPS, SW, PUR, cork, - Not documented Water consumption Embodied enerdyknial Not
cellulose fibre-based warming potential documente
materials and wood wool
Thailand [43] Bagasse, coconut coirand - Cradle to gate  Sitspecific and based «  CO, emissions Embodied energy ISO 14040
rice hulls (and compared to literature (based on standard
cellulose, fibreglass and SW) literature for the materia series

in brackets)
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Table 4
LCA . . . . . . -
boundaries Life cycle stages / LCA information modules Lifecty stage designation and description
% = Al raw material extraction and processing, processirsgcondary material input
@ o Product stage (A1-A3) A2 transport to the manufacturer
oe A3 manufacturing
. A4 transport to the building site
. Construction process stage (A4-A5) AS installation in the building
© E B1 use or applicatio_n of the installed product
k g’ Q@  Use stage - information modules related to th%é maintenance
5 2 3 - . repair
< building fabric (B1-B5)
22 o B4 replacement
o g 8 B5 refurbishment
-cis O % Use stage - information modules related to th@6 operational energy use
O o operation of the building (B6-B7) B7 operational water use
C1 de-construction, demolition
e i Cc2 transport to waste processing
End-of-life stage (C1-C4) C3 waste processing for reuse, recovery and/or raay¢BR)
C4 disposal
Benefits and loads b(%);ond the system boundaéy reuse, recovery and/or recycling (3R) potential
Table 5
Scale Confidence Integrity Temporal correlation Geographic correlation Technological correlation
1 Verified® data and based (Data representing a sufficiémumber of companies ov Maximum difference of . Data from the region being Data from the company being
measurements a period that enables the elimination of fluctuagio years from the year beir studied studied
studied
2 Partially verified data anc Data representing a small number of companiesiobu Less than 6 years Average data from a regior Data from the same
based on hypothe§jr not appropriate periods difference larger than that being studie processes/materials but from
verified but based on but including it other companies
measurements
3 Unverified data and partia Data representing a suitable number of companigdpt Maximum difference of Data from a region with simil: Data from the same
based on hypothesis short periods 10 years production conditions processes/materials but from a
different technology
4 Verified or qualified Representative data but from a small number of Difference less than 1¢  Data from a region with Data from similar
estimations (produced b companies and from short periods, or incompleta d years production conditions with processes/materials but analoc
experts) from a suitable number of companies and periodtutuns some similarities technology
5 Neither verified nor Unknown representativeness, or incomplete data &c Unknown age of data o Data from an unknown regio Data from similar
qualified data estimation: small number of companies and/or short periods difference more than 1! or from a region with very processes/materials but different
years different production condition technology
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Notes to Table 5:

& Data can be verified by comparison with originatdments, by repeating the calculations, by corsparwith other sources, by material or energy lwaanetc.

Experimental measurement techniques must be tescin the report.

¢ In order to be statistically representative datachnot be complete. However, the chosen samplé meusindomly chosen and be of an appropriatetsite reproducible and truly
reflect the characteristics of the whole population

4 The considered hypothesis must also be specifigiki report.

Table 6
Company that Quality of the information used in the LCI of the building products studied (based on Table 5)
produces: (Average Confidence (AV = 2.2) Integrity (AV = 3.1); market share (%) Temporal correlation Geographic Technological
value - AV) (AV =1.2) correlation (AV = 1) correlation (AV =1)
LECA (1.2) 1 - Verified data (internal reports and visit te tt 2 - One company and a two-year period; 3 1 -2010 and 2011 1 1
production line) and based on measurement of national production and sales
XPS boards (1.4) 2 - Unverified (but including a visit to the product 2 - One company and a two-year period; 5 1 - 2010 and 2011 1 1
line) but based on measurements of national production and 30% of sales
EPS boards (1.6) 2 - Partially verified data (internal documents a 2 - One company and a three-year peric 2 - 2008. 2009 and 1 1
visit to the production line) and based on hypadgh 2010
PUR boards (2.4) 5 (and not including a visit to the production Jin 4 - Representative data but from only on 1-2012 1 1

company and from short periods (data
measured from the process0% of nationa
production for the construction sector

ICB boards (1.6) 2 - Unverified (but including a visit to the product 2 - One company and a two-year period; n 2 - 2008 and 2010 1 1
line) but based on measurements important company in the national marke
Table 7

Insulation material  Density (kg/m?)  Thermal conductivity (W/m.K) Thickness(mm) Weight (per f.u.) (kg) Average weight (per f.u.)(kg)

EPS 15 0.0396 20-100 0.594
ICB 110 0.04 20-100 4.4
LECA 297 (bulk density) 0.1 8-16 (size of granules 29.7
PUR 35 0.023 20-60 0.81
0.034 30 1.02
0.035 40 1.05
0.035 50 1.05 1.05
XPS 30 0.035 60 182
0.036 80 108
0.038 100 1.14 1.12
0.038 120 1.14
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of buildings.

Table 8
Insulation material Raw material; process chosen (data age) LCA databases
LECA Clay; Clay, at mine/kg/CH (2003) Ecoinvent [27]
QOil; Lubricating oil, at plant/kg/RER (2003)
Dimethyl ether; Dimethyl ether, at plant/kg/RER @3) Ecoinvent
Polystyrene crystals; Polystyrene (general purpgss)ulate (GPPS) Plastics Europe (ELCD) [44, 45]
XPS production mix, at plant (2002)
Difluoroethane; 1.1-difluoroethane, HFC-152a, ainpkg/US (2007) Ecoinvent
Fire retardant; Chemicals organic, at plant/kg/GR003)
EPS Expandable polystyrene; Polystyrene expandableugan(EPS), ELCD
production mix, at plant RER (2003)
PUR Polyol; Aromatic Polyester Polyols (APP) with FlaRetardant (200¢ PU Europe - Federation of European Rigid PolyumtHaoam Associations [46]
Isocyanate; MDI E (2000-2004) Plastics Europe
ICB “Falca”; Raw cork, at forest road/kg/RER (2003) Ecoinvent
Table 9
o o Characterization model o
Category indicator (abbreviation) - - - - LCIA indicators
Designation Time span Geographical scale
Abiotic depletion potential (ADP) Concentration reserves and rate of depletion &tzagscale - kg antlmom(/e(qS;J ) equivalents
Global '
Global warming potential (GWP) Baseline model of the IPCC 100 years kg carbon dioxide (C¢) eq.
Ozone depletion potential (ODP) Steady-state based on WMO [47] model kg CFC-11 eq.
Acidification potential (AP) Adapted RAINS 10 model Infinite kg sulphur dioxide (S¢) eq.
Eutrophication potential (EP) Stoichiometric procedure [48] Varies between loc: kg phosphate (P9) eq.
i i i isai and continental
Photochemical ozone creation potential (POCF United Nations Economic Commission for Europe (UM 5 days kg ethylene (gH,) eq.

trajectory model (including fate)
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Table 10
E . Ecoinvent (2004) Electricity mix/PT - ERSE (2011)
nergy carner Electricity mix/PT Companies
Hard coal, at power plant 31 25
Lignite, at power plant 1 0
Qil, at power plant 12 1
Natural gas, at power plant 25 26
Hydropower 21 21
Nuclear 4 8
Production mix photovoltaic 0 1
Wind farm 3 4
Cogen with wood 3 4
Cogen with biogas 0 10
Table 11

] Manufacturing share (%)
Allocation procedure

EPS boards EPS granulate  EPS regranulate

Volume 39 52 9

Mass 50 43 7

Economic 55 41 4
Table 12

) Manufacturing share (%)
Allocation procedure

ICB boards ICB regranulate

Volume 75 25

Mass 83 17

Economic 87 13

Table 13
Category indicator Relative contribution (%) to A3.2
Electricity Naphtha, burned in boiler 100kW condensing, non-modlating
ADP 15 83
AP 37 61
EP 47 51
GWP 14 85
ODP 7 92
Table 14
Category indicator Relative contribution (%) for A1-A2
Polystyrene Difluoroethane

ADP 94 3

AP 72 26

EP 56 40

GWP 91 8

ODP 1 69

POCP 78 19
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environmental life cycle assessment of thermal insulation materials of buildings.

Table 15
Material ,\'jgé PERe ADP AP EP GWP  ODP  POCP
g [MJ] [kg Sbeqlkg SCeq[kg PO,eq] (kg CO, eql kg R-11 eq [kg CHil
EPS 738 063 0035 0011 135603 325  925E-08 583E-03
ICB 328 307 0013 0036 0016 161  111E-07 255E-03
LEem (E:gg'sed PE 303 249 0126 0108 746E-03 807  207E-06 4.95E-03
LECA (PP bags) 282 4.44 0118 0106 6.63E-03 742  205E-06 4.75E-03
PUR 826 337 0035 0013 156E-03 333  8.23E08 117E-03
. (th;rc]';:‘)eSSE 80 968 131 0047 0017 183E-03 521  430E08 0013
XPS (th;rc]';:‘)essi 80 04 157 005 0022 245603 708  454E08 0012

FIGURE CAPTIONS

Figure 1 - Portuguese Pavilion at the Xangai exioibi[49]

Figure 2 - Insulated Concrete Forms (ICF) [50]

Figure 3 - Relative contribution of each sub-staEPS production to environmental impacts

Figure 4 - Relative contribution of each sub-staf,CB production to environmental impact

Figure 5 - Contribution of A3.2 sub-stage of ICB@uction to EP with 1% cut-off, generated in Sin@aPr

Figure 6 - Contribution of A3.2 sub-stage of ICBguction to GWP with 1% cut-off, generated in SimaP

Figure 7 - Relative contribution of each sub-stajethe production of LECA in palletized PE bags to
environmental impact categories

Figure 8 - Relative contribution of each sub-stafi¢he production of LECA in PP bags to environnaént
impact categories

Figure 9 - Contribution of A3.2 sub-stage of LEC¢uction to AP with 5% cut-off, generated in SimaP

Figure 10 - Contribution of A3.2 sub-stage of LE@Mduction to EP with 5% cut-off, generated in Shra

Figure 11 - Contribution of A3.2 sub-stage of LE@#oduction to GWP with 5% cut-off, generated in
SimaPro

Figure 12 - Relative contribution of each sub-stafffUR/PIR production to environmental impacts

Figure 13 - Contribution of Al plus A2 sub-stagé®R/PIR production to EP with 1% cut-off, genechin
SimaPro

Figure 14 - Contribution of Al plus A2 sub-stagé®R/PIR production to GWP with 1% cut-off, gertech
in SimaPro

Figure 15 - Contribution of Al plus A2 sub-stagé®UR/PIR production to POCP with 1% cut-off, geated
in SimaPro

Figure 16 - Relative contribution of each sub-stafjthe production of XPS boards of thicknes80 mm to
the environmental impact categories

Figure 17 - Contribution of Al plus A2 sub-stagéX®S boards with thickness80 mm production to ADP
with 2% cut-off, generated in SimaPro

Figure 18 - Contribution of Al plus A2 sub-stagésX®S boards with thickness 80 mm production to EP
with 2% cut-off, generated in SimaPro

Figure 19 - Contribution of Al plus A2 sub-stagéXBS boards with thickness80 mm production to POCP
with 2% cut-off, generated in SimaPro

Figure 20 - Relative contribution of each sub-stafjhe production of XPS boards with thicknes80 mm to
environmental impact categories

Figure 21 - Cradle to gate (A1-A3) environmentapants on PE-NRe and ADP per f.u. of the insulation
materials studied

Figure 22 - Cradle to gate (A1-A3) environmentapaunts on AP and POCP per f.u. of the insulatiorenels
studied

Figure 23 - Cradle to gate (A1-A3) environmentapanots on PE-NRe and GWP per f.u. of the insulation
materials studied
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Figure 2
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Life cycle assessment “from

cradle to cradle” of bilding assemblies - application to external walls

Table 6.1.1 - LCA databases characterisation

Characteristics ATILH BRE CEMBUREAU
Designation of the databasEPD Inventaires de Cycle de vie Environmental profiles CEMBUREAU
Programme
Country France United Kingdom European
Webpage www.infociments.fr/developpe www.greenbooklive.com

Organisation responsible for the

durable/icv-ciments

ment-durable/construction-

www.cembureau.be

data/Manager of the EPD
Programme
Methodology/PCR followed

I'Industrie des Liants
Hydrauliques (ATILH)

Association Technique de

French standard NF P01-01

Building Research Establishmen

! European Cement Association

0 Methodology for enviremtal

profiles of construction products

Based on ISO 14020:2005, ISO 14025:2006, ISO 12006
ISO 14044:2006

majority of the profiles are of

(2007) PCR 2004: or preparing an EPD for Product Group
“Cement” (Environdec)
Availability of data (public/paid) Public Public Public (available in ELCD and in Emndec)
Number of documents available 9 More than 250 1
Availability of materials in the Cement PUR boards (cradle-to-grave); the
scope of the study

Cement

complete construction assemblies
Type of LCA data set (generic, National average Individual EPD European average
EPD or average)
Sampling procedure (country, Country weighted mean Plant Aggregation of repriedeme plant data weighted according
Europe, producer, plant) production
Critical review/verification External No External
Market share of average LCA 85 % -
data (%)

Not documented
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Table 6.1.2 - LCA databases characterisation (ocoation)

Characteristics

DAPc Ecoinvent ELCD
Designation of the databas&PD | Declaracion Ambiental de Produto (DAPc) Ecoinvent version 2.2 European Life Cycle Databession 2.0
Programme
Country Spain Swiss European Union
Webpage es.csostenible.net/dapc/ el-sistema-dapc www.eeairsh http://lca.jrc.ec.europa.eu/ Icainfohub/datArea.vm.
Organisation responsible for the Col-legi d"Aparelladors, Arquitectes Técnic

data/Manager of the EPD
Programme

Enginyers d'Edificaci6 de Barcelona e
Generalitat de Catalunya; Generalitat de
Catalunya

s$wiss Centre for Life
Cycle Inventories

European Platform for LCA

Methodology/ PCR followed

EN 15804:2012National-based
development for each group of materials

Ecoinvent methodolog

Yy

ISO 14040:2006, ISO 14044:2006

Availability of data (public/paid)

Public

Paid

Open access database developed

Number of documents available:

10

LCI of 4,000 industrialL.Cl of 300 processes supplied by associations afiycers fron

processes EU and by other sources for the most common métegaergy
suppliers, transports and waste management
Availability of materials in the SW; ceramic tiles All Gravel and sand; SW; lightgfgi concrete blocks; gypsum
scope of the study plasterboards and plasters
Type of LCA data set (generic, Individual EPD Generic Generic
EPD or average)
Sampling procedure (country, Plant Average from industry Average from European industry
Europe, producer, plant) (Swiss or European)
survey or literature
based
Critical review / verification External Internal critical Internal
verification
Market share of average LCA -

data (%)
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Table 6.1.3 - LCA databases characterisation (ocoation)
Characteristics Environdec IBU

Designation of the International EPD System Umwelt-Deklarationen (EPD)
databaseEPD Programme

INIES
Programme de Déclaration
Environnementale et Sanitaire pour le
produits de construction

Ul

Country Sweden (origin) Germany France
Webpage www.environdec.com bau-umwelt.de/ hp421/Declaratioim www.inies.fr
Organisation responsible for the Swedish Environmental Management Institut Bauen und Umwelt Ten French organizati@ms/ernmental,
data/Manager of the EPD Council scientific and industrial),
Programme
Methodology/PCR followed Per group of materials EN 15804:2012 (most recent EPD); French standard NF P01-010
Nationa-based development for each gr
of materials
Availability of data (public/paid) Public Public Public

Number of documents available 8 groups of construction materials Construction materials and products div 700 individual or average/joint EPD

in 10 groups, including floor and roof;  covering 5,000 commercial references
coverings, masonry, wood-based and

insulation materials
Availability of materials in the | Cement; concrete; EPS; PUR/PIR; XE EPS; SW; PUR/PIR; XPS; lightweight

SW; PUR/PIR; XPS; hollow fired-clay

scope of the study hollow fired-clay bricks; lightweight | concrete blocks; masonry mortar; cerarpitcks; lightweight concrete blocks; masa
concrete blocks; ceramic tiles tiles; dry pre-mixed mortar mortar; ceramic tiles; GFRC panels; gyp
plasterboards and plasters; dry pre-mixed
mortar; two-component adhesive
Type of LCA data set (generic, Individual and joint EPD Individual and joint EPD ndividual and joint EPD
EPD or average)
Sampling procedure (country, Plant Plant, or weighted mean from company Bfant, or weighted mean from company|or
Europe, producer, plant) from country from country
Critical review/verification External review and approval by an Advisory board Third-party verification (only foome
accredited certification body EPD)
Market share of average LCA -

data (%)
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Table 6.1.4 - LCA databases characterisation (ooation)

Characteristics Norwegian EPD Foundation Plastics &rope 2005 Portuguese EPD
Designation of the databas&PD Norwegian EPD Foundation Plastics Europe Eco-profile alPD STEPWISE EPD
Programme Programme
Country Norway European Portugal
Webpage www.epd-norge.no/ www.plasticseurope.org.
Organisation responsible for the Confederaibn of Norwegian Enterprise (NHO); Federat
data Manager of the EPD

Programme
Methodology/PCR followed

of Norwegian Building Industries (BNL)

Plastics Europe — Association of
Plastics Manufacturers

httptreeif.se/stepwiseEPD2
European Research Project
“STEPWISE EPD”

Availability of data (public/paid)

National-based development for each group of maleri

Public

LCI methodologyPCR for
Uncompounded Polymer resins an
reactive polymer precursors

STEPWISE EPD guideline

Number of documents available

Public (available in Ecoinvent and

Public
ELCD)
Construction materials and products divided in ddugs, Eco-profiles of almost every plastic One
including concrete, cement, building boards andlatson product available in the market
materials
Availability of materials in the SW; gypsum plasterboards PUR/PIR Pre-mixed concrete
scope of the study
Type of LCA data set (generic, EPD Individual EPD Generic Individual EPD
or average)
Sampling procedure (country, Plant Average from European industry Plant
Europe, producer, plant)
Critical review/verification Third-party verification External Internal criticaérification
Market share of average LCA data -
(%)
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Table 6.1.5 - LCA databases characterisation (ocoation)

Characteristics Portuguese average LCA data set PBurope SLCA
Designation of the databas&PD EPD progranme in the ceramic industrial sector PU Europe calculation tool Database for “simplifie€CA -
Programme SL SLCA
Country Portugal European France

Webpage - WWW.pu-europe.eu -

Organisation responsible for the

Technological Centre for Ceramic and Glas

sPU Europe - European association of PU insulati@entre Scientifique et Technig

data Manager of the EPD Portuguese Association of the Ceramic Industry manufacturers du Batiment (CSTB)
Programme
Methodology/PCR followed ISO 14040:2006, ISO 14044:200%ational- European Standards (CEN/TC 350) -
based development for each group of materials

Availability of data (public/paid) Public Public Private
Number of documents available Four Two 750 processes
Availability of materials in the Masonry units with vertical hollows and wall PUR/PIR See INIES and Ecoinvent
scope of the study tiles columns
Type of LCA data set (generic, EPD Average EPD/Generic Generic See INIES and Ecoinve
or average) columns

Sampling procedure (country,
Europe, producer, plant)

Average by country and use

Average from Europedusitny

Critical review/verification

Third-party verification

Third-party verification

Market share of average LCA data

(%)

Not documented

Not documented

See INIES and Ecoinve

columns
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Table 6.11.1 - Construction materials - Product, construction and use stages

Construction materials ATILH CEMBUREAU Ecoinvent ELCD Envirodec Portuguese EPD
Cement Al1l-A3.3 Al-A3 Al1-A3 A1-A3
Concrete Al-A3 A1-A3 A1-A5
Gravel and sand Al Al
Gypsum Al
Reinforcing steel Al

Notesto Table 6.11.1: A3 represents the manufacturing sub-stage, except the packaging material. A1-A3 represents the product stage, except the packaging material. A1-A3.3
represents the product stage, including the packaging material. * - products studied in the scope of this thesis using site-specific data.

Table 6.11.2 - Construction materials - End-of-life stage

Construction materials ATILH CEMBUREAU Ecoinvent ELCD Envirodec Portuguese EPD
Cement
Concrete C1-C2; C4 C1-C4; D
Gravel and sand C1-C2; C4
Gypsum
Reinforcing steel C1-C2; C4

Note to Table 6.11.2; * - products studied in the scope of this thesis using site-specific data.

Table 6.11.3 - Elements of the wall structure - Product, construction and use stages

Elements of the wall structure Ecoinvent ELCD Envirodec IBU INIES Portuguese averge LCA data set
GFRC precast panels* A1-A3 A1l-A3.1; A4-A5; Bl
Hollow fired-clay bricks Al-A3.1 Al-A3.1; A4 Al1l-A3.1; A4; A5 Al-A3.1
Lightweight concrete blocks* Al-A3.1 Al1-A3.1 Al_'AAZAi A3, Al-A3.1 A1l-A3.1; A4; A5; Bl
Masonry mortar* A1-A3 A1-A3.1; A4 Al1l-A5
Reinforced concrete

Note to Table 6.11.3: A3 represents the manufacturing sub-stage, except the packaging material. A1-A3 represents the product stage, except the packaging material. A1-A3.3
represents the product stage, including the packaging material. * - products studied in the scope of this thesis using site-specific data.
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Table 6.11.4 - Elements of the wall structure - End-of-life stage

Elements of the wall structure Ecoinvent ELCD Envirodec IBU INIES Portuguese averge LCA data set
GFRC precast panels* C2;C4
Hollow fired-clay bricks Cl1-C2; C4 C2;C4
Lightweight concrete blocks* Cl1;,C2; C4
Masonry mortar* Cl-C4 C4; D C2;C4
Reinforced concrete C1-C2; C4

Note to Table 6.11.4: * - products studied in the scope of this thesis using site-specific data.

Table 6.11.5 - Insulation materials - Product, construction and use stages

Insulation DAPc Ecoinvent ELCD | Envirodec IBU INIES Norwegian EPD Foundation| Plastics |PU-Europe
materials Europe 2005
EPS* Al1l-A3 Al; A2-A3.1; {A1-A3.1; A4-A5
A4+C2+C4
ICB* Al-A3
LECA* Al-A3.1 Al-A3
PUR/PIR* Al1l-A3 Al1l-A3.1; A4 A1-A31;, A4 Al1-A3.1; A4; A5 A1-A3 A1-A3
SW Al1l-A3.1; A4; A5 A1-A31 Al1-A3 Al-A31 A1-A3; A4; A5 Al- A5
XPS* Al1l-A3 Al-A3.1; A4 i A1-A3.1;, A4 Al1-A3.1; A4; A5

Note to Table 6.11.5: A3 represents the manufacturing sub-stage, except the packaging material. A1-A3 represents the product stage, except the packaging material. A1-A3.3
represents the product stage, including the packaging material. * - products studied in the scope of this thesis using site-specific data.

Table 6.11.6 - Insulation materials - End-of-life stage

Insulation | DAPc Ecoinvent ELCD Envirodec IBU INIES Norwegian EPD Plastics |PU-Europe
materials Foundation Europe 2005
EPS* C2;C4; D C2-C4,D
ICB*
LECA* C
PUR/PIR* C2;C4; D C4 C1-C3; D C2;C4 C1-C3; D
SW C2,C4 Cl1-C2 4 C2; C4 Cl-C3
XPS* C2;C4; D C2;C4 C1-C4, D C2;C4

Note to Table 6.11.6: * - products studied in the scope of this thesis using site-specific data.
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Table6.11.7 - Claddings - Product, construction and use stages

Claddings DAPc Ecoinven | ELCD | Envirod IBU INIES Norwegian.EPD Portuguese average
t ec Foundation LCA data set
Gypsum plasterboards* Al1-A3  Al-A3 A1-A3.1; A4-A5 @ A1-A3.1; A4-A5; Bl
One coat mortar* A1-A3 A1-A3.1, A1-A5
A4; Bl
Paints Al-A3 A1-A3.1; A4, A5;
B

Stabilized mortar*

Two-component adhesive*

Wood plastic composite boards*

Note to Table 6.11.7: A3 represents the manufacturing sub-stage, except the packaging material. A1-A3 represents the product stage, except the packaging material. A1-A3.3
represents the product stage, including the packaging material. * - products studied in the scope of this thesis using site-specific data.

Table 6.11.8 - Claddings - End-of-life stage

Claddings DAPc Ecoinven | ELCD Envirode IBU INIES Norwegian_EPD Portuguese average
t C Foundation LCA data set
Gypsum plasterboards* C1;-C2 C2;C4 C2; C3-C4
C4
One coat mortar* C1-Cz; C4;D C2;C4
C4
Paints C
Stabilized mortar*
Two-component adhesive*
Wood plastic composite boards*

6.11-3
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Life cycle assessment “from cradle to cradle” of bilding assemblies - application to external walls
Towards a methodology for the selection of a cohameLife Cycle Assessment (LCA) data

set of construction materials to be used as generiata for a national context — NativeLCA
S. Lasvaux, J. D. Silvestré, J. Hodkov&, J. Chevalief, J. de Brito>, and M. Pinheirod®

Summary:
Purpose:
The main aim of the research work presented inpdyer was to develop a scientifically robust metihagy for
the selection of a coherent Life Cycle AssessmieBA] data set of building products to be used agge data
for a national context (e.g. the Portuguese, Frencrech contexts).

Methods:

The development of this methodology, designatedNatvelLCA, begins with the state-of-the-art of the
construction of generic LCA databases, the useiftdrent LCA data sets in building’s evaluation,dathe
existing standards that should be followed in hattivities. Following, a review of available LCAtdasets of
construction materials and products representafithe European situation, namely existing EPDa(attional
or international level) or generic LCA data sesspiesented. Then, the identification of the vadlitglof these
LCA sources is made for each material and environaheategory.

Results and Conclusion:

NativeLCA methodology is based on the adaptatiomys$ting LCA data sets on construction materiald a
products. This methodology is innovative mainly d&ese of being: wide-ranging (compared with existing
approaches); straightforward in its applicatiorgu®ed in the final output — selection of a LCA ds¢a to be
directly used by the practitioner, avoiding therefiventory analysis and modification. The aimachieving
generic data adapted to a specific geographic xbistéo provide robust results that can be useduilging LCA
practitioner on simplified LCA or early design assment, for example.

Keywords: building products; LCA databases; EnvironmentaldBo Declarations; European standards;

life cycle assessment;
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Appendix 6.1l - Lasvaux, S.; Silvestre, J. D.; Ho#ova, J.; Chevalier, J.; de Brito, J. & Pinheiro, M.D.
(2012). Towards a methodology for the selection afcoherent Life Cycle Assessment (LCA) data set of
construction materials to be used as generic dataff a national context — NativeLCA.

1. Introduction

The main aim of the research work presented in g@per was to develop a scientifically robust
methodology for the selection of a coherent LifecleyAssessment (LCA) data set of building prodtictbe
used as generic data for a national context (eegPbrtuguese, French or Czech contexts). The afmweint of
this methodology, designated as NativeLCA, begiith Whe state-of-the-art of the construction of gén
LCA databases, the use of different LCA data setbuilding’s evaluation, and the existing standattuist
should be followed in both activities. Followingreview of available LCA data sets of constructinaterials
and products representative of the European stuatiamely existing EPD (at a national or inteiorai
level) or generic LCA data sets, is presented. Ttienidentification of the variability of these BGources is
made for each material and environmental categiosyseveral data are needed for the calculationGA bof
building assemblies according to the new Europdandsrds (CEN 2010; CEN 2011), the methodology
proposed in this research work will provide twodgmf data, based on the review already made:

« Average LCA data for each construction materighese average data can be used as background data
(LCA data of raw materials production) for diffeteronstruction products in a national context, am be
used as generic LCA data for a national context;

« Average LCA data for each construction productesthdata can serve as benchmark values for the LCA
results that will be achieved for the same productsCA studies at a national level, or can be uasd
generic LCA data for a national context.

The application of the NativeLCA methodology aldlmas for the comparative assessment of the quality
of available European LCA data to be used in aonaticontext.

The scope of this paper is defined by the constmahaterials and products being studied on thé®Ph.
Thesis of the authors Silvestre (in Portugal) andikdva (in Czech Republic), namely building matsriae.
construction materials, insulation products, eletsiesf the wall structure and wall internal and exad
claddings; only LCA data sets that include thesédimg products were fully characterised in sect®)n but
the NativeLCA methodology can also be applied teeobuilding products.

This paper comprises five sections, including thisoduction. The state-of-the-art section sumneriz
similar approaches in development worldwide. Auaal CA data sets available in the European coraest
presented afterwards. NativeLCA methodology is tberacribed in detail in the corresponding sectibime
paper ends with a final discussion and by drawingctusions that summarise the main advantages and

possible applications of this methodology.

2. State of the art

Used at the building scale, both generic and aeerafe Cycle Assessment (LCA) data sets and
Environmental Product Declarations (EPD) enabladsess the global environmental impacts of a Imgldi
using LCIA indicators. LCA software for buildingsa$ been developed and already uses these data
(Peuportier, Scarpellini et al. 2009). However, theltiplicity of LCA databases (generic, averageA_Gata
sets and EPD scheme) leads to heterogeneity regattte data used in the tools for buildings. Whevesal
databases are used, the parameters do not nelsesssoh (different LCI or LCIA indicators considet) and

furthermore different results for a same paramei@n be achieved depending on the database chosen
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(Peuportier and Putzeys 2005). In addition, thdityuaf generic data sets is not equivalent anddfwre it is
always essential to understand how they influetee grecision and validity of the results (CEN 2010)
However, this type of analysis is normally impossito be done by a typical user of software for LGRA
buildings because of its schedule and lack of ack@rskills on LCA. These discrepancies may letttod
users conclude that LCA approach is not sufficrebiust, leading them to disregard it (Lasvaux, Gliev et
al. 2011). Therefore, the need of a LCA data sétetaised as generic is high in all the countrieseweither
average LCA data sets nor EPD schemes alreadys €gigt Portugal and Czech Republic) in the coottm
sector. However, these type of data sets is alspirgortant in all the other countries, wheredahde used -
at least - in the first conceptual design stagéndthen possible to consider the results of iddial EPD in
the following design stages, when more informafsmavailable about the origin of the materials tilk be
used. In fact, when the number of EPD of a prod(amt family of products) is insufficient, its
representativeness can be poor and can lead ta uséied generic database (e.g. Ecoinvent databsss
data from different sources adjusted with a harseshimethodology) (Hodkova and Lasvaux 2012). When
guantity and/or quality of available EPD is notgmd as expected, or if this kind of data is ahsemtre
studies are needed in order to develop a propevapp to select and determine the most appropyeteric
LCA data for a national context (Hodkovéa and Lasv2012).

The construction of a coherent LCA data set ofding products to be used as generic data for amelti
context enables the use of a unified databaseeieniironmental assessment of buildings. This pppEsents
a methodology that enables the construction of kiisl of data set. The most recent standards aaft dr
standards developed by the Technical Committee (F&LD) - “Sustainable construction” - of the European
Committee for Standardization (CEN/TC 350) (CEN @OTEN 2011) were took into account in the
development of this methodology. In fact, sevesthdsets are needed for the calculation of LCAulding
assemblies according to these standards. Howewerjespite giving a framework for the assessmehtoz#
data, they do not provide consistent guidelinesthen choice of existing LCA to be used in each metio
contextant each design stage, not even included in the Té&dnical Report TR 15941- “Sustainability of
construction works - Environmental product declarat - Methodology for selection and use of gendata”
(CEN 2010). The methodology proposed in this pdpes therefore to fill this gap taking also prddit the
experience of the authors Silvestre, de Brito Bimtheiro (in Portugal) and the author Hodkova (ire¢h
Republic) in being responsible for the translatioh this Technical Report in their national techiica

committees.

2.1.Selection of LCA data sets to be used as genericadrgiven region

A contextualization of the Ecoinvent European LC#abase is currently being made in Quebec, Canada
(for “contextualization” see 4.3), which includeb type of industrial processes but do not considtrer
generic or EPD databases. Despite being scienltjfibased, the methodology used is time and ressurc
demanding (and therefore not prone to be applied every practitioner) and the geographical
representativeness criterion (see 4.3) is not aptished from the beginning (Bourgault, Durme et24110).
The same problems affect a similar research workpteted recently in New Zealand, based on European
country-specific (Germany) industry data. The dstes of the 13 building materials that were adajtestder
to be in accordance with New Zealand reality (amdutfil the geographical representativeness de)eare

included in the German GaBi LCA software. The mdtiiogy used is described in detail in a report aag
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construction materials to be used as generic dataff a national context — NativeLCA.
mainly based in the analysis of environmental pots and contextualization of background proce@sebel,

Alcorn et al. 2011).
At the European level, the need of a LCA datasdiet used as generic had already been identifidchan
LCA database is being built. The European SUstdén&nstruction database (ESUCO) is however only

based on the extrapolation to a European level efim@n EPD of construction materials, despite that
production technology of core materials is basedaropean average industry data and backgroundadata
adapted to European average countries. This daébawailable only to the auditors of the Germgstem of
building energy certification Qeutsche Gesellschaft fir Nachhaltiges BauerDGNB e.V.) and the
methodology used for its development is not puplialailable. Nevertheless, DGNB states the need of
country-specific LCA data sets in order to takeviatcount the production practices, materials dityeand
electric mix of each country (DGNB 2011). This negdilso highlighted in the European Project EeBi@ui
where the authors Lasvaux and Chevalier are pigsaxblved (EeBGuide 2012).

Other research study was completed also in Gerntangevelop a systematic procedure to generate
country-specific environmental profiles (completwéntories, and not only LCA results) from existinGA
data sets. This contextualization procedure caapgpdied to processes from any industry sector arithsed
on available generic and statistical data fromtérget country. The adaptation of a German LCI skitéor
cement production for USA and Japan exemplifies pinocedure (Colodel, Sedlbauer et al. 2010).

Also in Europe, a LCA database of building materigpecifically adapted for Italian situation hagrbe
developed. This database included the regionaisadf existing European LCA data sets for tradaion
building materials. Despite being known that theict of each data set was based on pre-definedqdatiy
indicators, more information concerning the methodp used is not publicly available (Barozzi, Breeld et
al. 2009).

3. Background - available LCA data sets in the Europesa context

There are two main types of LCA data sets: Envirental Product Declarations (EPD) and the “so-célled
generic LCA data. The former is more suitable tabed in a detailed design stage (or at on-sitesasgent or
building certification), while the latter meets treguirements for the early conceptual design stagpen no
detailed information is available for the produdtherefore, data genericity and LCA uncertaintyrdases as
design detail increases. This section of the palescribes these two types of LCA data sets, aloitlg w
country-specific and European average LCA onesdtatlso available in the European context. Theuatn
of available data sets is growing in all the reddrgroups, increasing therefore the importancetiaaeed of

the methodology proposed in this paper.

3.1.Generic LCA databases

LCA generic data sets are summarized in Table liacidde both upstream (e.g. transport and energy
supply) and downstream (e.g. disposal or recyclprgresses, along with data from production andgssing
processes, and are available in commercial LCAwso# (Ferrdo 1998; CfD 2001; EC 2009; PRé 2009;
Lasvaux, Chevalier et al. 2011).
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3.2.Country-specific and European average LCA data sets

In addition to the generic LCA databases, severahtry-specific or European average LCA data sat®h

been established, which are characterised in Table

Table 1 — Characterisation of LCA generic data sets

Characteristics Ecoinvent ELCD Plastics Europe 2005
Designation of thg ~ Ecoinvent version 2.2 European Life Cycle Database PlasticsEurope Eco-
database version 2.0 profile and EPD
Program
Country Swiss European Union European
Webpage www.ecoinvent.ch http://Ica.jrc.ec.europa.eu/ |www.plasticseurope.org

Icainfohub/datasetArea.vm

Organisation

Swiss Centre for Life Cycle

D

European Platform for LCA

Plastics Europe —

responsible for the Inventories Association of Plasticg
data Manufacturers
PCR followed Ecoinvent methodology ISO 14040:2006, ISO 140446200_CI methodology and
PCR for Uncompounded
Polymer resins and
reactive polymer
precursors
Availability of Paid Open access database developed Public
data (public/ paid)

Number of LCI of 4,000 industrial | LCI of 300 processes supplied by Eco-profiles of almost
documents processes associations of producers from BU every plastic product
available and by other sources for the magstavailable in the marke

common materials, energy suppli|
transports and waste managem
Generic (average from industry

ent

Type of LCA data|] Generic (average from
industry, survey or literatur,
based)

Internal critical verification

e

Critical review / Internal External

verification

3.3 Environmental Product Declaration programs

EPD data refers to type Ill environmental declaragi are defined in detail in the international dead
“ISO 14025:2006 - Environmental labels and decianst - Type Il environmental declarations - Prpies
and procedures” (ISO 2006) and are normally knowriEnvironmental product declarations” (EPD). The
principles and requirements included in “ISO 212807 - Sustainability in building construction -
Environmental declaration of building products” @S2007) work as guidelines in the development and
implementation of Type Il environmental declaragoof construction materials and products (the ones
considered in this paper are presented in Tablev@y if this standard does not include recomméamamfor
EPD programs (Krigsvoll, Fumo et al. 2007). The firécal Committee (TC) 350 of the European Committee
for Standardization (CEN/TC 350) is devoted to ‘t&irable construction” and is developing, withis it
Workgroups (WG), some standards related to EPDga]ER005; Krigsvoll, Fumo et al. 2007).

An EPD is voluntarily developed and presents gfiedtienvironmental information on the life cycle &f
product, thus allowing comparisons between funelignequivalent products. Type Il environmental
declarations are based on:

» Data related to the LCA of a product, which is ipeledently verified - internally or externally;

Modules of information, in accordance with intefonal standards related to LCA: 1ISO 14040:2006 and
ISO 14044:2006 (1ISO 2006; ISO 2006);
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« Results of the analysis of the “Life-cycle inverntb(LCl);

< Additional environmental information, when adequate

Table 2 — Characterisation of country-specific &ntopean average LCA data sets

of average LCA
data

Characteristics ATILH CEMBUREAU |Portuguese average LCA dat{ PU-Europe
set
Designation of thg Inventaires de Cycle de vie CEMBUREAU EPD program in the ceramic  PU Europe
database industrial sector calculation tool
Country France European Portugal European
Webpage www.infociments.fr.fr  |www.cembureau.be - WWW.pu-europe.gu
Organisation Association Technique de| European Cement Technological Centre for PU Europe -
responsible for the I'Industrie des Liants Association Ceramic and Glass (CTCV); European
data Hydrauliqgues(ATILH) (CEMBUREAU) | Portuguese Association of theassociation of Py
Ceramic Industry (APICER) insulation
manufacturers
PCR followed French standard Based on ISQNational-based developnt for| European
14020:2005, 1SO each group of materials Standards
14025:2006, 1SO
14040:20086, 1SO
14044:2006
Availability of data Public Public Public Public
(public/ paid)
Number of Nine One Four Two
documents
available
Sampling Averaged (country weighted Not documented Country average Not documented
procedure - mean)
generic, product-
specific or averagg
(country, Europe,
producer, plant)
data
Critical review / External External Third-party verification Thirda
verification verification
% of market share 85 % Not documented Not documented Not documented

These declarations are developed within each ERigram (Figure 1). This kind of program has a

coordinator who can be a company, a group of compaan industrial sector, atrading associatiopulalic

agency (e.g. a standardization entity), or an ieddpnt scientific body. The coordinator manages its

development and the certification process. EPDsessmt a complete, robust and scientifically vaéda

source of information of the environmental impazts product along the phases of its life cyclduded in

the study. The development of EPDs within this kafdprogram also makes the comparison of the result

between products easier (Rocha 2010).

The production of “Product Category Rules” (PCRj) fPD design allows for harmonization of the

information collected and the LCA methodology usB@€Rs are developed specifically for each family of

products (e.g. wood, cement-based or ceramic ptsgtaallow for comparing results between produwets

similar functions or applications and achievingifi@gble and consistent results (Silva, Grecea e807).

PCRs can be a set of rules, requirements or gnitelio develop Type Il environmental declaratitorsone

or more product categories, which are defined icoetance with interested parties (Figure 1). It trhes
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possible to apply the same “functional equivaléntthe products of the same category, in orderctoeze a
quantified performance by functional unit. PCR hanmation among EPD programs is stimulated at an
international level to satisfy the comparabilityngiple (Almeida 2010; I.EPDS. 2010). However, e&iPD
database has unique characteristics, namely baokgrdata, methodology and data origin that maylrésu
significant differences in the LCA results for eachnstruction product. The publicly available EPD
documentation is also very often incomplete coriogrithe data origin and the methodology of caldofat
increasing the risk of misunderstanding for thelfinser. Yet, the methodological report, that isstraf the
time kept confidential, should report all the hypeges as in any LCA study. As a result, the choidbe data

to be used in every national context should bei@asit chiefly if the aim is to use them as a natlqmroxy
data, by considering all the complementary infofomatincluded in the EPD (metadata), (Hodkova and
Lasvaux 2012).

Definition of the aim and scope

Inventor
Product Category y

Rules (PCR
( ) Impact assessment

Interpretation

Third-party verification

Registration into an EPD program

Figure 1 - Different stages of development of aiDHRfore registration in a official program (adapte
from (Rocha 2010))

Table 4 presents a summary of the types of EPDadlaiin the two most representative European EPD
programs (the French, INIES - and the German - IBW) compares it with the nomenclature defined in
European Standards (CEN 2010). There is not yetradnisation of the names of each type of EPD ahea
national context. For example, an average datéffefeint manufacturers is defined as:

» “Average” data in CEN Technical Report TR 15941(CEMO0);
» “Manufacturer group declaration” in the German |B&tabase
« “Joint EPD” in the French INIES database

The two last ones are identical (except the Endliahslation name). Yet, we can see on Table 4theat
“average” term, as defined in the Technical Refdtt15941, also cover the average of different petida
sites of the same manufacturer.

Although it is advisable to always follow standaeti nomenclature, INIES nomenclature will be fokolw

in this research work to identify each EPD docunieat result of the analysis presented in Table 4.
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Table 3 — Characterisation of EPD programs thdtideconstruction products

Characteristics

BRE

DAPc

Environdec

IBU

INIES

Norwegian EPD
Foundation

Designation of the EPL
Program

Environmental profiles

Declaracion Ambiental de dRrim

(DAPc)

International EPD
System

Umwelt-Deklarationer

(EPD)

Programme de
Déclaration
Environnementale et
Sanitaire pour les
produits de
construction

Norwegian EPD Foundatio

Country

United Kingdom

Spain

Sweden (origin)

Germany

France

Norway

Webpage

www.greenbooklive.com

es.csostenible.net/dapcistébisa-

dapc

www.environdec.com
hp421/Declarations.ht

bau-umwelt.de/

www.inies.fr

www.epd-norge.no/

Manager of the EPD Building Research |Col-legi d"AparelladorsArquitectey Swedish Institut Bauen und Ten French Confederation of Norwegian
Program Establishment Técnics i Enginyers d'Edificacié de Environmental Umwelt organizations Enterprise (NHO);
Barcelona e Generalitat de | Management Coundil (governmental, Federation of Norwegian
Catalunya; Generalitat de Catalunya scientific and Building Industries (BNL)
industrial)
PCR followed Methodology for National-based development fo[Per group of material|s  National-based French standard National-based development
environmental profiles o each group of materials development for each for each group of materialg
construction products group of materials
(2007)
Availability of data Public Public Public Public Public Public
(public/ paid)
Number of documents More than 250 10 8 groups of | Construction materials 700 individual or Construction materials and
available construction material@and products divided in  average/joint EPD products divided in 10
10 groups, including covering 5,000 groups, including concrete
floor and roof covering] commercial reference$ cement, building boards and
masonry, wood-based insulation materials
and insulation materials
Critical review / No External External review and  Advisory board Third-party verification

verification

approval by an
accredited certificati

body

Third-partgrification
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Table 4 — Types of EPD documents and corresporidifgdata nomenclature (for a single product or an
averaged product)

Data included in the EPD (for the same LCA data nomenclature
functional unit) TR 15941:2010 EPD Program
(CEN 2010) IBU INIES
Data from one manufacturer and site Site specific . o
A data of diff oroduct m Manufacturer’s Individual
verage data of dinerent production sites Average (from declaration EPD
of the same manufacturer . R
different manufacturer Manufacturer
Average data of different manufacturers | or production sites) . Joint EPD
group declaration

3.4.0ther LCA and EPD databases

A research with the aim of improving the databafé&EODIE (a French tool for LCA of buildings
(ELODIE 2012) by calculating generic LCA data fdretsimplified model of this software was recently
finished at the “Centre Scientifique et Technique RAtiment” (CSTB) in France. Generic LCA data was
collected in a private database (database for ‘i#fieq’ LCA - SLCA) using harmonized LCI flows and
LCIA indicators, for both cradle to gate and cratbegrave data of construction materials, produats]
processes. A simplified LCI database was first tped using LCI data from mainly two databases (EPD
database INIES and generic LCA database Ecoinversion 2.01) adding up to around 750 processes (600
LCI data from INIES, 130 from Ecoinvent and somerendrom IBU and ELCD) with the help of a
homogeneous nomenclature and meta data. For tleegses from both databases, 168 selected LCI flows
(based on French EPD nomenclature) were inventamiedder to make possible the integration of thenEh
EPD Life Cycle Inventory within the database. Pes@&s imported from Ecoinvent included transportrgy
waste treatment, water and end-of-life optionsaldatm INIES correspond to LCI and LCIA data - deatb
grave - available in each EPD according to the éhrestandard (AFNOR 2004; Lasvaux 2010; Lasvaux,
Chevalier et al. 2011).

Based on the selected LCI flows of each of the pta@esses, 20 LCIA indicators were calculated usig
usual Environmental Impact Assessment Methods (BLAMhen, LCIA of each process were decomposed
according to the building life cycle stages givenFrench and European Standards (AFNOR 2004; CEN
2012): production, transport to the building sia;site implementation, use phase and end-offfifdlowing,
analyses on life cycle stages contributions werdanfar the production of each of construction niateand
product. Finally, the most documented families odducts (i.e. glass wool, rock wool, concrete, [¥thad
been studied in detail within each environmentglant category in order to access the suitability @A data
to the French context. This study included the camspn of the results from each database and the

identification and explanation of the differencesrid (Lasvaux, Chevalier et al. 2011).

3.5.LClI flows and LCIA indicators available in each database

Generic LCA databases can present more than 1008dv® for each process. On the other side, an EPD
developed within a national program can preseny arfinal balance of from three or four to 168 Liiws
(depending on the EPD program), plus five or mo@A figures. Therefore, when the aim is to compare
results for the same products but coming from thffie types of sources — e.g. generic and EPD rstsfiep
must be completed to define the LCI and LCIA inttica to be considered in the study. Table 5 sunmeari
the LCI flows included in each country-specific aBdropean average LCA data sets and EPD progratdh (an
also in SLCA database) and Table 6 includes a balahthe EIAM used in these data sets to calcidatd
LCIA indicator.
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construction materials to be used as generic dataff a national context — NativeLCA.
The most recent European Standards (FprEN 1580%:@06d prEN 15978:2011 (CEN 2011; CEN 2012))

that supports the Environmental assessment ofibgadalso outline the LCI and LCIA indicators tiséiould
be included in an EPD. In what refers to LCI flotys following are referenced (CEN 2012):

« Resource use: Renewable primary energy consumfaiaciuding renewable primary energy resources
used as raw materials), use of renewable primaeyggnresources used as raw materials, total use of
renewable primary energy resources (primary enanglyprimary energy resources used as raw materials)
use of non-renewable primary energy excluding remmewable primary energy resources used as raw
materials, use of non-renewable primary energy uess used as raw materials, total use of non-
renewable primary energy resources (primary enangyprimary energy resources used as raw materials)
use of secondary material, use of renewable secpffigels, use of non-renewable secondary fuelsofise
fresh water;

* Waste categories: hazardous, non-hazardous, aiwdctide waste disposed;

« Output flows: components for re-use, materialsrémycling, materials for energy recovery and exgubrt
energy.

In terms of LCIA indicators, European standardsedeine seven to be taken into account in future

European harmonised EPD (CEN 2012):

e GW - Global warming;

e ODP - Ozone depletion;

« AP - Acidification of land and water;

e EP - Eutrophication;

e POCP - Photochemical ozone creation;

* ADP - Depletion of abiotic resources (elements/fassil resources) and depletion of abiotic resairce
(fossil).
European Standard FprEN 15804:2011 refers to El&Malculate each LCIA indicator that do not exist

yet (characterisation factors applied in ELCD), eptcfor the characterisation factor for ADP (eletsesnd
fossil) for which the CML (developed by the “Insti¢ of Environmental Sciences” at the Faculty aéBSce of
the University of Leiden, in the Netherlands) ElAdfiould take into account. CML had a first versi@M(L
92), and two main updates (CMLb2seline method 200éhd CML 2001, from which a version 2.05 is already
available). This EIAM uses a midpoint approach ttwiverts LCI flows in obtained in midpoint impag¢sg.

potential of ozone layer depletion or greenhoufectf

3.6.Life cycle stages available in each database

The review of available LCA data sets of constiuttmaterials and products already presented in this
paper included the analysis of the life-cycle stagevered by each one based on European standards
nomenclature (Table 8 and Table 9). From this amlif is possible to conclude that generic andntgu
specific or European average LCA data sets and @R&bases cover the product stage (cradle to 4ata3
- Table 8), but only the latter include, most of times, the impacts from the construction prostage (A4-
A5) and, rarely, from the use stage (B1-B7). Sdwéata is available in all type of databases camoerthe
end-of-life stage (C1-C4) and, more rarely, from tBenefits and loads beyond the system bounddy: If
addition, most of EPDs include aggregated datalér@pwhether from the production to the end-oé-liff the
product or within a module (e.g. aggregated valwreehd of life). It is important to underline thate of the
most significant barriers for inter-comparing &lése LCA data sets (along with the methodologibalaes) is
the different level of aggregation of the dataetation to the sub-modules defined on the Euromtandards
FprEN 15804 and FprEN 15978 (CEN 2011; CEN 2012)).
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Table 5 - LCI flows included in each country-sp&cénd European average LCA data sets and EPDawrogr

o LCI flows
Country-specific and —
Waste . CO2 emissions
European average LCA data | Water Non- Electric Cand Dust
sets / EPD program cons. Hazardous Haz Radioactive Inert energy cons. | ¢ Biomass | Fossil
ATILH X X X X X X X X
CEMBUREAU X X X X X
Human toxicity and ecotoxicity tg Nuclear (higher .
BRE X land and freshwater (CML 2000 level) Total waste dispos
DAPc According with European Standards
Environdec X * * X * *
IBU X X (inc. Radioact.) X X | |
INIES 168 (inc. water and electric energy consumptiomahdous, non-hazardous, radioactive and inert wastduction, recycled waste, and emissions to t|

air — including dust — and water)

he

Norwegian EPD Foundation X X Reuse/recycling, energy production, to landfill] X Total X
Portuguese average LCA X X X Recycled waste X
data set
PU-Europe X X X
SLCA X X X X X X (Partial) X X X

Note: * - Not supplied for all products
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Table 6 - EIAM used in each country-specific anddpean average LCA data sets and EPD programdcalatd each LCIA indicator

Country-specific an

EIAM used to calculate each LCIA indicator

European average

Resources with energy

Z

LCA data sets / EP conen_— Gwp oDP AP ADP EP POCP
program Renewable
renewable
ATILH NF P01-010 NF P01-010 (based on CML 2001 for mid-point indirs} NF P0:-010 (based o®€ML 2001 fo
S mid-point indicators)
Minerals Resource
BRE CML 2000 Extraction (ton); Fossil CML 2000
fuel depletion (MJ)
CML 1999 Nordic Guidelines on LCA 1992;
IPCC 2001 -| Nordic Guidelines - ' Environmental Assessment of
CEMBUREAU X X 100 years on LCA 1992* CML 1999 CML 2001 v. 2.05 H:;Julngg;;t Products - Denmark 1992; CML
' 1999
DAPc According with European Standards
CML 1999- Nordic Guidelines on LCA 1992;
Environdec X X IPCC 2001 -| Nordic Guidelines CML 1999 Heiiunas e't Environmental Assessment of
100 years on LCA 1992* aIJ 19992 Products - Denmark 1992; CML
' 1999
IBU X X CML 2001
INIES ™ NF P01-010 NF P01-010 (based on CML 2001 for mid-point indica) NF P0’-010 NF P01-010
Non-
Renewable renewable
Norweglan_ EPD energy energy IPCC_ (last CML 2001 CML 2001
Foundation consumption : version)
(kWh) consumptio
(kWh)
Portuguese average
LCA data set X CML 2001 CML 2001
PU-Europe According with the European standard FprEN 15804120 According with T&ggggffn standard Fpr&
SLCA® X X IPCC (last i CML 2001 NF P01-010; CML 2001
version)

Note: * - Not supplied for all products- plus air pollution.

6.111-12



Life cycle assessment “from cradle to cradle” of bilding assemblies - application to external walls

Table 7 - Life-cycle stages classification basedrmmch and European standards (AFNOR 2004; CEI®)201

LCA boundaries
Standard Cradle-to-cradle
Cradle-to-grave
Cradle-to-gate Gate-to-grave
NF P01-010| Production | Transportation Implementation | Utilisation| End-of-life
. Benefits and loads
FprEN Product stage . i se stage| End-of-life

15804:2011 (A1-A3) Construction process stage (A4 3‘53(JBl-B7) stage (C1-C4 beggﬂg(;greys()l/js)tem

The information included in EPD related with alethtages after the production (B, C or D) are based

scenarios, which are mostly built and assessed)ggneric LCA data (similarly to the approach comiyo

used for modelling upstream processes, as the gtiodwf raw materials) (Table 9). Following thispmoach,

generic data for scenarios should be “as realistipossible and properly documented (covering tbsemt or
anticipated situation), rather than idealistic carefully selected"” (CEN 2010), and the assumgiorade for

each stage should be inter-related. For instarargstiuction process scenarios are important not famlthe

construction stage, but also for the use and edifleo$tages. On the other side, scenarios desgribnd-of-

life stage (downstream processes — see Table Qjicsheflect the existing technology, current regolas,

today's average practice and a mix of different@flife treatments available atthe national orioegl level

(CEN 2010).

Table 8 — Detailed life-cycle stages classificati@sed on European standards (CEN 2012)

Modules

Life-cycle stage designation and descriptio

raw material extraction and processing, processin

Al T
secondary material input
Product stage (A1-A3) A2 transport to the manufacturer
A3 manufacturing
. A4 transport to the building site
Construction process stage (A4-AS) A5 installlaation into the buil%ing
B1 use or application of the installed product
. . B2 maintenance
Use stage - information modules related to the B3 Repair
building fabric (B1-B5) B Replagemem
B5 refurbishment
Use stage - information modules related to the B6 operational energy use
operation of the building (B6-B7) B7 operational water use
C1 de-construction, demolition
. C2 transport to waste processing
End-of-life stage (C1-C4) C3 waste processing for reuse, recovery and/ocliegy
C4 Disposal
Benefits and loads beyond the system boundary (D) D reuse, recovery and/or recycling potentials
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Table 9 — Type of data - generic and site-speceifised on EPD for each life-cycle stage (CEN 2012)

Product stage (A1-A3) Construction End-of-life| Benefits and loads
i Use stage beyond the system
Modules| Production of Product manufacture| PrOC€SS stage (B1-B7) stage (C1- Y Yy
raw materials (A4-A5) C4) boundary (D)
Processes the
Process Upstream
manufacturer has Downstream processes
type processes .
influence over
. Manufacturer’s avera .
Data typg Generic data or site-specific data Generic data

4. NativeLCA methodology
To determine generic LCA data sets for a natiomaitext in the construction sector, the most aceurat

method is to accomplish a complete study for eawtstruction material and product (Hodkova and Lagva

2012). However, in some cases e.g. the Portuguabéaech contexts, only a small portion of constonc

products have already site specific LCA data, arid guantity will not increase much in the shortye

Another option to provide a coherent approach &LBA of buildings in a national context is to wkefault

values for LCA of construction materials and praduddiowever, this approach is almost an “ideal’itas

requires that all the actors of the constructiariaeof a country agree on LCA results for defagltnpositions

of building assemblies (Peuportier, Herfray et2@l11). A more robust approach is to select LCA data for

each construction material and product to be usegeaeric data for a national context, based ooharent

methodology. Therefore, alternative approaches fegiut into practice in the selection of LCA dagds to

be used as generic data for a national contexdbasexisting databases, along with a qualificatiwethod of

the quality of the data available in each sourceessed: generic, average or EPD data sets (Hodkuda

Lasvaux 2012). A methodology with this aim and eleseristics is described in this paper and is dalle

NativeLCA. The main principles of NativeLCA methddgy are (Hodkovéa and Lasvaux 2012):

e Calculation of mean values from LCA data sets Fer $ame declared unit, when significant documents
(both individual and joint EPD and also country<ifie or European average LCA data sets) are
available;

e Quantification and analysis of the variability betmean values of a given product;

e Comparison of mean values with generic data to lmack the results and identify and analyse the
differences found.

Figure 2 presents the flowchart of NativeLCA impéartation and Figure 3 summarizes the information
that should be collected and the decisions that beisnade in each of the steps of this methodcdagprding
with the description presented in this section loé fpaper. Along with the description of NativeLCA
methodology, there are provided some theoreticalhmges of the different situations that can oceung
decisions that can be made, during its applicafidrese examples results from the experimental eguin
already made of this methodology to determine gerdata on building materials for a national comtéxe.
for Czech Republic and France (Hodkova & Lasva, 22 (July), and for Portugal (Silvestre and Lasvaux
2012)).
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4.1 Definition of the aim and scope of the study

In spite of not corresponding to a detailed LCAdstuthe selection of a coherent LCA data set of
construction materials and products to be usedeagri data for a national context should starhwiite
description of its aim and scope. Although the aiay be implicit, the scope definition should inaud
e The functional unit of the study;

e The characterisation of each construction matema product that will be object of the study, namel
their pretended composition/formula and physical elmemical characteristics;

 The LCI flows and LCIA parameters (and correspogditiAM) that will be considered and that are
considered to be relevant in a national context;

» Similarly, the life cycle stages that will be catesied should also be described and justified iaidet

order to define a precise life-cycle boundary (ergdle-to-gate) (Hodkovéa and Lasvaux 2012).

The detailed definition of the scope provides anfrised basis to make the results from each daabas
comparable and allow for the analysis of the resaid differences found between them.

Concerning LCI flows, it is important to highlighiat, in addition to the LCI flows included in the
databases and presented in Table 5, there are artbsrconsidered in European Standards (CEN 2Qi2) b
not provided in databases in in a disaggregated {oe. components for re-use, materials for eneeggpvery
and exported energy).

European Standards (CEN 2012) also include sel€ indicators that are not provided by available
databases (e.g. use of renewable primary energynees used as raw materials, use of secondaryiatate
and use of renewable secondary fuels) and thaefthrer should not be chosen in this kind of studg. T
identify the key LCIA to be chosen for a first ajpption of NativeLCA, a normalization of LCIA imptsccan

be conducted using a specific database.

4.2 Data sets identification and description

The first step of NativeLCA methodology correspotaishe identification and quantification of avaia
LCA data sets - data collection stage, mainly atonal and at the European level, for a choseidibg
product. At a national level, available data setsaf given building product can be divided on sjecific data
from national LCA studies, individual and joint ERIDd national average LCA data sets. For the kaset
data sets, it is also important to note down thegiresentativeness in terms of market share, wiaitable.

At and international level, generic data can alsddund and considered, along with individual aoidt;
EPD and country-specific and European average L@# dets (Hodkova and Lasvaux 2012). Thereafter, a
wisely choice of the meta data that should be lisetie characterisation of each data set shouldhaée,

identically to Table 1 to Table 3 of this paperd&ach field should be filled for each data set.
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Available LCA datasets
National European
Site specific data RER Country- European
from nglional l}ZA average Joint Individual Individual Joint specific average LCA Generic LCA
studies LCA data EPD EPD EPD EPD average LCA data sets data sets
sets data sets
Number of Number of data sets of each type and
data sets market share representativeness Number of data sets of each type

Consistency and
representativeness
verification

Consistency

\iﬂ‘ﬁ(‘?ation

Consistency
verification

’ Complying LCA data sets ‘

|

National ‘ European
National Country- European
average LCA Joint Individual Individual Joint specific average LCA Generic LCA
d < EPD EPD EPD EPD average LCA data sets data sets
ata sets
data sets

Suitability to be used in the quantification of
mean values (MeVa) for LCI and LCIA indicators

MeVa quantification

National MeVa ‘ ‘ Foreign MeVa

European MeVa

Data comparison within
foreign data: MeVa vs generic
data sets

Data comparison between national and foreign data: national, foreign and European MeVa vs
generic data sets

Data comparison between site specific data fromnational LCA studies, MeVa and generic data
sets

Selection of a coherent LCA data set to be used as generic on a national
context: Native LCA

Figure 2 - NativeLCA methodology flowchart
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National and foreign

LCA data sets d ficat
ata verification s jtapility to be used i
National European the quantification of Data comparison Data comparison | Data comparison
Sit if . mean values (MeVa) L pa between national | between site specifi¢ Selection of a coherent LCA data

ite specific Consistency (all data within foreign . K X .
data from Joint EPD (* - ; 3 sets) and for LCI and LCIA data: MeVa vs and foreign data: | data from national set to be used as generic on a

: : National . Country-specific or : ; indicators and MeVa | MeVa vs generic | LCA studies, MeVa national context: NativeLCA

national LCA | representative o Individual . Generic LCA [ representativeness e generic data setg ;
: average LCA Joint EPD | European average ; quantification (EPD data sets and generic data set

studies/ all the market d EPD d data set (foreign data sets)

individual share) ata sets LCA data sets and average data setq)
EPD
. Number of R Country (number ofNumber of datp Identify eliminated datg Foreign MeVa European MeVa Site specific data from national LCA
Yes Joint (number) Number | Joint (numbef) 1Y ( fy European MeVa . 9 ‘p Benchmark p .
data sets data sets) sets sets discarded discarded studies
. . Check the plausibility ¢f
Number Joint* (number) Number of Buropean (number pf Foreign MeVa Gengrlc data setg For_elgn Meva site specific data fron National individual EPD
— data sets* data sets) discarded discarded . )
national LCA studies|
. Site specific data fron
National MeVa Natl_onal Meva national LCA studies European MeVa
discarded .
not available
Generic data setd .
discarded Foreign MeVa
National MeVa

Generic LCA data set (only changirlg
background data, e.g. electricity mik,
transport distances)

A set of LCA data to be used/chospn
for the early design stage and other pne
for the detailed design stage

Figure 3 - NativeLCA decision table
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LCA meta data includes all relevant informationtthigs the selection of appropriate and qualifiathdor
each context, namely the information necessaryeterthine the data source and for what it represénis
fundamental that relevant meta data be kept alatigeach quantitative data set (related with amgidatabase
and a specific construction material or produchistway, LCA figures should be associated withapproach
that leaded to their calculation, leading to adyetinderstanding of its significance. Meta data akwo be
crossed between databases that present contrgdiatiicators in order to aid in the search for aplanation
of the major differences found. According with CHR/ 15941:2010 requirements, LCA meta data should
include (CEN 2010):

e The origin of the data;

« Geographical and temporal coverage;

e Aregistry of the transformations that had been enadhe data (e.g. averaging);

« Representativeness in all possible dimensions.

An example of a set of meta data that can be usebdracterize available LCA data is presentedabld 10,

following mostly the approach of SLCA constructifrasvaux, Chevalier et al. 2011). The fields choden
not fulfil all requirements of European Standardstlae aim is only to provide sufficient informatidinat

allows for the data comparison.

4.3.Consistency and representativeness verification

The second step of NativeLCA methodology includég tverification of the consistency and
representativeness of each data set in orderdpecévely, confirm if they are of sufficient qugilto be used
in a national context. The first criteria should Werified for all data sets, while the second osdo be
verified only by foreign data sets (see Figure 2).

The verification of consistency includes the chagkof the following characteristics of each data se
(CEN 2010):

e PCR or standard followed during LCA study and cgprnding characteristics;

e LCA study hypothesis, namely system boundariexffuand allocation rules;

» Consistency on the assumptions, methods, modelsiatad namely on the definition of parameters of

the LCI and LCIA procedures, and accordance wighgbal and scope of the LCA study;

e Type of internal/external/third party verification.

The verification of consistency provides a quadifion of each data set using the requirements dyirea
summarized and can be made using the meta datactd@zation completed in the previous step (eaythe
fields PCR followed, System boundaries, Cut-ofesjlAllocation rules, Critical review / verificaticand %
of market share of average LCA data - see TableaBle 3 and Table 10). A more detailed verificatéam
always be implemented if other dimensions of LCAadsets are analysed, namely (CEN 2010): plausibili
(e.g. including cross-check for selected elementargss and energy balances and comparison with othe
existing data), completeness (e.g. downstream pseseshould be modelled “to the elementary flownasig
uncertainty (e.g. reliability of the source, diffeces with other available sources and sensitafiiglysis of
the final results). However, considering the aintloé methodology these complementary verificatians

not required.
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Table 10 — Example of meta data selected to charaetLCA data sets (Lasvaux, Chevalier et al. 2011

Description

Examples

Type of meta data

Designation

Designation included in the generic data/EPD da@lbiag

describes the type of construction material or pobd

Concrete, steel

Function

describe the function according with SLCA

FacadesProcede fin de vie

Functional unit

describe the functional unit of the data

1 kg; 1nf

Characteristics

describe physical characteristics or others

Density, use of primary and secondary raw materials

Organisation responsible for the
data

describe the data provider

EMPA; French trade unions

Geographical coverage provide the geographical validity of the data France
. . . 2006;
Temporal representativeness provides the year of data collection 2005-2011
Usual technology (most of the cases); advancedtdohy

provide the technological level of manufacturingqesse

Technological representativeness

Type of LCA data and sampling
procedure

describe the type of LCA data and the gate-to-data
collection

Generic, product-specific or average (country, [pargroducer, plant) data
Based on literature (partly the case of Ecoinvdraked on data collection in the
manufacturer plant (always the case in French EPD)

System boundaries

describe the system boundaries of the data

Cradle to gate (A1-A3), cradle to grave (A-B-Cladle to cradle (A-B-C-D), etc.

Energy and transport processes
LCA data

describe the energy and transport LCA data useq

French FDP01-015 LCA data on electric mix and f&elpinvent ones

Cut-off rules

describes the cut-off rules

French EPD should comply with 98 % in mass wheEzasnvent do not provide such ar

il

Allocation of by-products

describe the allocation of by-products in the plant

Mass, economic, energy

describe the characteristics of the packaging densd ir|

Stirable thermo-retractible film, PE film, wood [ed) adhesive labels

Packaging the study
Infrastructures describes if the_mfrastruc_tures of production (egment Included, not Included
plant) are include within the system boundary
INIES

EPD program, number and state

identify the EPD program, the number of the docum
and its state, including the date of expiration

Expired, on line, stored, expires three year dfierdate of declaration

Critical review / verification

describe if a critical review / third party verifiton has
been conducted

Internal critical review, third-party verification

Generic LCA databases

identify the Generic LCA database

Ecoinvent, ELCD

Year of release of the data

describe the year of the release of the data

2007 (Ecoinvent 2.0)
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A representativeness criterion is only appliedaieign data sets in order to evaluate their suitalto be
used as generic data for a national context bykihgdtheir accordance with national practices. €fane, the
features of each data set that should be obseredC&N 2010) (see Table 10):

e Geographical coverage;

< Production technological hypothesis (technologixalerage);

e Composition/formula and physical and chemical cttaréstics of the product represented by the data s
(e.g. for cement, CEMBUREAU European average LCfadat presents the results for a median cement,
but the cement that is being study can have ardiffecomposition or compressive strength);

« Background data used on LCA calculation: electrigd gmix, manufacturing of raw materials,
transportation modes and distances;

» Data sets used to model downstream processesparagison modes and distances, maintenance and end-
of-life practices.

« Age of the data (e.g. should have been verifietliwithe last ten years);

« The possibility of modify background data in oréieiprovide “contextualization”.

Usually only generic data sets allow for modificas of its background data (e.g. electricity prdidunc

mix, transport modelling and distances, origin afmaterials and waste treatment processes) ip@oach
known as “contextualization” (Peuportier, Herfrayak 2011). If a “contextualization” is made indfstep to
some data set, only the corresponding “contextedlizalues should be considered in the remainiagssof
this methodology.

International LCA data sets were restricted in fhaper to the European geographical area becatse da
sets from out of Europe do not comply from the hegig with the representativeness criteria in teohs
geographical coverage and their technological hygmis is more liable to differ from the Europeaaqgices.

At the end of this step, the pool of data sets tmmnot comply either with consistency and /or with

representativeness criteria should be identified.

4.4 Suitability test for the quantification of mean vaues (MeVa) of LCI and LCIA

indicators

The third step of the NativeLCA methodology incladéor the pool of data sets that comply with the
consistency and representativeness criteria, thBromtion of their suitability to be used in thaamtification
of mean values (MeVa) for LCI and LCIA indicators.

Generic databases are not included in this vetifingbecause they normally includes only one lifele
stage represented in each process (see 3.6) aerd, aviailable through a LCA software, all LCI floaad
LCIA parameters (using adequate EIAM) are liabld#¢ocalculated. Existing or on-going site-speaifata
from national LCA studies will also not be subjette this checking because they will not be usethe
calculus of mean values and only be compared artewith the remaining data sets.

This step includes the assessment of the LCI flawd.CIA parameters included in the results of
individual EPD, joint EPD and average LCA data sktth nationally (e.g. Portugal, France) and fratimer
European countries (defined as “foreign”). For L&A parameters, the EIAM used should also be cbdgck
including the corresponding version and/or issuaryé this step, the level of aggregatiper life-cycle
stages and building material of LCI flows and LGHicators in each data set will also be analygeda
conclusion, this step will not provide a list oftalaets to be discarded but the identificationhef data sets

that can be used in the quantification of MeVaafteLCl and LCIA indicators and corresponding tfele
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stages. In fact, as the scope of the study is poidhe data selection, only the data sets thatéten the

scope defined in almost one set (LCI - LCIA - EIANife-cycle stage - building material) will be csidered.

4.5 Quantification of national, foreign and European men values (MeVa) of LCI and
LCIA indicators

A quantification of national, foreign and Europeaean values (MeVa) for LCI and LCIA indicators is
accomplished in the fourth step of NativeLCA metblody. These values results from the combination of
site-specific and/ or average data related with nenufacturing of the same product but representing
different “technologies, sites, countries and/anei. As NativeLCA will be applied mainly to buildin
products, MeVa correspond therefore to systemsagugy. MeVa calculation should however signalize (o
avoid, when the goal is a given technology) averggif processes representing two or more very reiffie
technologies for the manufacturing of the same pco(EC-JRC 2011).

European Standards distinguish average (mean ydhoes generic data sets by referring that the farm
correspond to “data combined from different manufeers or production sites for the same declardét un
(which also corresponds to a joint declarationhim Erench EPD system (AFNOR 2004) — see Tablenr)” a
the latter is “surrogate data used if no systencifipalata are available”. Nevertheless, both typedata sets
have the aim of representing a specified geogragggion and time, and generic data sets can adsit feom
site-specific or average LCA studies with the aiiwepresenting a typical variant of a process (CENO;
EC-JRC 2011).

This step evolves through several sub-steps teadescribed next:

» Consideration of individual and joint EPDs and ager data sets (national, country-specific or Ewaiape
available in the country, abroad or both that hdneen considered suitable to be used in MeVa
guantification;

e For each environmental parameter (LCI flow or LGiicator, in each life-cycle stage), quantificatiof
the variability per type of material. Then, anadysf the dispersion by means of appropriate scpttas

and bars for the same declared unit. The analysteovariability of the figures and, mainly of thenean
value, allows for the explanation of the differendeund and can also support the decision to niaiota
exclude some data sets (EC-JRC 2011; Hodkova asdaua 2012). The variability is usually directly
dependent of the number of data sets availabledoh construction material but, when a small nurober
data sets is available, their variability can bghhbut any of them should be excluded becauseisf th
problem;

» Explanation of the LCI and LCIA results’ dispersion

» Exclusion of some data sets based on statistittatier
All these sub-steps precede national, foreign antbfiean MeVa calculation. MeVA allows for the

weakening of the variability that exists betweeh the figures considered and their quantificatian i
accomplished by means of:

e Calculation of national, foreign and European Md)aed on the remaining data sets:

o National MeVA should be preferably a weighted meaoording with the production volumes, for
each environmental indicator and for the same dedlanit, of individual and joint EPD and average
data sets (has recommended in European Standall$ 2G10)), when declared, or, in alternative,
according with the market shares;

o Foreign and European MeVA should be calculated@ghted mean of declared production volumes,
for each environmental indicator and for the sareelated unit, of individual and joint EPD and
average data sets (as recommended in Europearag&taf{@EN 2010));

o An arithmetic mean according to the number of camgm included in each data set, for each
environmental indicator and for the same declarat af individual and joint EPD and average data
sets (at a national, foreign and European level),be a last option for the data sets that neither
declare market shares nor production volumes;

o National average LCA data sets that do not incinfl@mation concerning market shares, production
volumes or number of companies considered, andgior@verage LCA data sets that do not include
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information concerning the two last figures, shontd be treated as an individual EPD to be used in
MeVA, but it should be possible to choose this d&tiato be used as generic in the national context;

o National and foreign (mainly European) average LG&ta sets that are considered for MeVa
quantification should also be considered as ind@iddata set in the comparisons in order to be
chosen to be used as generic in the national contex

MeVa calculation may include a preliminary sub-stiegt corresponds to the calculation of average EPD

figures by producer based on its available indigldtPD (Hodkova and Lasvaux 2012).

4.6.Comparison within foreign data: MeVa vs. generic déa sets

The goal of this step is to compare these data-deteign MeVa and generic - for each harmonis€d L
flow and LCIA parameter, and for life-cycle stadiehas to be decided if any of these data setslghma
discarded at this time. This step also allows far verification of the likelihood of foreign MeVahsn
compared to generic data sets. Meta data informaigm be used to explain the differences found éetw

data sets and, in the end, exclusion criteria,dagsea statistical criterion, can be defined.

4.7.Comparison between national and foreign data: MeVas. generic data sets

Similarly to the previous step, this one intendptovide a comparison between data sets at a Eamope
level — national, foreign and European MeVa andegen- for each harmonised LCI flow and LCIA
parameter, and for each life-cycle stage (Hodkowd &aasvaux 2012). This step also allows for the
verification of the likelihood of national MeVa wheompared to foreign and European MeVa and generic
data sets. Therefore, a decision can result orexisusion of some data sets according with an amtequ
criterion. Meta data information can also be useeXplain the differences found between data sets.

This comparison should include meta data, by uaingdequate data analysis tool (Lasvaux, Chewatlier
al. 2011) or data quality assessment methodologiesder to allow for the determination of robggtneric
data that are consistent in terms of LCA methodplegd technological, temporal and geographical
representativeness (Hodkova and Lasvaux 2012). eéxample, an EPD from INIES has often better
conditions to be used in a national (i.e. Frenantext than Ecoinvent data sets because (EC-JRC; 201
Hodkova and Lasvaux 2012): it represents a premeghtrealistic situation; it has an appropriate thelated
coverage (recent data, not older than 6 years)toapite technologic (average national technologydl
geographical representativeness; and reliable aifttdl data set (one unique source: EPD from INIES)
spite of that, EPD meta data do not include thef¥market share or production volumes of each prbduc
producer (for instance this information is not matiody in the Product Category Rules - PCR - ofRhench
EPD) and therefore its representativeness is cdadla priori or when complemented by other soucofes
data.

4.8.Comparison between site specific data from nationdlCA studies, MeVa and generic
data sets
This step of NativeLCA methodology allows for thengshmark of national LCA studies (for each LCI
flow and LCIA parameter, and for each life-cyclagd) with national MeVa and foreign LCA data sets
(foreign and European MeVA and generic data ségnchmarking with foreign figures is extremely

important to verify the likelihood and check theayibility of national LCA studies when compared to
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national MeVa, foreign and European MeVa and gendata sets. This is especially true when national

MeVa do not exist. When site specific data fronioratl LCA studies are not available, this stefgizored.

4.9.Selection of a coherent LCA data set to be used generic data for a national context:

NativeLCA

The last step of NativeLCA methodology deals witk selection of a coherent LCA data set to be ased
generic data for a national context within the oaesilable at this time. Available data sets carbbth site
specific data from national LCA studies, natior@aleign and European MeVA or generic. At the endhaf
step, one data from the pool (or, in some casesnaination within) is chosen to be the generiadat a
national context. To achieve this goal, the mogtgadte option is to create a Data Quality Indic4B®| —
adapted from the criteria given on European Stated€EN 2010)) to be assessed for each of thesesdtd.
DQI considers all the information compiled in p@w$ steps of this methodology, mainly the resultthe
assessment of consistency and representativen&sd¢ 2010). For example, the indication that theecid
“geographical coverage” is not fulfilled should &gached to every international data sets in oralénform
the final user (Hodkova and Lasvaux 2012). Usingl,D® will be possible to create a quantitative
classification and corresponding ranking of avddadata sets in order to ease the choice of the tha can
be considered NativeLCA.

Another option can be to choose a combination ofldata sets to be used as generic data for a ahtion
context. Using this approach, one of them can el whuring early design stage (on principle, the tmos
“generic”), and the other one (the most “specidiepuld be used in the detailed design stage.

When foreign data sets are chosen, mainly becag&eof national data, preference should go to dets
that allow for modifications of its background daia “contextualization” (Peuportier, Herfray et aD11).
Contextualization may include in some cases a lddtainalysis and change of individual input or otgp
flows of a generic data set, namely based on thiereinces of industrial statistical informationiaitial and
target regions (Colodel, Sedlbauer et al. 2010ne@e data sets are usually the only ones thatvallfor
“contextualization”, and this is an advantage foerh because can improve their representativenesgy b
even more advantageous if technological represeetess is fulfilled. In fact, if two or more fogy data
sets are considered suitable to be used as gelatador a national context, it is paramount tofconwhich
is more close to national practice in terms of pain of the construction product being studiedisT
information will provide more arguments to seleataherent LCA data set to be used as generic data f
national context within the ones available. Thisich should also be based in all the informatiomgited in
previous steps of this methodology, mainly in thesults of the assessment of consistency and

representativeness (CEN 2010).

5. Discussion and conclusions

This paper proposes a methodology for the seleci@ancoherent LCA data set of building product®¢o
used as generic in a national context - NativeLBAsed on the adaptation of existing LCA data sats o
construction materials and products (generic, @er&PD or site specific). This methodology is wati/e
mainly because of being: wide-ranging (none ofdpproaches identified in the state of the art dsrsiall
types of LCA data sets); straightforward in its kgagion (not time and resources demanding); fodisethe
final output — selection of a LCA data set to beeclly used by the practitioner, avoiding therefuoneentory

analysis and modification.
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The aim of achieving generic data adapted to aifspgeographic context is to provide robust restitat
can be used by building LCA practitioner on siniptif LCA or early design assessment, for example.

The methodology proposed in this paper can now e wlas a research tool to answer some of the
questions raised by practitioners concerning thee@ncy of the LCA data to be used to model a nglih a
national context, namely when several LCA databasesavailable for the same material. Thus, moshef

pitfalls they find in this activity can be avoidédasvaux et al., 2011).
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Summary

This paper proposes an integrated approach for the energetic, environmental and economic
(3E) life-cycle assessment from “cradle to cradle” (3E-C2C) of building assemblies and
exemplifies its application in the selection of the external wall of a building.

3E-C2C approach follows the guidelines included in European standards: environmental
performance is evaluated from C2C following a “Life-cycle Assessment” methodology;
energetic performance corresponds to the consumption of energy for heating and cooling;
and the economic module is based on the Whole-Life Costing (WLC) methodology.

The 3E cost-C2C approach provides a subjectivity-free tool to compare and select
alternatives in the design of a building by using a prevention-based “Environmental Impact
Assessment Method” that converts the results of all impact categories into an economic
unit, allowing for the addition of the cost associated with the environmental impacts on the
economic and energetic WLC and for the consideration of a 3E performance in all life-cycle
stages.

Resumen

Este articulo propone una metodologia para la evaluacién del Ciclo de Vida (CV) ambiental,
energético y econdémico (3E) “de la cuna a la cuna” (C2C) de sistemas de construccion de
edificios, ilustrando su aplicacion en la eleccion de una pared exterior.

3E-C2C sigue las directrices de las normas Europeas: la metodologia de evaluacion del
CV para la performance ambiental C2C; el consumo de energia para calentar y resfriar
para el performance energético; el modulo econdémico se basa en la metodologia del
“Coste del CV” (CCV).

3E cost-C2C provee una unidad sin subjetividad para comparar y elegir alternativas
constructivas, usando un “método de evaluacion del impacto ambiental” basado en la
prevencion que convierte los resultados de las categorias de impacte en una unidad
economica, permitiendo la adicion del coste asociado al impacto ambiental en los CCV
economico y energético y la consideracion del performance 3E en todas las etapas del CV.

Keywords : building, cradle-to-cradle, eco-costs, energetic performance, envelope,
European standards, external walls, Life-cycle assessment, whole-life cost.

Palabras-clave : edificio, desde la cuna hasta la cuna, eco-costos, performance energético,
envoltura, normas europeas, paredes exteriores, evaluacioén del ciclo de vida,
coste del ciclo de vida.
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1. Introduction

In Europe, the “Energetic certification of buildings” [1] has already had positive
conseqguences, not only in terms of the thermal performance of the buildings. In Portugal,
for example, it is already possible to establish a direct relationship between the energy
class and the quality of construction. With the minimization of carbon emissions resulting
from the exploitation of buildings, the measures to control and reduce the environmental
impacts of the entire production chain of construction have become a priority. For this
reason, it is time to begin determining the “carbon invoice” of the production of construction
materials and construction of buildings [2]. As soon as this determination has credible and
statistically significant data, the theoretical “carbon invoice” can become a real
environmental tax to be applied to new constructions (and may be an incentive for
rehabilitation works). Even though the European building industry has energy efficiency as
its most recent priority, in a desirable future it will be possible to evaluate a building, and
make its energetic certification via a balance of the environmental impacts of its materials in
its whole life cycle. To fulfil the ISO 15392 general principle "holistic approach” [3], the
sustainability assessment of a building must represent a part of an assessment of
integrated building performance [4, 5]. In Spain, for example, a simplified “Life-Cycle
Assessment” (LCA) methodology to be included in the process of energetic certification of
buildings has already been proposed. This method uses the “Environmental Product
Declarations” of construction materials that are already available [6]. In Italy, the need to
integrate life cycle assessment quantitative indicators in the process of energy certification
has also been identified [7].

The envelope is one of the main parts of the buildings. One of its parts, the external walls,
directly influence the thermal and environmental performance of the building envelope
because of their considerable weight in the envelope’s initial embodied energy, life-cycle
energy consumption, whole-life cost and users comfort. They can represent up to 15 % of
the overall environmental impacts of a building over a 60-year life-cycle [8] cited by [9]. The
environmental impacts of each external wall solution result directly from the attributes of the
materials used, such as its initial embodied energy and thermal properties and the way the
solution is designed and built. A detailed review of LCA results of more than 10 years of
international research studies on the environmental impact of a building’s external walls has
shown that all the studies include the production of the construction materials and the
majority (63%) evaluate the embodied energy of each external wall, but just a third include
the end-of-life of the building assembly and no more than 42% include the construction,
operation and maintenance stages [10]. Therefore, this paper proposes an approach to
provide the environmental, energetic and economic life-cycle assessment from “cradle to
cradle” (3E-C2C) of building assemblies and exemplifies its application in the process of
selection of the external wall of a building.

2. Proposed environmental, energetic and economic | ife-cycle
assessment from “cradle to cradle” (3E-C2C) approac  h

A methodology to identify optimal levels of performance of building elements that only
include construction and energy costs optimization is proposed in the Recast of the “Energy
Performance of Buildings Directive” of 2010 [11]. This approach is insufficient since it
disregards environmental aspects of the building element in the life-cycle analysis that
leads to a “cost-optimal level”. Therefore, this paper proposes an approach to provide the
3E-C2C of building assemblies along the guidelines included in European draft standards
under development by Technical Committee (TC) 350 of the “European Committee for
Standardization” (CEN/TC 350 - “Sustainability of Construction Works”). These standards
for the sustainability assessment of buildings and construction products, which have been
structured into three horizontal levels (framework, building and product) and into three
vertical columns (environmental, social and economic) while always taking into account
technical and functional performance characteristics, will be in their final version by the
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beginning of 2012. This harmonized European system will allow the assessment of the
environmental, social and economic performance of buildings based on a life-cycle
approach.

The application of the 3E-C2C approach allows for the evaluation and comparison of
building assemblies by: considering their whole life-cycle (C2C); assessing the 3E-C2C
impacts and taking into account all the factors that could affect them (e.g. the performance
of the assembly in the use phase of the building, service life and recycling potential).

The experimental application of the 3E-C2C approach to the process of selection of
the external wall solution for a new (model) building in Portugal allowed the
improvement and refinement of each of its modules and steps. Each part of the 3E-
C2C of these assemblies was based on and/or compared with data included in
other studies already finished in Portugal concerning the energetic, economic
and/or environmental performance of solutions for the building envelope.

2.1 Scope of the study

The 3E-C2C approach was applied to a process of selection of the external walls of a
model building called HEXA (developed within the LiderA, the Portuguese building
environmental certification system), which has five residential floors (the ground floor is to
be used for commerce) [12], represents the most common constructive and architectural
practices in Portugal but has not been built yet [13]. The HEXA design drawing can be seen
in Figure 1 (the building faces South), and the object of the study is the apartment on the
right located on a middle floor without an adjacent building on the East fagade. The location
chosen for HEXA in this study was Lisbon.

Sas
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Figure 1 - HEXA design drawing of a middle floor: the object of the study is the apartment
on the right, without an adjacent building on the East facade [13].

|
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The external walls under analysis are located in the North and South facades of the flat
and the functional unit is a square meter of external wall (the East facade is considered to
be wall W1 - see Table 1 - for all alternatives). The reference study period was defined as
50 years [12]. For the wall structure, only masonry solutions were considered (the most
common solution in Portugal) and for insulation, the materials studied were Extruded
Polystyrene (XPS) (inside a cavity wall) and Expanded Polystyrene (EPS) and Agglomerate
of Expanded Cork (ICB) within an “External Thermal Insulation Composite System” (ETICS)
(Table 1) [12].

The data of life-cycle stages of the external walls included in each module of 3E-C2C
approach in the present case study are summarized in Table 2 and described in detail in
sections 2.2 and 2.3.
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Table 1 - Characteristics of each external wall solution (North and South facades), including
maintenance actions

External wall U-value External EC Wall Wall insulation Internal IC
solution  (W/m®K)cladding (EC) maintenance structure coating (IC) maintenance
Painted Total CaV|t.y 4 cm of XPS in Total
W1 0.47 . wall: . )
cement render cleaning and 15411 em the air gap cleaning and
repainting . ) . : repainting
Brick wall: 6 cm of EPS in Painted
w2 0.45 ETICS system ea\;edr); eSleiera(:? 22 cm ETICS cement v syse.rryeiair
W3 0.48 ETICS system 35% of the Crok Wall: 6cm of ICBin — render oo/ ¢
22 cm ETICS
area at 25 . . . area each 10
W4 0.4 ETICS system ears Brick wall: 8 cm of ICBin ears
: Y Y 22 cm ETICS y

Table 2 - Data of life-cycle stages of the external walls included in each module of 3E-C2C
approach in the present case study

Use stage - energy End-of- life stage

3E-C2C module Production Trans_port use for heating Us_e stage - transport and
to site : maintenance "
and cooling deposition
Environmental performance X X X X
Economic performance X X X X
Energetic performance X

2.2 Environmental performance

The environmental performance of the external wall solutions were compared from “cradle
to cradle” following “Life-cycle Assessment” methodology (LCA) (based on ISO 14040:2006
and 1SO 14044:2006 international standards [14, 15]). This procedure allows LCA results
from different studies to be compared and to be used to make meaningful choices [16, 17].

The environmental module of the 3E-C2C approach also followed most of the principles

already included in the draft standards FprEN 15643-2:2010: “Sustainability of construction

works -Assessment of buildings - Part 2: Framework for the assessment of environmental
performance” and prEN 15978:2010: “Sustainability of construction works - Assessment of
environmental performance of buildings - Calculation methods”, as the following ones:

* The assessment of the environmental performance shall apply the LCA approach in
accordance with the guidelines and requirements of ISO 14040:2006 [15];

* The results of the assessments shall be organized in three main groups: impacts specific
to building fabric and site (results from the product stage and from the construction
process stage), impacts and aspects specific to building in operation (maintenance,
repair, replacement, water and energy use and all activities with an environmental
impact) and results from the end of life stage of the building;

« The quantification of the impacts of operational energy is a direct result of the calculation
of the energy used during the use stage of the building according to the “Energy
Performance Building Directive” (EPBD) [1] and shall be derived from different energy
carriers or LCA databases;

* The impacts and aspects related with benefits and loads beyond the building life cycle,
e.g. those that result from further reuse, recycling potential and energy recovery and
other recovery operations, may be included as supplementary information. They are
essential to promote and allow a C2C approach in the life-cycle of the buildings and
corresponding assemblies;

« The default value for the reference study period shall be the required service life of the
building and the estimated service life of the assemblies shall take into account rules
and guidance included in the standards 1SO 15686-1,-2,-7 and -8 [18-21].
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2.2.1 Product stage

The LCA from the production of each construction material (“cradle to gate” approach) was
calculated using “SimaPro” software and available “Life cycle Inventory” (LCI) databases
adapted to the Portuguese reality when adequate. The LCI data used was:

* Mainly “ecoinvent database system processes”, with a modification in the energy source
to represent the Portuguese reality (“electricity, medium voltage, at grid PT/U”);

» The “ecoinvent system process” that corresponds to the production of ICB contains data
from one major producer in Portugal,

* “CO, sequestration” of cork oak tree (which benefits ICB) was estimated in a
“conservative" way, by simulating the incineration with energy recovering at the end of
life stage and considering the corresponding negative environmental impact right in the
production phase [22];

* The environmental impacts of the production of 1 ton of brick were based on the
“Environmental Product Declaration” (EPD) of masonry units with vertical hollows
developed in 2009 by the “Technological Centre for Ceramic and Glass”, in collaboration
with the “Portuguese Association of the Ceramic Industry” (APICER), based on data
collected from 11 sites and on international databases [23, 24].

2.2.2 Construction process stage

At this stage, only the environmental impacts of the transportation from factory gate to
construction site were considered (brick and mortars from Leiria area - about 150 km from
building site - and insulation materials from the corresponding factories - XPS from 273 km,
EPS from 30 km and ICB from 85 km away).

2.2.3 Use stage - energetic performance

The energetic performance considered in the 3E-C2C approach corresponds to the
estimation of consumption of energy for heating and cooling during a building’s operation,
because these are the only operational costs that the fagade influences (ventilation, hot
water and lighting uses are similar between the external wall solutions being evaluated).
These energetic needs were calculated following the national regulation related with the
“Energetic and interior air quality certification in buildings” [25], which transposes the EPBD.
This certification system forces the construction, sale or rental of a building or house to be
followed by the corresponding certification of its energetic performance. For residential
buildings, this regulation stipulates a maximum consumption of heating (winter) and cooling
energy (summer), and also limits the energy for heating sanitary waters and the primary
energy consumption [13].

To estimate the environmental impacts of the consumption of energy for heating and
cooling, the energetic needs of the apartment (in kwh) in the study period were divided by
the total area of the external wall being evaluated (40.27 m?) in order to achieve a value
related with the functional unit of the study. This value (in kWh) was introduced in
“SimaPro” software and the corresponding environmental impacts were calculated
considering the process which represents the Portuguese electricity supply (“electricity,
medium voltage, at grid PT/U").

2.2.4 End of life stage

At this stage selective demolition (or deconstruction) was considered to estimate
environmental and economic impacts of transport and disposal of “Construction and
Demolition Waste” (CDW) in adequate plants. This technique is increasingly being used in
Portugal for environmental (allowing the maximization of CDW reuse/recycling potential)
and economic reasons [26]. However, for ETICS solutions, it was considered that the
finishing render and the insulation material are mixed after demolition and therefore have to
be considered as undifferentiated CDW (waste code 17 09 04 - mixed construction and
demolition wastes [27]) and sent to landfill. The environmental and economic costs of
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demolition works were not considered in this approach as they are similar for all the
alternatives being evaluated.

The cost and the environmental impacts of the transport and disposal of the CDW
generated by each external wall solution were based on Portuguese case studies which
used data from waste operators and market values. Therefore, the most probable disposal
place (CDW management and recycling plants of the Lisbon area) and final destiny (ex.:
landfill, reuse or recycling) were considered for each type of CDW [26]. For example, to
estimate the environmental performance, an operation of “rock crushing” and an avoidance
of the product “crushed stone” with an output of 80% was considered for the mixture of
brick and concrete from mortars (waste code 17 01 07 - mixtures of concrete, bricks, tiles
and ceramics [27]) that results from the demolition. However, more studies are necessary in
Portugal to evaluate the potential for improving the recycling and reuse of CDW, namely via
industrial symbioses, because the end-of-life phase can have a positive contribution to the
environmental performance of construction materials [28].

2.2.5 Environmental performance assessment

The LCA results C2C (without weighting or aggregation) for the external wall solutions
being evaluated are presented in section 3. Single score should never be used in public
comparisons of LCA results [14] and the interpretation and valuation of the results of the
assessment are not within the scope of LCA international standards [14, 15]. However, in
order to allow for the application of a 3E cost-C2C approach, an “Environmental Impact
Assessment Method” (EIAM) with a weighting step (that converts the results of all impact
categories into an economic unit) was used to allow the addition of the cost associated with
the environmental impacts to the economic and energetic whole-life cost. 3E cost-C2C may
become universal, when the financial implications of each environmental impact have been
sufficiently assessed (ex.: the carbon market related with the cost of CO, emissions of the
production of products). There are already examples of quantification of “natural capital”, as
the “Canadian Boreal Initiative” that calculated the value of the ecological services of a
valley in order to “tax” industries that destroy it [29]. The invisibility of many of nature’s
services to the economy results in widespread neglect of natural capital, leading to
decisions that degrade ecosystem services and biodiversity [30]. Only the definition of a
universal economic value of natural elements and services can avoid the excessive
consumption of natural resources. Nevertheless, as the value of nature starts being
recognized, a global market for services from ecosystems - the natural capital - emerges at
the global level [31].

Concerning the EIAM, most of the academic LCA studies use a "single indicator" which
weights the results of each impact category to express them in the same unit: a "damage
based" indicator (ex.: Ecoindicator 99 whose unit is “Points”); a single issue indicator (ex.:
global warming potential, corresponding to the carbon footprint with “kg CO, eq.” as its
reference unit); a "prevention based" indicator (ex.: eco-costs 2007, with an economic unit,
the euro). All of them are suitable for different types of analysis, but for C2C calculations
eco-costs give the most satisfactory results. Eco-costs define a prevention based "single
indicator" for environmental burdens which is based on the concept of "marginal prevention
costs" (e.g. costs required to bring the environmental burden to a sustainable level, by
either “end-of-pipe” measures or by “process integrated” solutions). “Marginal prevention
costs” include the eco-costs of toxic emissions, material depletion and energy. One
substance can cause damage in different impact categories but it has only one prevention
cost, so should be counted only in one impact category and eco-costs model considers it
only in the most relevant (most expensive) impact category. This EIAM was built based on
the Dutch reality by the “Delft University of Technology” but can be applied to other western
European countries [22]. The weighted results of the environmental performance based on
the eco-costs model are presented in section 4.
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2.3 Economic performance

Whole-life cost (WLC) is defined as the “all significant and relevant initial and future costs

and benefits of and asset, throughout its life cycle, while fulfilling the performance

requirements” [32]. The economic module of 3E-C2C approach is based on the WLC

methodology [32] and followed most of the principles already included in the draft standard

prEN 15643-4:2010: “Sustainability of construction works - Sustainability assessment of

buildings - Part 4: Framework for the assessment of economic performance”, as the

following ones:

* Only the cost value was considered to express the economic performance over the life
cycle, which means that the “lowest life cycle cost” building is the most economic one;

* To link the results from environmental, economic and energetic performance
assessments requires that the functional equivalent is one and the same for all
assessments.

The WLC from “cradle to cradle” of the solutions under analysis was estimated taking into
account these principles and considering current Portuguese practices. In order to facilitate
the choice between the competing alternatives, the “Net Present Value” (NPV) method was
chosen. The NPV of an alternative is the summation of all costs that occur during the period
of study of the life cycle of the solution under analysis, converted to their present value
(using a discount rate) in order to make the NPV of all solutions comparable in year O - the
present moment which corresponds to the design phase [12]. The NPV of the functional
unit of each alternative was calculated for the study period using equation (1) considering
constant prices [32] and is presented in sections 3 (economic - Cec - and energetic - Ceqg -

costs) and 4 (environmental cost - Cev):
50

NPV = Z C, (€/m?)
n=0 d)
1)
Where
C,  costinyearn (€/m?;
d real discount rate (without considering risk) applied (3%).

2.3.1 Product and construction process stages

Economic cost in year n per square meter of external wall - Cec, - includes, before use
stage, the market acquisition cost in year 0 (which aggregates the cost of products
manufacture and transport to site and the costs from the construction process), the
maintenance, repair and replacement costs in the study period. These costs were mainly
obtained through market surveys, contacting construction entities, as well as construction
material suppliers [12].

2.3.2 Use stage - energetic cost
The energetic cost in the year n per square meter of external wall - Ceg, - corresponds to

the expense in energy use for heating and cooling calculated following the methodology
described in the national regulation [25 33]'

Ceg, =0.1xT x (NIC NVC)X (€/year*m of external wall)
s
i
(2)
Where
T cost of 1 kWh of electricity in Portugal for household consumers, with VAT but

without fixed taxes (€/kWh) (0.163 €/kWh considering an installation with more than
2.3 kVA [34));

Nic  nominal annual heating needs per square meter of net floor area of the flat
(KWh/m**year);

N nominal efficiency of the heating equipment (1, considering the reference value
[25]);
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Nvc nominal annual cooling needs per square meter of net floor area of the flat
(KWh/m**year):

Ny nominal efficiency of the cooling equipment (3, considerin% the reference value [25]);

Aap net floor area of the apartment being evaluated (129.96 m?);

Aew total area of the external wall being evaluated (40.27 m?).

2.3.3 Use stage - maintenance cost

Economic cost in year n per square meter of external wall - Cec, - includes the
corresponding maintenance, repair and replacement operation costs that occur in that year.
However, the environmental impacts of these operations are not considered in the
environmental performance module of 3E-C2C due to their variable and unpredictable
nature.

The maintenance, repair and replacement operations defined in the study for each element
of the external wall are described in Table 1.

2.3.4 End-of-life stage

The economic costs in year 50, corresponding to end-of-life costs, only include those
associated with transport and disposal (gate cost or tipping fee) of the building assemblies
and costs and/or revenues from reuse, recycling, and energy recovery ([26]), using the
approach described in section 2.2.4.

3. 3E-C2C results

Here the LCA results in five environmental categories (using an EIAM with a mid-point
approach - CML 2 baseline method 2000) (Table 3) are presented along with the economic
and energetic ones (Figure 2). The environmental performance results expressed in an
economic single indicator, and their combination with economic and energetic performance
results, are presented in section 4.

Concerning the environmental performance (LCA without energy use), W1 has a better
result only in terms of “Eutrophication”, mainly due to the effects of components of ETICS
solutions that are sent to landfill in the other alternatives. The worst performance of W2 in
the “Photochemical oxidation” category results directly from the environmental impact of
EPS production. The production of XPS results in “Ozone layer depletion”, making this
environmental category significant only for W1. The effect on “Global Warming” of W3 and
W4 is mitigated by the consideration of “CO, sequestration” of cork oak trees that benefit
ICB.

Table 3 - LCA results - C2C of each alternative, without energy use

Environmental category w1 Results for W2/ % W3 W4
of difference for W1

1.1.Global Warming potential  6.64E+01 6.10E+01 = -9% 5.61E -18% 5.71E+01 -16%

(kg CO; eq.) +01

1.2. Ozone layer depletion 2.03E-04 4.97E-06 -3985% 4.67E -4252% 4.63E-06 -4282%

(kg CFC-11eq.) -06

1.3.Photochemical oxidation 1.78E-02 2.84E-02 @ 37% 1.74E -2% 1.80E-02 1%

(kg CZH4) -02

1.4.Acidification (kg SO ,eq.) 2.40E-01 2.29E-01 @ -5% 2.15E -11% 2.22E-01 -8%
-01

1.5.Eutrophication (kg PO, 3.91E-02 8.05E-02 51% 9.28E 58% 1.01E-01 61%

eq.) -02

The LCA results of the energy use of each solution do not differ more than 2% from each
other and are not significant to help in the choice of the one with the best environmental
performance.
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Concerning the economic and energetic performance (Figure 2), different conclusions
can be drawn. The acquisition costs increase from W1 to W4 and this factor really
influences the final result, making W1 the best solution in this module of 3E-C2C. However,
if the building is not demolished after 50 years, the insulation material starts losing its
characteristics and should be replaced. Then, W1 will be the solution for which this
operation will be more complicated and expensive because of the location of XPS. W4 has
the best energetic performance, which results directly from the lower U-value of this
solution.

€200 m2.1.Market acquisition
€150 ) )
02.2.Maintenance, repair and replacement
€100
m 2.3.End-of-life
€50 — — — —
0 3.Energy use for heating and cooling
€ £ £ & L =& S

wi o ow2  ws  wa
Figure 2 - NPV of the economic (Cec - 2.1, 2.2, 2.3) and energetic (Ceg - 3.) costs of
each option

4. 3E cost-C2C results

Section 3 shows that it is important to analyze the results of each module of 3E-C2C
separately. However, if it were necessary to make a sound choice of the alternatives with a
justifiable criterion, what should be the weights that have to be applied for environmental,
economic and energetic results? 3E cost-C2C provides a common subjectivity-free unit to
compare different alternatives in the design of a building. For each alternative, the cost in
year n per square meter of external wall is the sum of the environmental (Cev), economic
(Cec) and energetic (Ceg) cost:

C, =Cev, +Cec, +Ceg, (€/m” of external wall) (3)

The NPV of each alternative is achieved by applying equation (1). Cev corresponds to
the application of the EIAM eco-costs to the LCA results already shown in section 3.

In Figure 3 W3 and W4 show the lowest environmental cost in the production stage,
mainly due to the consideration of “CO, sequestration” during cork oak tree grown. W1 has
the greater environmental cost in the transport to site stage because XPS is produced in
the more distant plant between the materials used. Costs of end-of-life environmental
impacts are negative for all the alternatives because it avoids “crushed stone” due to the
recycling (crushing operation) and reuse of the mixture of brick and concrete from mortars
that results from the demolition of the walls and that is more significant for W1 (because it
includes a higher quantity of brick and masonry mortar and is the only one that includes
exterior render).
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€60
E1.1.Production
€50 environmental impacts
€40 m1.2.Transport to site
environmental impacts
€30
m1.3.Energy use
€20 environmental impacts
€10 m 1.4.End-of-life
environmental impacts
W2 W3 w4
€(10)

Figure 3 - NPV of the environmental (Cev - 1.1 to 1.4) cost
5. Discussion

3E cost-C2C results (Figure 4) show the importance of economic cost, which represent
more than 55% of the total cost for all four alternatives. This fact, along with the small
difference in the total cost between the alternatives (4% between the most and the least
expensive), makes the result of this study highly dependent on the uncertainty inherent to
market prices for acquisition and maintenance operations (the former are more important
because they occur in year 0).

€250
1.Environmental cost -

€200 Total

€150 m 2.Economic cost - Total
€100

m 3.Energy use for heating
€50 and cooling
€' T T T T T
W1 W2 W3 W4

Figure 4 - NPV of the total environmental, economic and energetic cost of each
alternative

Concerning the environmental costs, they decrease from W1 to W4 and are inversely
proportional to the acquisition cost. Therefore, it is not clear which solution can create a
maximum value to the end-user with minimum environmental burden, namely the one with
the greater environmental efficiency. However, if the increase of use of ICB results in a
decrease of its cost and environmental taxes in products acquisition become a reality, W3
and W4 have a high potential to become the alternatives with the best performance from a
3E cost-C2C point of view. The use of ICB also improves the acoustic performance of walls,
but it is not yet possible to economically evaluate this positive “social impact”.

Concerning the discount rate used for the calculations, a change of more or less 2%

does not significantly affect the final result. However, a value higher than 5% affects mostly
W3 and W4, because of their higher acquisition cost.
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6. Conclusion

This paper proposes an approach which was developed following the guidelines already
included in European draft standards, 3E-C2C, and that allows the comparison of two or
more assemblies and to select the best alternative (even between solutions that are not
functionally equivalent because of the C2C approach that also considers the use and end of
life stages and the reference service life) via a multi-criteria analysis if weights are defined
for environmental, economic and energetic results. This subjectivity can be eliminated with
the use of 3E cost-C2C, which expresses all the results in the same unit and therefore
allows choosing alternatives (even if they are not functionally equivalent) by considering all
the relevant performance indicators in all the important life-cycle stages.

The 3E-C2C data could be also used in the management of the building to allow a
permanent monitoring and update of the 3E impacts of each assembly, namely after each
maintenance or refurbishment activity. In the future, this feature can be important to allow
the renewal of the energetic and/or environmental efficiency certificates.
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Abstract

This paper proposes a method to aid in the chdicestruction materials or assemblies
closely related to buildings’ thermal performanthe method provides an assessment of the
environmental, energy and economic life cycle fromdle-to-cradle (3E-C2C) of these
building elements in accordance with the most recEaoropean standards for the
environmental and economic assessment of constnuatorks. Environmental performance
is assessed from C2C following a life cycle assessmmethod, energy performance
corresponds to consumption of energy for heatirthcaoling, and the economic performance
is based on the whole-life costing (WLC) method.

Using 3E-C2C to help select an external wall alitue and the corresponding insulation
thickness proved useful when comparing alternatikias comply with all the requirements
but are not functionally equivalent, since thereswa need to change their characteristics to
make them comparable. It also helped to quantiferdint aspects of the performance of the
alternatives in each stage of their life cyclepdt®m cradle-to-cradle.

The 3EcostC2C approach supplements the 3E-C2C method bylestsmg weights for
each aspect of the assembly’s performance andhéar quantification, using the same unit.
This approach uses a prevention-based environmeémiahct assessment method that
converts the results of all impact categories emtoeconomic unit. This allows the cost of
the environmental impacts to be added to the ecan@nd energy WLC and a 3E
performance C2C to be considered. The 8&tC2C approach therefore prevents
contradictory conclusions that can arise from titdvidual analysis of each aspect.

Keywords: cradle-to-cradle; energy performance; Europeandstrds; external walls; life

cycle assessment; whole-life cost.
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Introduction

A building’'s design process is iterative and inwsdvmany decision steps. When a
construction material or assembly that is closelgted to a building’s thermal performance
has to be chosen, it is necessary to compare bleaitdternatives by using a method that
allows:

« The comparison of alternatives that comply withtladl requirements (e.g. legal rules or
regulations and the building’s geometry) but arefanctionally equivalent (e.g. that do
not have the same thermal performance), withouiigate change their characteristics
to make them comparable (e.g. changing the insuldkickness);

* The quantification of different aspects (e.g. emvimental, economic and energy) of the
performance of the alternatives in each stageeif life cycles, and also from cradle-to-
cradle, in accordance with the life cycle assessi€A) international standards and
with the most recent European standards relatdtbtassessment of construction work
sustainability;

* The simultaneous comparison of all these aspedtsegierformance of the alternatives,
generally by using suitable weights for each asfsate the designer usually cannot -
or does not know how to - define them).

Such an approach has not been developed yet, attisspaper proposes a method that
satisfies all these requirements and answers tleesnef the building’s designer. This
method provides an assessment of the environmesrtatgy and economic life cycle of
building assemblies from cradle-to-cradle (3E-C2I®).application is exemplified in the
process of selecting the external wall and cormedipg insulation thickness of a new
(model) building in Portugal. The 3tstC2C method enables the definition of appropriate
weights for each aspect of the assembly’s perfoceand their quantification, using the
same unit.

This paper comprises five sections, including thisoduction. The 3E-C2C assessment
section sets out the scope and modules of the pedpmethod, including the state of the art
of similar approaches. An example of the methogisliaation and the results is presented
afterwards, and the resulting figures are analysdtle discussion section. The paper ends
by drawing conclusions that summarise the main r@idgges and possible applications of the
3E-C2C method.

3E-C2C assessment
Kloepffer [1] proposes a life cycle sustainabildagsessment (LCSA) scheme for products
based on the following formula: LCSA = LCA + LCCStCA. For this approach the LCA
should comply with ISO standards [2, 3], the LCCars LCA-type (‘environmental’) life
cycle costing assessment and SLCA stands for sh€ial, but this paper does not draw
conclusions about the weighting of the three pllaf sustainability. Although SLCAs are
beyond the scope of this paper, the approach pedpbg Kloepffer [1] to sum various
pillars of sustainability includes some prereqgeisithat have been taken into account in the
method proposed in this paper [1, 4], viz.:
a) The functional unit and system boundaries of tlsesmments should be identical, or at
least consistent; one option is to use the sameab@lestablish a similar goal and scope;
b) Each assessment should be life cycle-based anddmthe whole life cycle (i.e. cradle-
to-grave) to avoid trade-offs between life cyclegsts;
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c) LCC should avoid any monetarisation of externatsoslated to potential
environmental damage (which should be considergdindi.CA) in order to avoid
double counting.

In fact, it is important to use LCA for decision-kirag at the design stage, although it should
be supplemented at least by a whole LCC which addee the economic element of
sustainability [4]. Decision-making that takes té&o aspects into account is increasingly
important in building design and public procuremfjt Even though it is generally agreed
that the third aspect of sustainability, which aanms socio-cultural issues such as welfare,
health, safety and comfort, should be included sdoaprovide an overall assessment of a
building, as yet there is no similar agreementi@nassessment of these issues in construction
products due to their fuzzier nature [5]; this edetrwas therefore not included in the method
proposed here.

The European standards recently compiled by thédriiegl Committee (TC) 350 of the
European Committee for Standardisation (CEN/TC 358ustainability of Construction
Works) have been structured along three lines @wonk, building and product) and three
columns (environmental, social and economic), whgs taking technical and functional
performance characteristics into account. This barsed European system allows the
assessment of the environmental, economic and| gomiformance of buildings based on a
life cycle approach, and its guidelines for envimemtal and economic assessment were
followed when developing the method proposed h&he novel nature of these standards
means their applications are not yet significameneduring their development. A detailed
review of the LCA results of more than 10 yearsirdérnational research studies of the
external walls of buildings [6] found that only {&1%) of the studies explicitly mention that
they followed the method described in the LCA intgional standards, but none of them refer
to the use of the approaches set out in the rel@&w@opean Standards.

State of the art of available methods for 3E assesent of building assemblies

The envelope is one of the main parts of a build®wge of its components, the external walls,
directly influences the thermal, economic and @mrimental performance of the building
envelope because of these walls’ considerable wigighe envelope’s initial embodied energy,
life cycle energy consumption, whole-life cost arsgr comfort. They can represent up to 15%
of the overall environmental impact of a buildingepa 60-year life cycle ([7] cited by [8]). The
environmental, energy and economic impacts of eatdgrnal wall solution result directly from
the qualities of the materials used, such as itigliembodied energy and thermal properties,
and the way the solution is designed and builtrdfoee, it is of paramount importance for the
building’s designer to have a method to hand fongaring alternative external wall solutions
of a building (or of other main building compongrdad for choosing the most economically
and environmentally (including energy) advantagemus. Methods that partially answer this
need are described next, and their main chardatsr@se summarised in Table 1.

In Spain, a simplified LCA method has been propdsedhclusion in the energy certification
of buildings. It uses the Environmental Product |Betions (EPDs) of construction materials
[12] for the product stage, and also considersofierational energy use (for heating, cooling
and hot water). The final results give the totainairy energy and C{emissions of these two
stages.

Project ‘Butterfly’ in the United Kingdom involvedonsulting companies and Universities in
the creation of a software tool to calculate lifele cost and maintenance, operational energy
and embodied carbon costttp://www.blpinsurance.com/sustainability/butteffl that will be
marketed by the end of 2012. The life cycle coghofollows ISO 15686-5 [13] and energy
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and carbon costs are calculated as described @ENETC 350 group of standards. Operational
energy and embodied carbon (including the produdtuse stages) costs are estimated using a
given carbon value. The aim is not to compare tfiereint options in building design element
by element but to arrive at conclusions about imgaict of these options on the economic and
energy performance of the whole building.

Table 1 - Impacts and life-cycle stages consideredethods for the environmental,
economic and energetic assessment of building ddssnfeconomic issues are underlined)

Life cycle stages

Country Method Product st 'trratrrlsptc)) rt_%t]on Use stage End-
roduct stage to the bullding ™ Energy use for  Maintenance, repair of-life
site heating and cooling and replacement
China [9] Initial economic and carbon ¢ Egonomu and carbo Economic and carbon
costs replacement costs
European Union recast EPBD Construction and energy costs -
. . Energy consumption, environment pollution (CO Energy consumption
Lithuania 3 Efactor emissions) and expenses and_expenses
New Zealand  NZ calculator LCA and _initial cost Thermal performance LCA -
Portugal [10] LCA -
EPD (total
. L primary energy i Total primary energ )
Spain Simplified LCA and CQ and CQ emissions
emissions)
. . Project . : .
United Kingdom ‘Butterfly Life cycle cost, and operational energy and emlsbdébon cost -
Embodied
USA [11] energy - Thermal performance -

An optimisation method (3E - energy, economic aodliaical - factor) to minimise the
energy costs, environmental pollution (i.e. £é€missions) and expenses during the life
cycle of a single-family house was developed imu#nia. It was used to optimise the
thermal insulation, with the same weight for alieth aspects. The energy used and the cost
of production of the insulation material and itangportation to the construction site, the
cost of building construction and renovation andatimg (comparing alternative
technologies) were taken into account. The ecodgperformance includes the ¢O
emissions during the production of the insulatioatenial and arising from heating the
building [14].

In Portugal, the LCA of a house was calculatedstren alternative exterior wall solutions
with similar thermal transmittance, and seven Ingasystems. This study included the
production phase and the heating energy and maintenrequirements for 50 years [10].

A methodology to identify optimal performance lexeff building elements that only cover
construction and energy cost optimisation is prepgda the Recast of the European Energy
Performance of Buildings Directive (EPBD) of 201(5].

In the USA, a research study included the calauatif the embodied energy and thermal
performance (for 30 years) of twelve external vgalutions for a building in a cold climate
region [11].In China, five facade solutions for an office builglwere compared in terms of
their operational energy consumption (cost andaradioxide emissions for 50 years), life
cycle environmental load (carbon cost), life cyclest, green payback time and general
payback time [9, 16].
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A calculator of the thermal resistance and envirental impact of external walls (only for
low-weight wood solutions) was developed in NewlZed [17, 18]. The LCA study of the
walls used the Ecoinvent database, consideringséinee thermal resistance for a 50-year
service life, but excluding the construction ane tthemolition of the building and the
operation energy. The final user of this tool cawl the environmental impact of alternative
solutions for buildings’ external walls, along witheir initial cost.

This review shows that some of the methods onlysiden the environmental performance
(three out of ten [9-11, 16]) and one only congidbe economic performance [15]. There are
three methods that only consider carbon emissimnee(ated costs) within the environmental
impacts, along with the LCC ([12, 14] and ProjecttBrfly). The method developed in New
Zealand [17, 18] covers both the LCA of the progiucand maintenance stages and the initial
cost of each assembly. Therefore, none of theshaaetquantifies the performance of the
alternatives, in all three aspects (i.e. envirorialeeconomic and energetic), in all stages of
their life cycles, either from cradle-to-cradle foom cradle-to-grave, because they do not
include the end-of-life stage (see Table 1). Tiakis gap, we propose the 3E-C2C approach,
which is therefore innovative at an internatiomaidl and allows the appraisal and comparison
of construction materials and assemblies that dweely related to buildings’ thermal
performance (Table 2). It considers their whole Idycle (C2C) by assessing the 3ES’
(environment, energy and economy) impacts and gakito account all the factors that could
affect them, such as the performance of the asyemithe use phase of the building, service
life and recycling potential.

Table 2 - Impacts and life-cycle stages (see sefjmf an assembly in each module of the
3E-C2C approach

3E-C2C Transport Installation . Use stage End-of-life stage -
Product : Maintenance, transport, processing and
module - to the in the ; Energy use for :
stage - - repair and : disposal (C4-C6), and
assembly building  building heating and
erformance: (A1-A3) site (Ad) (A5) replacement (B2- cooling (B6) reuse, recovery and/or
P ' B4) 9 recycling potential (D)
Environmental LCA - LCA
Economic Initial cost Costs - Costs
Energetic - Costs -

Scope - system boundaries

The boundaries of an LCA study of a building mailesr assembly can be defined either from
cradle-to-gate (including the extraction and preces of raw materials and the production),

from cradle-to-grave (including also the transpdigfribution and assembly, use, maintenance
and final disposal), or from cradle-to-cradle (CZ@lso including the reuse, recovery and/or
recycling - 3R - potential) (

Table 3) [19, 20]. The life cycle stages of condinn materials and products are already
standardised (

Table 3) in the recent European Standards reféoredcluding the end-of-life (C stage) and
defining a supplementary LCA information module (Dafter the end-of-life of building
materials - named Benefits and loads beyond thersyboundary [21, 22]. The appraisal of
this stage should include the net impacts and henedlated to the 3R potential of
construction and demolition waste (CDW) and of pthaste flows.

The detailed review of the LCA results of a builglvexternal walls already referred to has
shown that all the studies include the productidrth@ construction materials and the

7.11-5



Appendix 7.1I - Silvestre, J. D.; de Brito, J. & Pnheiro, M. D. (2012a). From the new European
Standards to an environmental, energy and economassessment of building assemblies from cradle-to-
cradle (3E-C20C).

majority of them (63%) evaluate the embodied en@fggach external wall. However, only

a third include the end-of-life of the building esshly and just 42% include the

construction, operation and maintenance staged f&.boundaries of the 3E-C2C approach
include the life cycle stages and/or processestaffieby the external walls (i.e. material

production and transport, heating and cooling, mathtenance operations - see

Table 3), but do not include the 3E impacts ofwatotis during the use stage that are not
affected by the exterior wall solution. In factetBE impacts of electricity consumption by
the technical building systems for heating and iogohre considered in the operational
energy use stage (B6), but consumption by ele@ppliances, lighting, cooking, and
domestic hot water [22] was not considered.

Table 3 - Detailed life cycle stages of buildingterals classification based on European
standards (adapted from [22, 23])

LCA . Life cycle stages / LCA information Life cycle stage designation and description
boundaries modules
9 Al aw material extraction and processing, processing
o2 secondary material input
8 S Product stage (A1-A3) A2 transport to the manufacturer
@) A3 manufacturing

Construction process stage (A4-A5)2‘51 transport to the building site

o installation in the building

2 g B1 use or application of the installed product

S 2 o . : B maintenance

G 2 2 Use stage - information modules reIatE repair

g o B to the building fabric (B1-B5) P

s 2 D B4 replacement

5 5 € B5 refurbishment

8 % Use stage - information modules relatBé operational energy use

¢ to the operation of the building (B6-BB7 operational water use
C1 de-construction, demolition
Ll i C2 transport to waste processing
End-of-life stage (C1-C4) C3 waste processing for reuse, recovery and/or rety¢BR)
C4 disposal
Benefits and loads beyond the syste . .
boundary (D) B reuse, recovery and/or recycling (3R) potential

Scope - declared unit

The stricter application of the LCA approach tolding assemblies is difficult because of the
amount of data on its processes. This makes tivatabef of a functional unit (which is a service
as well as a product), the boundary of the assedsand the databases to be used even more
important, since they lessen the sensitivity anoreof the results [24, 25].

The functional unit is usually directly linked withe functions or performance characteristics of
the products and is defined such that it providesezence that enables a construction product’s
LCA results to be expressed with a common basis [Ri#erefore, the functional unit for an
LCA of a building’'s external wall can be defined ‘assquare meter of external wall for 50
years’. However, a functional equivalent must bel#ished at the design stage so that the
alternatives can be compared, with particular egfeg to the external walls of a building. This
concept is defined as “the quantified functiongjuieements and/or technical requirements for
an assembled system for use as a basis for compd®, 26]. Following this definition, LCA
studies usually use “a square meter of externdlwvidd a given heat transfer coefficient for 50
years” as the functional equivalent for the congmariof alternatives for the external walls of a
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building [27]. This creates a serious limitatiom foe designer because each solution has to be
adapted to have the same heat transfer coeffizisnglly by changing the thermal insulation
thickness, to make them comparable. This apprdaolresults in the rejection of innovative or
less-often used alternatives such as precast ¢enwaith rigid insulation foam placed in the core
(e.g. sandwich panels), or ceramic or lightweightarete blocks of high thickness and void
content, which sometimes do not need an insulganel! in the external wall. We circumvent
this limitation by means of an approach that all®es comparison of two or more assemblies
with selection of the best alternative, even ifytlae not functionally equivalent. This is
possible by just taking ‘a square meter of extewadl for 50 years’ as the declared unit for the
comparison and taking into account the use andelif@ stages and the reference service life
of each alternative. It is possible to compareragiewall solutions with different heat transfer
coefficients using this approach because the emwviemtal impacts of their relative thermal
performance for 50 years is also considered inLiBA& study, along with the production
impacts related to the choice of the corresponditagive thermal insulation thickness.

Environmental performance

The environmental performance quantification frome tcradle-to-cradle of the 3E-C2C

method follows a life cycle Assessment method (L@#gsed on ISO 14040:2006 and ISO
14044:2006 international standards [2, 3]). Theiremmental module of the 3E-C2C

approach also follows most of the principles alyestluded in the draft standards FprEN
15643-2:2010 [28] and FprEN 15978:2011 [21].

Construction process stage (A4-A5)

The construction stage includes the transport ftbenproduction gate to the construction
site (A4), the on-site storage of products, thetages of construction products and the
processing of product packaging and product wasteAS), and the installation of the
product in the building (A5) [22]. At this stagenlp the environmental impacts of
transporting from factory gate to construction ggeb-stage A4) are considered in the 3E-
C2C method.

Use stage - energy performance (B6)

The3E-C2C approach determines energy performainoe fine consumption of energy for
heating and cooling during a building’s operatidhese are the only operational impacts
and cost that the facade influences (electric appés, lighting, cooking, or domestic hot
water uses are similar for all the external walusons evaluated). These energy needs are
calculated according to the national regulations Energy and indoor air quality
certification in buildings [29], which transposé®tEnergy Performance Building Directive
(EPBD) [30].

Economic performance

Whole-life cost (WLC) is defined as ‘all significaand relevant initial and future costs and
benefits of an asset, throughout its life cyclejlevkulfilling the performance requirements’
[31]. The economic module of the 3E-C2C approadbased on the WLC method [31] and
follows most of the principles in the draft stardi&prEN 15643-4:2011 [32].

To facilitate the choice between the competingriadtives, the net present value (NPV)
method was used. The NPV of an alternative is dine af all costs incurred during the period
of study of the life cycle of the solution underbysis, converted to their present value (using
a discount rate). This makes the NPV of all sohdgicomparable in the year O - the present
moment - which corresponds to the design phase T3&] NPV of the declared unit of each
alternative was calculated for the study periochgisquation (1), assuming constant prices
[31], and is presented in sections O (econom{ee - and energy Ceg - costs) and 0
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(environmental costCe\):

50 C
"_ (€/nT)

o (L+d)"

1)
Where
C, costin yean (E/n);
d real discount rate (without considering risk) ap@l{(3%).
Product and construction process stages (A1-Ab5)
The economic cost in yearper square meter of external walCeg, - includes, before the
use stage, the market acquisition cost in yearlicfwaggregates the cost of manufacturing
and transporting products to the site and the @fogte construction process, without VAT),
and the maintenance, repair and replacement ¢o#te period under analysis.

NPV =

3E cost-C2C assessment

Companies have always been able to consume ort@ollith little to no practical
consequence, at costs that are normally toleratedh®é general public despite being
unsustainable and ethically unacceptable. The miffstult issue when dealing with this
abuse is to determine the actual cost of such darmagature [34]. However, it is only by
establishing a universal economic value of natalaments and services that the excessive
consumption of natural resources can be avoided [35

The 3EcostC2C approach includes an environmental impactsassent method (EIAM)
with a weighting step that converts the resultalbf CA impact categories into an economic
unit. This enables the cost of the environmentglaats to be added to the economic and
energy whole-life cost, resulting in an overallgtnscore (3E£0stC2C) for each alternative
being assessed. It is true that a single scorelgsim@ver be used in public comparisons of
LCA results [2] and the interpretation and evahmatof the results of the assessment are not
within the scope of LCA international standards 32, However, this has led to research
studies (e.g. [27]) that only analyse the resultseach alternative for each individual
environmental category but cannot provide finalwars about the best alternative in
environmental terms. There are, however, LCA stidieat use an EIAM with a single
indicator which weights the results of each immatégory to express them in the same unit: a
damage based indicator (eEgo-indicator 99whose unit is Points); a single issue indicator
(e.g. global warming potential, corresponding ® ¢arbon footprint, having kg G@g. as its
reference unit); a prevention based indicator (€og-costs 20QAvhose economic unit is the
euro). All of them are suitable for different typekanalysis, buEco-costsgive the most
satisfactory results for C2C calculatioB£0-costexpress a prevention based single indicator
for environmental burdens that is based on theeqairaf marginal prevention costs (e.g. costs
required to bring the environmental burden to atasugble level, by either end-of-pipe
measures or process integrated solutions). Margiealention costs include tleeo-costof
toxic emissions, material depletion and energy. Qmnestance can cause damage in different
impact categories but it has only one preventiast.cbherefore, it should be counted in only
one impact category, and accordingly tte-eostsmodel considers it only in the most
relevant (most expensive) impact category. ThisNEMxas built based on the Dutch reality
by the Delft University of Technology but it can laplied to other western European
countries [36].

Table 4 presents a comparison between selectetbamental impact categories of CML 2

baseline method 2000 (an EIAM with a mid-point agwh) and all thé&co-costsimpact
categories (the ones used in the single indicatmutus), where the related categories are
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placed on the same line. The selection of categdrem CML 2 used the most recent
European standards [21], except for abiotic demhefwhich is divided in the standard into
two categories - fossil and non-fossil resourcespressed in MJ and kg Sb eq.,
respectively).

Table 4 - Comparison between selected impact caesgof CML 2 baseline method 2000
and allEco-costampact categories

CML 2 baseline method 2000 catego  Unit Eco-costs category Unit
Abiotic depletiot kg Sb ec Metals depletio eurc
Oil & Gas depletion excl. ener kg oil eq
Depletion of natural foists eurc
Acidification kg SG eq. Acidification kg SG eq.
Eutrophicatiol kg PC,2eq.  Eutrophicatiol kg PC,2 eq.
Fresh water and marine aquatic ecotoxi kg 1.<-DB eq. Aquatic ecotoxicit kg TEG ec
Global Warming potenti. kg CG eq. Global Warmiig potential - IPPCkg CG, eq.
Human toxicit kg 1.¢-DB eq. Fine dust (PM 2.t kg PM 2.5 ec
Carcinogen kg C,HsCl eq.
Ozone layer depletic kg CFC-11 eq. 1. -
Photochemical oxidatic kg C;Hseq.  Summer sma kg CoHseq.
- - Waste MJ

Table 4 shows thdEco-costsinclude environmental categories that are simdathose most
often used in the environmental assessment of rootish materials and assemblies. The
characterisation tables dEco-costs for acidification, eutrophication and summer smog
(photochemical oxidation) are even equal to thoem fCML 2. Eco-costsincludes toxicity
impact categories (i.e. aquatic ecotoxicity, finstd(PM 2.5) and carcinogens) which, despite
being also included in CML 2 and presented indsaln Table 4, are not usually used in LCA
studies because of their high uncertainty and tdccientific robustness ([37] cited by [27]).
The ozone layer depletion category is not consilereco-costdbecause HCFCs are already
banned in Europe and in the USA [36]. Nevertheld®se gases are considered in the global
warming potential characterisation tables of tH&NE. As for the waste produced in the system
process under studgco-costgyives economic credits to recyclable or combuestishste and
considers the cost of disposing of inert or mixedst® (i.e. non-recyclable and non-
combustible). This impact category is not considerethe 3EcostC2C approach to avoid
double counting. In fact, since all assemblies ragglelled in detail from C2C using LCA
software, an appropriate end-of-life (e.g. recylor landfill) is ascribed to each waste flow
during their life cycle, according to the Portuguestuation, and the emissions and avoided
burdens of these waste flows are duly quantified.

Although it is important to analyse the resultseath module of 3E-C2C separately, only
the application of weights for the environmentalpmomic and energy results enables a
sound choice to be made between alternatives, lmasadustifiable criterion. Therefore, 3E
costC2C provides a common subjectivity-free unit tongare different alternatives for the
design of a building. For each alternative, thet adnsyearn (e.g. per square meter of
external wall) is the sum of the environment@éy), economic Ceg and energyGeg cost:

C, =Cey, +Ceg, +Ceqg, (€/declared unit) 3

The NPV of each alternative is found by applyingiagpn (1).Cev corresponds to the
application of the EIAMeco-costgo the LCA results.

3E costC2C may become universal when the financial ingilims of each environmental
impact have been sufficiently assessed. The ugesopproach in building design allows the
simultaneous comparison of different aspects ofpitrdormance of the alternatives (3E) by
providing weights to each dimension that the desigisually cannot - or does not know how
to - define.
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cradle (3E-C20C).

Method application and results

This section illustrates the use of the 3E-C2C oetth the selection of the external wall of
a building in Portugal. The data on the life cystages of the external walls included in
each module of 3E-C2C approach have already beemmatsed in Table 2. Their
characteristics for each aspect of the 3E perfocman this case study are described in
detail in sections 0 and 0. The results for themdl wall solutions under evaluation - 3E-
C2C (without weighting or aggregation) - are theespnted in section 0. Section 0 sets out
the environmental performance results expressed siygle economic indicator and their
combination with economic and energy performansaltg, based on tHeco-costamodel.

Scope of the study

The 3E-C2C approach was applied to a process ettsgj the external walls of a model
building called Hexa (developed under LiderA, a tBguese building environmental
certification system). The building has five resitial floors (the ground floor is to be used
for commerce) [33] and represents the most commastauctive and architectural practices
in Portugal, but has not been built yet [38]. Thexkl design drawing can be seen in Figure
1 (the building faces south), and the subject efgtudy is the flat on the right located on a
middle floor without building adjacent to the eéstade. The location chosen for Hexa in
this study was Porto, the second largest city atugal and the European city having the
best performance in the Buildings energy efficienategory of the Green City Index [39].

The external walls studied are on the north anthdagades of the flat and the declared unit is a
square meter of external wall (the east facaderisidered to be the same as wall R - see Table
5 - for all alternatives). The reference study qeknvas set at 50 years [33]. Only masonry
solutions were considered for the wall structune @ommonest solution in Portugal), and the
insulation material studied was extruded polystgréxPS), inserted in a cavity wall or within
an external thermal insulation composite systemI@S). The thermal conductivity was
considered for each thickness according to thefdataa Portuguese producer (Table 5)).

T s = == T

|
[
eil__':
[
| | | | | | | |

I f—
Figure 1 - Hexa design drawing of a middle flodwe subject of the study is the flat on the
right, with no adjacent building on the east faci38}

The relevant Portuguese code [29] divides Portungalthree climatic regions depending on
the winter conditions (Porto is in the 12 regiongdgrovides maximum admissible values for
the heat transfer coefficients (U) of the opaqueasirof the envelope. This had the positive
effect of halving the allowed U-value of these arefithe buildings in Portugal, as shown in
Figure 2 for Porto. The five external walls anati/sesre chosen based on these figures.
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Table 5 - Characteristics of each external wallsoh (north and south facades), including
maintenance work

External wall U-value  External EC Wall Wall insulation Internal IC
solution  (W/m2K) cladding (EC) maintenance structure coating (IC) maintenance
R 0.46 Painted cement _ 4cm of_XPS in
' plaster Total Cavity wall:  the air gap
cleaning and15+11 cm 6 cm of XPS in Total cleaning
W1 0.41 S i AT
repainting the air gap and repaintin
W2 055 every 5 year 4 cmof XPSin  Painted every 5 years
' ETICS system and repair of _ ETICS ~ cement plasteepair of 5% ¢
W3 0.43 35% of the Brick wall: 6 cm of XPS in the area each
' areaat25 22cm ETICS 10 years
years 10 cm of XPS in
W4 0.3 ETICS
O Porto - After
RCCTE

12 - Reference value

m Porto - Before
RCCTE

12 - Maximum value

0 02040608 1 12141618

Figure 2 - Comparison between the average valutdgedieat transfer coefficients (U)
of the opaque areas of the envelope of buildinggimer region 12, before and after the
introduction of RCCTE, U [W/(1°C)] [40]

Wall R (reference) represents the average walbito®(U =0.46 W/(M.°C)), wall W1 is an

improvement on wall R by having thicker insulati@nd the other walls (W2, W3, W4)

represent the solution most used nowadays (ETI@&)) increasing initial cost and

insulation thickness, in order to assess the enmiemtal, economic, and/or energy

advantages (or weaknesses) of choosing solutidfesedit from the traditional one (cavity

wall - walls R and W1). It is therefore importanthighlight some differences between the

alternatives chosen for this study and wall R:

* W1 has a lower U-value due to increased insulaharkness (from 4 to 6 cm), which
completely fills the air gap;

* W2 has insulation of a similar thickness as walb&, placed within the external
cladding and not into the cavity;

* W3 has insulation thicker than wall R (but the sag&V1), within the external
cladding;

» W4 has insulation thicker than wall R, also witthe external cladding; the XPS
production process for a 10 cm board differs froat for lower thicknesses;

W2 (26 cm) and W3 (28 cm) have a lower thickneas tihe other solutions (without
considering the claddings), and they provide taeMlith a greater useful internal area,
although the economic impact is beyond the scoplki®paper.

7.11-11



Appendix 7.1I - Silvestre, J. D.; de Brito, J. & Pnheiro, M. D. (2012a). From the new European

Standards to an environmental, energy and economassessment of building assemblies from cradle-to-
cradle (3E-C20C).

These five solutions were also chosen assumingstreint at the design stage that limited
the external wall thickness (without considering ttladdings) to 32 cm, to represent a
realistic situation for the building designer.

Environmental performance

Product stage (A1-A3)

The LCA of the production of each construction mate(cradle-to-gate approach) was

calculated with SimaPro and the available life eyiaventory (LCI) databases were adapted

to the Portuguese reality when appropriate. Thedatd used were:

* Mainly Ecoinvent database unit processes [41], fretlby an updated Portuguese
electricity mix (data from 2011 - see section Ojrtodel the industrial consumption for
material production ([42];

* The blowing agent was chosen in the process of hvagleach thickness of XPS boards
according to the information provided by a Portigguplant (i.e. the XPS production
process for a 10 cm board is different from thatdaver thicknesses, resulting in higher
environmental impacts per mass of board);

* The environmental impacts of the production of Ane of bricks were based on the
Environmental Product Declaration (EPD) of masamrigs with vertical holes developed
in Portugal in 2009 [43, 44].

Construction process stage (A4-A5)

Only the environmental impacts of transportatiamnfrfactory gate to construction site (sub-
stage A4) were considered in the 3E-C2C methodkbrand mortars from Leiria area -
around 185 km from the building site - and XPS lagsan material from its factory, 45 km
away.

Use stage - maintenance, repair and replacemerB4{B2

This stage concerns the quantification of the emwirental impacts of the materials used in
maintenance, repair and replacement operationstbeelife cycle of the assembly (in the
year that they occur, according to Table 5). Howetlds module does not include other
impacts from these operations (i.e. water for dlegnenergy for equipment and waste
flows) due to their variable and unpredictable ratyparticularly in terms of frequency,
waste flows and replacement materials. The frequehthe maintenance work considered
in the environmental and economic module (see @ed) is identical, but there is more
information about the cost of this work than thexe@bout its environmental impacts. The
default value for the reference study period wassitered to be the required service life of
the building and the estimated service life of éissemblies took into account the rules and
guidance in ISO 15686-1,-2,-7 and -8 [45-48].

Use stage - energy performance (B6)

To estimate the environmental impacts of the comdiom of energy for heating and
cooling, the energy needs of the flat (in kWh, gkted as described in section 0) in each
year of the study period were divided by the tar@a of the external wall under evaluation
(40.27 ) to give a value related to the declared unit uSis value (in kWh) was entered
into SimaPro and the environmental impacts wereutatied considering a process to model
the domestic consumption for heating or coolingtreg use stage which represents an
updated Portuguese electricity mix (data from 2(J42]. Table 6 presents the differences
between the Portuguese electricity mix in 2004 @redupdated one for both industrial and
domestic consumption. These figures show an ingrgasontribution from renewable
energy sources (e.g. photovoltaic and wind powantgl| the latter mainly for residential
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consumers) and a reduction in the most harmfulnelclgies such as hard coal and oil. This
means lower environmental impacts from electriacgnese.

Table 6 - Portuguese electricity mix - differenbe$ween 2004 and 2011 for companies and
residential consumers [41, 42]

Electricity mix/PT -  Electricity mix/PT for  Electricity mix/PT for residential

Energy carrier ecoinvent 2004 companies - ERSE 2011 consumers - ERSE 2011

Hard coal, at power plant 31 25 14
Lignite, at power plant 1 0 0
Qil, at power plant 12 1 0
Natural gas, at power plant 25 26 15
Hydropower 21 21 15
Nuclear 4 8 5
Production mix photovoltaic 0 1 4
Wind power plant 3 4 32
Cogeneration with wood 3 4 4
Cogeneration with biogas 0 10 11

End of life stage (C) and Benefits and loads beybedsystem boundary (D)

At this stage selective demolition (or deconstorgti was considered to estimate the
environmental and economic impacts of transporing disposing of CDW in suitable sites.

However, for the ETICS solutions, it was assumett the finishing render and insulation

material are mixed after demolition and therefoawento be considered as undifferentiated
CDW (waste code 17 09 04 - mixed construction aewhadition wastes [49]) and sent to

landfill. The environmental and economic costs @idlition were not considered as they are
similar for all the alternatives under assessment.

The cost and the environmental impacts of transpprand disposing of the CDW
generated by each external wall solution were basedortuguese case studies which used
data from waste operators and market prices. Tiwerethe most probable disposal site
(CDW management and recycling plants in the Lislhosa) and final destination (e.g.
landfill, reuse or recycling) were considered facle type of CDW [50]. For example:

* Rock crushing and avoidance of the crushed stamgupt with an output of 80% were
considered for the mixture of brick and mortarsgteacode 17 01 07 - mixtures of
concrete, bricks, tiles and ceramics [49]) thatiits§rom the demolition;

* Electricity consumption from an operation of graatidn and avoidance of the
expandable polystyrene product were considereth®KXPS boards retrieved from the
demolition of cavity walls (R and W1).

Despite not yet being a common practice in Portugalrecycle insulation boards,
information from a Portuguese plant confirmed thfas operation is technically and
economically feasible for non-contaminated boandd therefore this end-of-life scenario
was considered realistic, and it offers a potemimiironmental advantage.

Economic performance
Product and construction process stages (A1-A5)

This cost was mainly obtained through market swsy&pnstruction firms, and building
materials suppliers [33].

Use stage - maintenance, repair and replacemen(B2484)

The economic cost in yearmer square meter of external walleg, - includes the maintenance,
repair and replacement operation costs incurrethan year. The maintenance, repair and
replacement operations for each element of therettevall are listed in Table 5.
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Use stage - energy cost (B6)

The energy cost in year per square meter of external walCeg, - corresponds to the
energy use expenditure on heating and coolingulztd by the method described in the
national regulations [29, 51]:

Ceg, = 01xT x( Nic + NVC) X Aap (Elyear*nt of external wall)
: n Aew

(3)

Where

T  cost of 1 kWh of electricity in Portugal for hoheé&d consumers, without VAT or
standing charges (€/kWh) (0.139 €/kWh consideringrestallation of more than 2.3
KVA [52));

Nic nominal annual heating needs per square meter btffloer area of the flat
(KWh/m*year);

ni  nominal efficiency of the heating equipment (1,sidaring the reference value [29));

Nvc nominal annual cooling needs per square meter of floer area of the flat
(KWh/mP*year);

nv  nominal efficiency of the cooling equipment (3, siolering the reference value [29]);

Aap net floor area of the flat under assessment (12996

Aew total area of the external wall being assesse@ (46¢).

End-of-life stage (C and D)

The economic costs in year 50, i.e. end-of-lifetgoenly include those for transport and
disposal (gate cost or tipping fee) of the buildassemblies and expenses and/or revenues
from reuse, recycling, and energy recovery ([50)ng the approach described in section O.

3E-C2C results

The LCA gives five environmental categories (usaimgElAM with a mid-point approach -
CML 2 baseline method 2000) (Table 7), which amspnted along with the economic and
energy ones (Figure 3).

Table 7 - LCA results - C2C of each alternative {#d; B2-B4; C2-C4 and D), without
energy use for heating and cooling

Environmental category R Nl/d'ffs r(%/r;;: cliol w2 W3 w4

Global Warming potential (kg CO, eq.)1.08E+0: 1.08E+02 0.4% 1.14E+0:5.5% 1.17E+0.7.7% 1.32E+0:16.8%
Ozone layer depletion (kg CFC-11 eq. 1.19E-0% 1.20E-05 0.3% 1.17E-0%-2.3%1.19E-05-1.8%1.19E-05-0.4%
Photochemical oxidation (kg GH,)  3.25E-0z 3.30E-02 1.8% 3.37E-0z3.6% 3.48E-0Z6.8% 3.50E-0Z 7.2%
Acidification (kg SO, eq.) 5.44E-01 5.47E-01 0.5% 5.47E-010.6% 5.57E-012.4% 5.95E-018.6%
Eutrophication (kg PO4* eq.) 1.51E-01 1.51E-01 0.5% 1.93E-0122.0%1.98E-0123.9%2.10E-0128.2%
Abiotic Depletion (kg Sb eq.) 6.05E-01 6.07E-01 10.4% 6.70E-019.7% 7.01E-0113.7%7.65E-0121.0%

Concerning the environmental performance (LCA withenergy for heating and cooling),
R and W1 have a better result in the majority ofegaries (and significantly in
eutrophication and abiotic depletion). This is nhaimlue to the higher impacts of
maintenance operations and to the effects of ETd@8ponents that are sent to landfill in
the other alternatives. The worst performance byiWglobal warming, acidification and
eutrophication results directly from the environt@nmpact of XPS production with a
different blowing agent, and not only from the wudea greater thickness of this insulation
material.
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€250

m Market acquisition (A1-A5)

£200

£150 O Maintenance, repair and

replacement (B2-B4)

€100 m End-of-life (C and D)
66 66 67 67 67
€50 O Energy use for heating and
cooling (B6)
50 49 52 50 48
£ ; ; . :
R WA W2 W3 W4

Figure 3 - NPV of the economi€éc Al-A5, B2-B4 and C and D stages) and enef@gy
-B6 sub-stage) costs of each option

The LCA results of the energy use of each soluiem directly from the energy needs of the
flat and do not help as a standalone criterion he thoice of the best environmental
performance solution.

The economic and energy performance (Figure 3)slead different conclusions. The
acquisition costs increase from W1 to W4 and thidr really influences the final result,
making W1 the best solution in this 3E-C2C moduawever, if the building is not
demolished after 50 years, the insulation matstats losing its characteristics and should be
replaced, even in the cavity wall solutions (R ald), which is an expensive operation
because of the location of XPS. Wall R costs mbentW1, despite the lower insulation
thickness, because the insulation board does mopletely fill the cavity in the former and
therefore the inner face of the outer leaf of thall is rendered. W4 has the best energy
performance, which results directly from the lowkvalue of this solution.

3E cost-C2C results

Figure 4 and Figure 5 present the environmental €C@€ of each alternative, but the first
includes the results of the maintenance, energyanseend-of-life stages with a discount
rate. W3 has the lowest environmental impact infiise€ case, mainly because of its greater
efficiency in the balance between the environmemalacts of the product and energy use
stages. W1 has the lowest environmental impactswieerginal prevention costs from life-
cycle stages after stage A are considered atphesent value and not discounted (Figure 5).
In fact, despite not having the lowest environmemtgpacts, in either the product or the
energy use stages, the lower maintenance and dlifd-obsts of the cavity wall solutions
(R and W1), when compared with the ETICS ones (W2M4), makes the latter less
effective in environmental terms if these costsrarediscounted. The cost of the end-of-life
impacts is actually negative for cavity wall sotuts because they do not yield a high
guantity of crushed stone from the recycling (cmgloperation) and reuse of the mixture of
brick and mortars after demolition. Nevertheleg&so-costsfor future environmental
impacts should be mainly based on NPV, becauds agture.
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€60 - ® Production
environmental impacts
€50 - (A1-A3)
OTransport to site
€40 - environmental impacts
L (Ad)
€30 - iﬁ m Cost of maintenance,
repair and replacement
€20 - — in the study period (B2-

B4)
= Cost of energy use (B6)

€10 —21— 2122 2§ 95—

£- . : ' T I @Cost of end-ofife
R W1 W2 W3 W4 environmental impacts
€(10) - (Cand D)

Figure 4 - NPV of the environment&l€\) cost

Once the results of each 3E-C2C module have bealysau separately, the 3HstC2C
approach can be used to compare the 3E perforna@nite alternatives, using the same
economic unit. For each alternative, the cost iar ye(per square meter of external wall) is
the sum of the environmental¢\), economic Ceq and energyGeg costs, as described in
section 0. The weighted results of the 3E perfoceadnased on theco-costsmodel are
presented in Figure 6. The 3BstC2C results show the importance of economic cost,
which accounts for between 59% and 63% of the wwaat, for all alternatives. This fact,
along with the small difference in the total costvieen the alternatives (6% between the
most and the least expensive), makes the resuthisfstudy highly dependent on the
inherent uncertainty of market prices for acquisitand maintenance operations (the first is
more important because it occurs in year 0). Howehe best performance from a 8&st
C2C point of view is achieved by wall W1.

A change of +2% in the discount rate used for thleudations does not significantly affect
the final result. However, a figure above 5% a#entostly W4, because of its higher
acquisition cost.

Discussion
The results presented in section O provide an eawrof the use of the 3E-C2C assessment
method in the individual and combined quantificatamd comparison of various aspects (e.qg.
environmental, economic and energy) of the perfoceaf building assemblies in each stage
of their life cycle, and also from cradle-to-cradBat the usefulness of the method proposed
in this paper is better highlighted by summarigimg design choice, depending on the method
used. In particular it shows the benefits of prongdthe results of the 3EostC2C
performance for the alternatives, using the sano@@uic unit to aid the designer’s choice.
This summary is presented in Table 8 and it is lcoled that alternatives can be compared
that are not functionally equivalent and sound cb®ican be made if, and only if, an approach
such as 3EostC2C is used, for the reasons given below.
e The alternative that uses least material will hidneebest environmental performance
(wall R);
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* The solution offering the best thermal performawdebe the design choice in terms of
energy performance (W4);

» The combined analysis of more than one performaspect can lead to contradictory
conclusions (W1 for economy and energy, or W3 orfd¢ environment and energy).

€90

® Production environmental

€80 impacts (A1-A3)

€70 -

O Transport to site
environmental impacts
(Ad)

€60

€50

= Cost of maintenance,

€40 - repair and replacement in
€30 L | : | i the study penod (B2-B4)
e e @ Cost of energy use (B6
€20 |14 g A2 M 5ol sk B6)
€10 — —
m Cost of end-ofife
€ = m—— : ' ' environmental impacts (C
R Wi w2 w3 w4 and D)
£(10)
Figure 5 - EnvironmentalQe\) cost without discount rate
€300 -
€250 - 1.Environmental cost -
49 . 49 49 50 Total
€200 - 2 Economic cost - Total
€150 = 3.Energy use for heating
146 144 148 153 162 and cooling
€100 -
L BB E B
€' | T T T T l
R WA w2 W3 )

Figure 6 - NPV of the total environmental, econoamc energy cost of each alternative

Conclusion

This paper proposes a method for building design lielps with the choice of construction
material or assemblies closely related to therngafopmance. This method provides the
environmental, energy and economic life cycle assest from cradle-to-cradle (3E-C2C)
of these building elements in accordance with #test European standards related to the
environmental and economic assessment of consiruatorks. The description of 3E-C2C
provided in this paper, and its application to fhrecess of selecting an external wall
solution and the relevant insulation thicknessdaildings, proved useful for: comparing
alternatives that comply with all the requiremebigt are not functionally equivalent,
without the need of changing their characteristcsnake them comparable; quantifying
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various aspects of the performance of the alterestin each stage of their life cycle, and
also from cradle-to-cradle. There are methods withilar characteristics, but it was
concluded that none of them is all-inclusive eitiveterms of life cycle stages or in the
aspects of performance considered.

Table 8 - External wall solution that offers thesbperformance, depending on the method

used
Approach EIAM  Results Life cycle stages considered Performance  Best Difference to the
aspects performanc second alternative
e/design  (external wall)
choice
LCA CML2 Table7 C2C (Al-A4;B2-B4; C2-C4 an@nvironment: R [0.4;1.8] % (W1)
baseline D), without energy use for heating
method and cooling
2000
LCA - Energy use for heating and cooling Energy w4 3.7% (W1)
WLC - Figure C2C (A1-A5; B2-B4; B6; C and jconomican W1 1.4% (R)
3 energy
NPV of the Eco-costs Figure 4 C2C (A1-A4; B2-B4; B6; C and [Bnvironmente W3 0.7% (R)
environmental cost and energy
Environmental costEco-costs Figure 5C2C (Al-A4; B2-B4; B6; C and Mnvironment: ~ W1 0.7% (R)
without discount rate and energy
3EcostC2C Eco-costs Figure 6 C2C (A1-A4; B2-B4; B6; Cand D) 3E W1 1.1% (R)

The 3EcostC2C approach supplements the 3E-C2C method bylestimg weights for
each aspect of the assembly performance and fordbantification using the same unit.
This allows the simultaneous comparison of the 8pgeats of the performance without
subjectivity (even if the alternatives are not filmeally equivalent) by considering all the
relevant performance indicators in all the impotrida cycle stages.

The case study presented considers typical sotutfon external walls in Portugal and
identifies the best alternative in each aspecediopmance (using 3E-C2C) and in the overall
assessment (using 3fHstC2C). This example allows the discussion of theaathges of
using a method that provides the combined assesgrhalh performance aspects in the same
unit, thereby avoiding contradictory conclusionattban arise from the individual analysis of
each one.

The applications already undertaken of the methropggsed in this paper (i.e. in the choice
of an external wall from several alternatives) aonéd that it is suitable, validated it,
resulting in the improvement and refinement of eafctts modules and steps. However, the
3E-C2C and 3EcostC2C approaches should both be used to choose otimstruction
materials or assemblies that are also closelyagHat buildings’ thermal performance to aid
their continuous development.
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ABSTRACT

The aim of this paper is to improve the contributiof the Life Cycle Assessment (LCA) methodology to
setting up a Cradle to Cradle (C2C) life cycle afliting materials. For this, a framework for envirosental
assessment of the waste flows in their life cysldescribed that takes into account the most rdeempean
Standards. The presentation of this framework staith a summary of the information available inA.C
databases related to the end-of-life and relatedgsses and follows with the identification of tisste flows
that can be generated or used throughout theylfke ©f building materials. Standardized calculatiales for
the evaluation of the environmental impacts andebienof these flows are then described and andlyse
detail. Finally, selected case studies are examioegrovide an overview of the contribution of LCA
methodology to close the loop in the life cyclébaflding materials.

This paper demonstrates that the application ofrirmework proposed can be an important sourcetaf fibr
decision-making at the end-of-life of building madts, especially t@scertainvhether the minimization of
waste flows, the maximization of their reuse oryofiag operations, or the increase of the recyaedtent
maximizes their C2C environmental performance.

Keywords: building materials, cradle to cradle, end-of-life, environmental assessment, European Standards,
Life Cycle Assessment

1. INTRODUCTION
The boundaries of a Life Cycle Assessment (LCAYgtof a building material can be defined in thddaing
options (Table 1) (Ferrao, 2009; Ortiz et al., 2009

e ‘Cradle to gate’ (including the extraction and prssing of raw materials and the production of thedy;

e ‘Cradle to grave’ (including also the transportatiaistribution and assembly, the in-service stage,
maintenance and final disposal);

» ‘Cradle to Cradle’ (C2C) (also including the reussovery and/or recycling - 3R - potential).

The application of the C2C perspective in LCA ohsbuction materials is necessary to create a cycli
metabolism (Braungart and McDonough, 2009). In,fatdsing material loops can be achieved either by
designing buildings for deconstruction or from depéng building products that can be dismantledthbo
options are being increasingly addressed in théegbof green buildings (IEA, 2004; Kibert, 200The aim

of this paper is to improve the contribution of tHeéA methodology to setting up a C2C life cyclebaifilding
materials, alike it was already proved to be pdssitr municipal solid waste (Koroneos and Nanakil2).

For this, a framework for environmental assessroétite waste flows in their life cycle is descriltbdt takes
into account the most recent European Standards.

Applying a detailed LCA approach to building matésiis a complex task because of the long life eyl
these products and the dynamics that differentlatddings from other standard industrial products,
particularly during the execution, in-service amdl-®f-life phases (Blok et al., 2007; Chevalier draIeno,
1996; Kibert, 2002). End-of-life is probably one tife most complex stages to model due to the high
uncertainty of processes that will occur in buifgfirin the distant future (Peuportier et al., 2011).

Recent European Standards related to the evaluetitme sustainability of construction works deysdd by
Technical Committee (TC) 350 of the European Cotaaifor Standardization (CEN/TC 350) (Ekvall, 2005;
Krigsvoll et al., 2007) include the End-of-life (@age) but define a supplementary LCA informaticodoie

(D), after the end-of-life of building materials,high is called ‘Benefits and loads beyond the syste
boundary’ (Table 1) (CEN, 2011, 2012). The evatmatof this stage should include the net impacts and
benefits related to the 3R potential of construttmd demolition waste (CDW) and other waste flowss
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evaluation, along with the LCA of the end-of-lifeage, is essential to promote and allow a C2C ambrdn
the life cycle of the buildings and relevant assk#sb This evaluation also should clarify whethbe t
minimization of the quantity of CDW produced, thexaimization of its reuse or recycling operations, o
increasing the CDW content in new materials max@sithe C2C environmental performance of building
materials. This paper tries to provide a frameworkhis evaluation by:

1. Summarizing the information available in LCA datséson these life cycle stages;

2. ldentifying the CDW (and other waste) that can éeegated or used during the life cycle of buildimgterials;

3. Describing and analysing in detail the calculatiates defined by the most recent European Standards
(CEN, 2012) for this evaluation;

4. Analysing selected case studies to provide an @eref the contribution of LCA methodology to sgt u
a C2cC life cycle of building materials.

2. SCOPE

The research work presented in this paper is [faheoPh.D. thesis of the first author. The théstzises on the
LCA of a building’s external walls from C2C, inclind the construction materials, insulation produetsments
of the wall structure and internal and externall wkeddings that can be used in the constructicerably. In
fact, the external walls, directly influence thernal and environmental performance of the buildingelope
because of their considerable weight in its ingiabodied energy, life cycle energy consumptiorpledife cost
and user comfort. They can represent up to 15%eobverall environmental impacts of a building cxd0-year
life cycle ((Anderson et al., 2002) cited by (Bihgeal., 2006)). A detailed review of the LCA résdfrom more
than 10 years of international research studietherenvironmental impact of a building’s externallle/ has
shown that all the studies include the productibthe construction materials but just a third (2it of 63)
include the end-of-life of the building assemblyi\(&stre et al., 2010). Therefore, this life cystage must be
studied in detail, with special reference to itwiemmental impacts and the 3R potential. Even g¢ioane
cannot be sure about the impacts avoided at thi stheir quantification enables efforts to be enfml ‘design
for dismantling’ to be rewarded (Peuportier et 2011). These conclusions motivated the developrokEan
innovative approach to provide the environmentagrgy related and economic (3E) life cycle assessfnem
‘cradle to cradle’ (3E-C2C) of building assembliexemplifying its application to the selection bétexternal
wall of a building (Silvestre et al., 2011a).

The life cycle stages of construction materials prmtucts are already standardized in Europe (Thbl&n
extensive review was conducted to confirm whethee nformation available on the environmental
performance of construction materials used foretkternal walls of buildings uniformly covers thdie cycle
stages (Silvestre and Lasvaux, 2012). This revishuded five basic construction materials, sevesulation
materials, five elements of the wall structure dddwall coverings. Several European LCA databasa® w
analysed, including generic (e.g. Ecoinvent) databaand those based on national or international
environmental product declaration (EPD) program(eas. the French INIES and the German IBU databases
It was concluded that both the generic and EPDbdats cover the product stage (cradle to gate: 21-A
Table 1), but only the latter includes, almost alsyahe impacts from the construction process stAdeA5)
and, rarely, those from the in-service stage (Bl-B/considerable amount of data is available ithbigpes

of database about the end-of-life stage (C1-C4) amate rarely, from the ‘Benefits and loads beydine
system boundary’ (D) (see Figure 1 and Figure 2).

3. FRAMEWORK

To improve the contribution of LCA methodology tetting up a C2C life cycle of building materialsath
takes into account the latest European Standalatedeto the evaluation of the sustainability ofstouction
works it is important to identify the waste flowsat may occur during this life cycle, and descabd analyse
in detail the rules for calculating their envirormted assessment, included in the relevant standards

3.1.Construction and demolition waste (CDW) flows
Construction and demolition waste (CDW) flows candivided into three groups (Table 1 and Figure 3):

« Secondary material input (recycled content) at pcbdtage (Al and A3), either from the constructiatustry
(PCODW - see next points) or from other industfiedustrial symbiosis - IS);

 Production waste (PW), also at the product stage;

» CDW outputs - at the construction stage (CW, c@oading to construction products waste), in service
stage (UW, namely due to maintenance operations)ead-of-life stage (DW), which correspond to A%
B2-B5 and (C1, C3 and C4) sub-stages, respectively.

The evaluation of the environmental impacts of éhesste flows, in conjunction with the ‘Benefitsdaloads
beyond the system boundary’ (module D), can angiveefollowing question: Does the minimization of tjuantity
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of PCODW produced, the maximization of their reoseecycling operations, or the increase of redyclentent in
new materials (from IS and PCODW) maximize the @a@ronmental performance of building materials?

3.2.LCA of the end-of-life stage (C1-C4)
When a construction product is replaced, dismartdtedeconstructed from a building it reaches tha:-@frlife
stage. All outputs of this stage are at first cdesgd to be waste, but they can cease to be wadtattin the
status of product (or of a secondary raw matetiathey reach the ‘end-of-waste state’ (CEN, 2012).
According to the European Waste Framework Direc{B, 2008), the latter state is achieved wherthall
following conditions are met:

* Itis commonly used for specific purposes;

* A market or demand exists for such material;

» It fulfils the technical requirements for the sgecpurposes and meets existing legislation anddzteds;

e The use of the substance or object will not leaovierall adverse environmental or human health gtga

To clarify this concept, the European Commissiopreparing a set of end-of-waste criteria for ptyowaste
streams, in particular for CDW (EC, 2012; EP, 2008wever, these criteria are only available fortaie
types of scrap metal (iron, steel and aluminiunagirThis type of waste only reaches the ‘end-oétevatate’
after a sequence of treatment processes (e.gnguttishredding) that prepares it for use as adinput into
the next product system (EU, 2011). Thus, no wasieessing after the ‘end-of-waste state’ is reddtees yet
been defined for any waste type. As a result, tlageeno environmental loads to be quantified beyibred
system boundary and assigned to module D (andftiiersystem boundary 2, in the common practiceiand
the alternative in Figure 4, has to be followede Figure 5) (CEN, 2012).

The LCA of the end-of-life stage can include thiofeing optional sub-stages (CEN, 2012):

e C1 - ‘deconstruction, including dismantling or déitian, of the product from the building, including
initial on-site sorting of the materials’;

e C2 - transportation of the discarded product as @lathe waste processing (e.g. to a recycling) sitel
transportation of waste (e.g. to final disposal);

e C3 - waste processing (e.g. collection of wastetivas from the deconstruction and waste processing
material flows intended for reuse, recycling andrgg recovery);

» C4 - waste disposal, including physical pre-treatinad management of the disposal site.

3.3.LCA of the benefits and loads beyond the system badary (module D)
The net impacts and benefits related to the 3Rnpiateof CDW to be considered in module D are paitirly
important for reusable and recyclable constructiaterials. These potential benefits and loads ddrom net
flows leaving the product system that have not kedkatated as co-products at the product stageggdes
Al1-A3, in which avoided impacts from allocated awgiucts should be included) and that have passed th
end-of-waste state (CEN, 2012).

3.4.Stage C and module D - LCA calculation rules

The LCA of the phases after the product stage (81tAe only stage that is mandatory in an EPD -Tsdde 1)
should be supported by realistic and representatigaarios (CEN, 2012). A precautionary approaatideo the
consideration of the same waste treatment processésday (or, at least, the current average tdéotynoor
practice (CEN, 2012)) and an alternative could deige a probabilistic range of scenarios (Peupoetial.,
2011). When this information is available in an EBDin generic LCA databases, especially for st@gend
module D, it can be a crucial source of data tdkntie decision-maker to compare different altiévea for the
end-of-life of construction products.

The C3 sub-stage is usually within the productesystinder study. Processes (e.g. collection andptat) before

the end-of-waste state for materials leaving tis¢esy as secondary materials are, as a rule, péug @3 sub-stage
(system boundary 2 in the common practice anderatternative in Figure 4). Any further processiagessary
(e.g. in order to replace primary material inpuaiiother product system) after reaching the ‘endasfte state’ is

considered to be beyond the system boundary andohis included in module D (system boundary lhef t
alternative in Figure 4) (CEN, 2012).

It should be noted that waste processing (e.geaidin and transport, but sometimes also recovergaycling)
during any stage of the product system up to tlséesy boundary (i.e. production, construction, esesnd-of-
life stages) is included in the relevant stage yQvdste processing after reaching the end-of-wstate (during
any stage of the product system, i.e. during Ar B gtages) is part of module D, as in the approasieribed for
the C3 sub-stage and represented in Figure 4 (QBRR). Thus, not all environmental impacts from t@as
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processing operations are included in stage C adul® D because they can be accounted for in thaining
life cycle stages when they occur before the ‘efrdiaste state’.

Figure 5 shows the assignment of the environmempécts and benefits to the end-of-life stage (@) t

module D, taking only system boundary 2 into actoBotential benefits from use in the next prodiystem
of energy (i.e. heat and power ¢ ih Figure 5) generated at sub-stage C4 (wasteosigp from waste
incineration or landfill should be considered induate D, while the loads (e.g. emissiong, in Figure 5) from
waste disposal in this sub-stage are part of theymt system under study, according to the ‘pallpteys’

principle, and should be considered at sub-stagéOEMN, 2012).

European Standards define a specific ‘allocatiatgnture of reuse, recycling and recovery’ - 3Rfabt, LCA
information module D can award the ‘design for 8Rbuildings and building products by considerihg potential
benefits of avoiding the use of primary materialsg also the loads from the recycling and recopeogesses
(CEN, 2012). The calculation of the net impactsaithis stage includes the following steps (CEN,201

* Calculation of the net output flows of secondaryterial from the product system: adding all outdatvs
and subtracting all input flows of this type fromcé sub-stage (e.g. B1-B5, C1-C4, etc.), and trem the
stages (e.g. B, C), and finally from the total protsystem;

* Calculation of the potential impacts and benefitsrocessing the net output flows calculated inpgievious step:
adding the impacts from recycling and recovery @sses from beyond the system boundary (after ttiefen
waste state) up to the point of functional equimva{avhere the secondary material or energy sulbsstprimary
production’), and subtracting the impacts from ‘Hubstituted production of the product or subsgtitigeneration
of energy from primary sources’;

* Application of a justified value-correction fact(io reflect the difference in functional equivalenghen the
output flow ‘does not reach the functional equivake of the substituting process’).

With respect to these calculation rules, it is im@ot to highlight that the substitution effectg aalculated
only in module D for the net output flows, whileetimount of secondary material output ‘that is dble
replace one to one the input of secondary matesatlosed loop’ is allocated to the product systever

study (sub-stage Al - see Table 1) (CEN, 2012).

The environmental impact from waste recycling (&oan the eventual transport) can be representet-ds:
(and assigned to the C2 and C3 sub-stages, resggctisee Figure 5). This operation avoids thedotg from
the production of a similar new product (potentiahefit of |, in module D, see alternative in Figure 5) and the
impacts from waste treatment,( common practice in Figure 5). Therefore, reaglshould be promoted
only if (I,.+l) < (I,+ly), because it will avoid an impact that correspotals(l,+l,—I—l;) (Peuportier et al.,
2011). The environmental impacts represented byd | should be included in module D only if they occur
after the ‘end-of-waste state’ (system boundaryf the alternative in Figure 4); otherwise they ddobe
considered in the stage of the product system wierdlow occurs - see alternative in Figure 3hHd option

is not to recycle,,) should be included in sub-stage C4 (common pradatid-igure 5). The methodology used
for this calculation should avoid double countirigh® benefit of recycling (Peuportier et al., 2p11

If recycling rates are defined gsand g, respectively at production and end-of-life stagesl net output flows
are represented by;Nthe ‘allocation procedure of 3R’ defined in thargpean Standard (CEN, 2012) can
amount to an environmental impact reduction. Thiduction can be represented by three individualuatso
(this is an approach similar to the stock flow noethfor the first amount, and to the one proposethb steel
industry for all amounts (adapted from (Peuporieal., 2011)):

* [rp.(I—19)] at sub-stage Al (that includes processing obiséary material input, such as recycling processes
see Table 1 and common practicd-igure 6), where only the impact fromid considered for the amount of
secondary material used;

e [re.(In-1})] expressed by a reduced environmental impadt {nstead of «£1,) at the stage of the product
system where the waste flow occurs;

* [(I+-1,) for N, this impact reduction being entirely considessdimpacts and benefits in module D when
recycling occurs after the ‘end-of-waste’ state;ewtrecycling occurs before the ‘end-of-waste states
benefit is considered in module B, for N) and the impact from is considered at the stage of the product
system where recycling occurs, but for the entié-ef-life flow (rs), not only for net output flows N this
results in double counting of the impacts of theyoling process for the output flows that are uasdnput
of secondary material in the same system procagssteige Al) as closed loop (as represented in the
alternative in Figure 6).

In conclusion, it was found that three importantecia defined in the literature (Peuportier, Hayfret al.
2011) were considered in the LCA calculation rulescribed:
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» Reward of the use of recycled products at the coctidon phase (by considering only the recyclinggesss,
instead of the production of a new product, atestAdy; this can benefit e.g. the use of recycledegmgtes
instead of natural ones (Blengini et al., 2012));

* Reward of the sorting of waste and recycling atehé-of-life (by considering: disposal scenariothvigwer
impacts or higher benefits from sorted CDW; theeptiil benefits of avoiding the use of primary mials;
the loads from the recycling and recovery procésses

« Avoid double counting of the benefit of recyclingy(calculating substitution effects in module D yofdr
the net output flows).

However, it was also found that standardised LCluation rules (CEN, 2012) result in double congtof

the impacts of the recycling process for the ouffnws that are used as input of secondary matarighe
same system process as closed loop, but only wheycling occurs before the ‘end-of-waste state’ (as
represented in the alternative in Figure 6).

4. RESULTS

The extensive review of the information availabietbe environmental performance of constructionemialis

for external walls of buildings already describefilestre and Lasvaux, 2012) led to some resulisgbe
collected on the contribution of LCA methodologysetting up a C2C life cycle of building materidis.the
first place, it is important to say that no gendrfeA database calculated in accordance with thet meent
European Standards is available yet, and only twwoojgean EPD programmes exclusively devoted to
materials and products for the construction inquétne Spanish and the German ones) have followeslet
standards, but only for a limited number of docutag8ilvestre and Lasvaux, 2012):

» The ‘Declaracién Ambiental de Producto’ (DAPc or [BP is managed in Spain by the Collegi
d’Aparelladors, Arquitectes Tecnics i EnginyersdifiEacié of Barcelona and by the ‘Generalitat de
Catalunya’, (DAPc, 2010);

» The ‘Umwelt-Deklarationen’ (EPD), developed by timstitute of Construction and Environment (Institut
Bauen und Umwelt - IBU) in Germany whose EPDs a®ell on several PCRs and are available on the IBU
website (IBU, 2010; UNEP, 2008).

Therefore, the results analysed in this paper selected from the EPDs of these two European pmoges and
relate only to insulation and wall cladding matisrdue to paper length restrictions.

4.1 .Insulation materials
The analysis starts with three oil-derived insolatboards: extruded polystyrene (XPS), expandegspokne
(EPS) and polyurethane/polyisocyanurate (PUR/PIRjese EPDs are available from the German EPD
programme.

The EPS declaration (for white boards with a dgrsit25 kg/ni) shows that:

* Two end-of-life scenarios were considered: 100%nemation, with the impacts of this process inchiidie
sub-stage C3 and the resulting energy in modulsedenario A); 100% to landfill, with the correspamgli
impacts declared at C4 sub-stage (scenario B);

« Disposal of packaging was considered at sub-st&geénaluding the impacts resulting from incineratidout
the energy gains in this process are declared ishuledD and are the only impact at this stage insdé@ond
scenario.

Considering two of the most important environmenmntdicators, non-renewable primary energy consumnpti
(PE non-renewable - NRe) and global warming poa¢iiG&WP), Table 2 summarizes the results for*ofn
EPS for product stage and also for end-of-life emtlule D, for both scenarios. From this table passible
to conclude that:

* The incineration process can be very rewarding faonenergy recovery perspective, particularly i iequally
economically worthwhile; however, the economic daaan be decisive if there is an environmentalfoaxhe
high level of CQ emissions (which are 8% higher than the ones frenproduction process);

« Landfilling seems to be a better option when thpdois from this process are compared with the &roes
the product stage.

It would be interesting to have a third scenario fecycling of the boards. However, the EPD did not
contemplate this, despite the assumption thaiogésation is ‘technically and economically feasible

The XPS declaration (for boards with an averagsitienf 34.5 kg/m) shows that only one end-of-life scenario
was considered. This scenario amounts to 50% alewesed for thermal recovery via incineration a@gSsent
to landfill, with the impacts of these processeduded in sub-stage C4 and the benefits in module D

Again considering only the results of PE-NRe and R5\(Wable 3), it is concluded that these figures lban
associated with a weighted scenario between thectmsidered for EPS. Therefore, despite beingnimddive in
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terms of the environmental performance of this transon product, the presentation of joint resfdtstwo end-of-
life scenarios does not provide enough informatiahie person who has to choose the best destifatiCcDW.

The PUR declaration (for boards without facingshvén average density of 30 kgjnagain shows that only
one end-of-life scenario was considered. This steriavolves the thermal treatment (incineratiorf)tioe
product with energy recovery, with the impacts &edefits of this process included in an LCA infotima
module that encompasses both stage C and module D.

The results of PE-NRe and GWP (Table 3) are simdascenario A for EPS (Table 2). Again, it would b
more informative to have another end-of-life scemaramely board recycling.

This analysis now looks at a mineral ‘inorganicsutation board made of stone wool (SW), using ab EP
from the Spanish EPD programme. In this declaraionboards without facings with a density of 3§k’),
once again only one end-of-life scenario was casid. This scenario covers the disposal of theymtoid an
inert material landfill, with the relevant impadtgluded in sub-stage C4. This is the only scenewiosidered
even though this declaration states that this pbdurecyclable. This last scenario was not chdmause it
is not yet a common practice to recycle this typproduct in Spain.

The results of PE-NRe and GWP (Table 3) are sintdldhose of scenario B for EPS (Table 2). Evemdgiathe
relationship between the impacts of the produgestnd the end-of-life is similar for both produicis PE-NRe
(close to 80 times higher), it is different for GV for EPS and 88 times higher for SW). The tattference
may be due to the higher level of £€missions in SW production and the higher imp&&RS landfill.

4.2 Ceramic tiles
The German EPD programme has only one solution eeéttamic tiles, but within a ventilated rain screen
facade system. This document is not analysed iaildiet this paper because the end-of-life impaatd a
benefits are jointly presented for tiles and alummimprofiles for some environmental categories.

Two different producers have developed EPDs foamér tiles under the Spanish EPD programme. These
declarations (one for products - EPD1 - with anrage density of 24 kg/mand the other one whose average
density is not declared) contain similar end-oé-ktenarios:

* 17% of the product is considered to be recycled kibnefits and burdens are considered in moduleviile
the rest is sent to landfill (with the impacts ddesed in the C4 sub-stage);

* Module D also includes the benefits and impactsnfrecycling all types of packaging in the preceding
stages of the life cycle of ceramic tiles.

Again considering only the results of PE-NRe andS{Vable 4), it is concluded that the scenario ictamed
can be informative in terms of the environmentaifggenance of this construction product. Howeveg th
presentation of joint results for two end-of-lifeesarios does not help the decision-maker to chansption
unless additional calculations are performed tovednthe two options (recycling and landfill) inn
equivalent unit. Moreover, from an environmentad asconomic point of view, a detailed study of the
influence of the recycling rate of the tiles andsteapackaging on the environmental performancehisf t
product can lead to interesting results. In faetective demolition (or deconstruction) should beréasingly
considered when estimating the environmental and@uoic impacts of transporting and disposing of CDW
appropriate plants because this technique is hesed more and more in Portugal for environmentiiwing

the maximization of CDW reuse/recycling potentatd economic reasons (Coelho and de Brito, 20)3a, b

5. CONCLUSION

The environmental impacts of the end-of-life oflBing materials have to be studied in detail, idahg the

reuse, recovery and/or recycling potential, in ordeset up a ‘cradle to cradle’ life cycle of thgsroducts.
The assessment of the net impacts and benefitedela that potential is particularly important whihese
products are reusable and recyclable. Therefoi® ptper proposes a framework for such assesshmarnng

concluded that the information available in therbiture, LCA databases and EPD programmes is tiniite
terms of this life cycle stage, with particulareefnce to the materials used in the external wélsiildings.

This framework is based on the identification ofteaflows that may be generated during the liféecg€building
materials and on the rules for calculating thewiremmental assessment contained in the most ré&malpean
Standards concerned with assessing the sustaipaifilconstruction works, along with the analysisl avisual
presentation and interpretation of these wastesfldmput, but more especially output, of waste @ecur in the
production, construction, use, and end-of-life esagnd it is important to understand the influesfdbeir variation
on the maximization of the C2C environmental perfance of building materials. The description analyais of
the calculation rules and their correlation witle tBuropean Waste Framework Directive are important
encouraging the dissemination and facilitatiorhefrtuse by LCA practitioners, and to enabling siea-makers to
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interpret any available results (in particular iACEor generic LCA databases developed using thesisons) and
compare them with real data.

This analysis included a simplified comparison wither allocation procedures of reuse, recycling an
recovery. This comparison led to the conclusiort thase calculation rules result in double countifighe
impacts of the recycling process for the outpuividhat are used as input of secondary materiddeérsame
system process as closed loop, but only when negycccurs before the ‘end-of-waste state’. It wadso
found that three important criteria are followedthgse LCA calculation rules: rewarding the useesf/cled
products at the construction phase and the soofingaste and recycling at the end-of-life, and phevention

of double counting of the benefit of recycling.

It was considered important not only to provideaarfework but also to analyse selected case sttitheé€an
give a clearer overview of the contribution of L@#ethodology to setting up a C2C life cycle of buty
materials. Therefore, the EPD documents (whose s@#ies follow the latest European Standards) & fi
construction materials from two European programmese chosen and their results partially analysed.
Despite the lack of adequate results (achieveaidtlg the most recent European Standards) to aaive
meaningful conclusions, some individual conclusionsild be drawn. First, the majority of EPDs anatys
only provide one end-of-life scenario that, despiéng informative, should be complemented by ast®ne
more scenario, preferably concerned with recyclibge EPD from the Spanish programme (for stone Jwool
even states that the product is recyclable, bubttg scenario presented involves the disposahefproduct

in an inert material landfill because it was coms@tl that recycling this type of product is not getnmon
practice in Spain. Some EPDs provide joint redoitawo end-of-life scenarios, which, despite beigglistic,
either do not provide the people responsible fooosing the best destination for CDW with enough
information, or else they require additional cadtidns to convert two options (e.g. recycling aaadfill) into

an equivalent unit if scenarios are to be testél aisensitivity analysis (Nebel, 2006).

This paper demonstrates that the application ofrirmework proposed can be an important sourcetaf fibr
decision-making based on choosing between altersmtio ‘close the loop’ in the life cycle of buihdj
materials by identifying the ones that help to ioy& the environmental performance of these produaits a
C2C perspective. Nevertheless, more studies aressary to explore the obstacles (especially in geofn
laws, cost and scale) that hinder the choice ofltbst end-of-life options in environmental termsoril
research is also essential to evaluate the potdotianproving the recycling and reuse of CDW, tpararly
through industrial symbiosis, because the endfef-fhase can make a positive contribution to the
environmental performance of construction mateii@lk/estre et al., 2011b).
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TABLE CAPTIONS

Table 1 - Detailed life cycle stages of buildingterals classification based on European Standards
(adapted from (CEN, 2012; Silvestre and Lasvaut220

Table 2 - Summary of the environmental impacts af*lof EPS from an EPD in the German
programme (IBU, 2010)

Table 3 - Summary of the environmental impacts afi*lof XPS (adapted from an EPD in the
German programme), 1°f PUR (from an EPD in the German programme) andf bf
SW (adapted from an EPD in the Spanish programbBwP¢, 2010; IBU, 2010)

Table 4 - Summary of the environmental impacts of bf ceramic tiles from EPDs in the Spanish
programme (DAPc, 2010)
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Table 1 - Detailed life cycle stages of buildingterls classification based on European Standadizpted
from (CEN, 2012; Silvestre and Lasvaux, 2012))
LCA Life cycle stages / LCA
boundaries information modules

Life cycle stage designation and description

raw material extraction and processing, proces

@]
E 2 Al of secondary material input
8 > Product stage (A1-A3) A2 transport to the manufacturer
O A3 manufacturing
Construction process stage (A4A4 transport to the building site
A5) A5 installation into the building
o Bl use or application of the installed product
% o Use stage - information moduleB2 maintenance
& O o related to the building fabric (B1B3 repair
°CT & B5) B4 replacement
o = .
> ?5 o B5 refurbishment
30 % Use stage - mformatlo_n moduleB6 operational energy use
5 = related to the operation of the B7 operational water use
O building (B6-B7)
C1 de-construction, demolition
C2 transport to waste processing
End-of-life stage (C1-C4) c3 waste processing for reuse, recovery and/or
recycling (3R)
C4 disposal

Benefits and loads beyond the

system boundary (D) D reuse, recovery and/or recycling (3R) potentials

Table 2 - Summary of the environmental impacts ofbf EPS from an EPD in the German programme

(IBU, 2010)
. Life cycle stages/ LCA information modules
Environmental . - > - . -
cateqor Unit AL-A3 Scenario A - Incineration Scenario B -Landfill
gory C2C4 D C2ChplusD C2C4 D C2-CaplusD
PE-NRe MJ 2378.7 27.7 -832.3 -804.6 29.7 -6.5 23.2
GWP kg CQeq. 78.7 85.1 -48.1 37 18 -04 1.4

Table 3 - Summary of the environmental impacts ofbf XPS (adapted from an EPD in the German
programme), 1 fhof PUR (from an EPD in the German programme) and &f SW (adapted from an EPD in
the Spanish programme) (DAPc, 2010; IBU, 2010)

Insulation Environmental category Unit Life cycle stages/ LCA information modules
material Al-A3 C4 D C4plusD CplusD
XPS PE-NRe MJ 3205 20 -619 -599
GWP kg CQeq. 142 60 -36 24
PUR PE-NRe MJ 2768 -499
GWP kgCQeq. 134 57.5
SW PE-NRe MJ 376 4.8
GWP kgCQeq. 53.4 0.6

Table 4 - Summary of the environmental impacts of bf ceramic tiles from EPDs in the Spanish
programme (DAPc, 2010)
Life cycle stages/ LCA information modules

Environmental category Unit Ceramic tiles - EPD1 Ceramic tiles - EPD2
Al-A3 C4 D CdplusD A1-A3 C4 D CAplusD

PE-NRe MJ 251 3.8-17.7 -13.9 204 3.3 -9.49 -6.19

GWP kgCQeq. 16.2 0.5-0.9 -0.4 13.3 0.4 -0.7 -0.3
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FIGURE CAPTIONS

Figure 1 - Percentage of products for which dataviilable in generic LCA databases and EPD
programmes concerning the end-of-life stage (C1{S#yestre et al., 2012)

Figure 2 - Percentage of products for which dataviilable in generic LCA databases and EPD
programmes concerning module D (Benefits and Idzggnd the system boundary)
(Silvestre et al., 2012)

Figure 3 - Construction and demolition waste ingud output flows (Silvestre et al., 2012)

Figure 4 - Comparison between common practice insttoction materials production (use of
primary raw materials), with its alternative (uda@cycled materials), including the two
possible ways to define the LCA system boundaryagtordance with European
Standards (CEN, 2012)

Figure 5 - Assignment of the environmental impaatsl benefits to end-of-life stage (C) and to
module D, taking only system boundary 2 into act@based on (CEN, 2012))

Figure 6 - Assignment of the environmental impdatsn recycling operations before the ‘end-of-
waste’ state: secondary material input from othetesn processes (common practice)
and output flows that are used as input of secgnaiaterial in the same system process
as closed loop (alternative) (based on (CEN, 2012))

80%
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40%
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0% . . . .
Construction Insulation Elements of the Wall coverings
materials materials wall structure
EPD program m LCA generic database
Figure 1
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Table 7.IV.1 - Single-leaf walls - External instibat

External wall External cladding Internal coating Insulation Elements of the wall Heat transfer Thickness

Material A Thickness| structure [Thickness | coefficient (U-value) (m)

[Density |[W/(m.°C)]| (mm) (m)] [W/(m?.°C)]

(kg/m)]
w1 ECS3 - Adherent[0.02 m | ICS1 - Adherent (0.0211  SW 0.04 80 CHB (0.22, plus 0.36 0.35

render, adhesive, (insulatior render and water-base (89.64) stabilised masonry

W2 glass fiber mesh, 0.01 mren paint) EPS (15) 0.0396 mortar) 0.36 0.35
w3 and water-based paint] withi ICB (110 0.04 0.36 0.35
w4 an ETICS PUR (35} 0.023 60 0.30 0.33
W5 XPS (30) 0.036 80 0.33 0.35
W6 ICS2 - Adherent to the: SW 0.04 0.35 0.35
W7 wall structure (adhesivei EPS 0.0396 0.35 0.35
W8 gypsum plasterboards: ICB 0.04 0.35 0.35
W9 and water-based paint) PUR 0.023 60 0.29 0.33
W10 XPS 0.036 80 0.33 0.35
W11 ECS4- Fastened to a support ICS1 SW 0.04 0.37 0.39
W12 structure - VRF (0.02 m rend EPS 0.0396 0.36 0.39
w13 in the outer surface of the Ck ICB 0.04 0.37 0.39
w14 and WPC structure and boat PUR 0.023 60 0.30 0.37
W15 creating a ventilated cavity XPS 0.036 80 0.34 0.39
W16 ICS2 SW 0.04 0.36 0.39
w17 EPS 0.0396 0.35 0.39
w18 ICB 0.04 0.36 0.39
w19 PUR 0.023 60 0.29 0.37
W20 XPS 0.036 80 0.33 0.39
W21 ECS5 - GFRC precast pane ICS1 - CHB (0.15, plus 0.26 0.37
w22 with 12 cm EPS boardss void ICS2 stabilised masonry 0.26 0.37

formers (can also be conside
an element of the wall structu

mortar)
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Appendix 7.1V - Composition, dimensions, thermal pgormance and maintenance, repair and replacementmerations of the external wall solutions
evaluated in Chapter 7

Table 7.1V.2 - Single-leaf walls - No insulation

0.02 m render)

External wall External cladding Internal coating Insulation Elements of the |Heat transfer coefficient| Thickness
Material A Thickness| wall structure | (U-value) [W/(m?.°C)] (m)
[W/(m.°C)]| (mm) [Thickness (m)]
W23 ECS1 - Adherent (0.02 m ICS1 - LCB (0.38, plus 0.38 0.42
W24 render and water-based pai ICS2 stabilised masonr 0.38 0.42
W25 ECS2 - One-coat mortar ICS1 mortar) 0.38 0.42
W26 ICS2 0.37 0.42
Table 7.1V.3 - Single-leaf walls - Internal insudat
External wall |External cladding Internal coating Insulation Elements of the |Heat transfer coefficient| Thickness
Material A Thickness| wall structure | (U-value) [W/(m?.°C)] (m)
[W/(m.°C)]| (mm) [Thickness (m)]
w27 ECS1 ICS3 - Adherent to the SW 0.04 80 CHB (0.22, plus 0.36 0.34
w28 insulation material EPS 0.0396 stabilised masonr 0.35 0.34
W29 [adhesive, (insulation), ICB 0.04 mortar) 0.36 0.34
W30 gypsum plasterboards a PUR 0.023 60 0.29 0.32
W31 water-based paint] XPS 0.036 80 0.33 0.34
W32 ECS2 SW 0.04 0.35 0.34
W33 EPS 0.0396 0.35 0.34
W34 ICB 0.04 0.35 0.34
W35 PUR 0.023 60 0.29 0.32
W36 XPS 0.036 80 0.33 0.34
Table 7.IV.4 - Cavity walls - Thermal insulationropletely filling the cavity
External wall |External cladding Internal coating Insulation Elements of the |Heat transfer coefficient Thickness
Material Iy Thickness| wall structure (U-value) [W/(m?.°C)] (m)
[Density (kg/m%)]|[W/(m.°C)]| (mm) [Thickness (m)]
W37 ECS1 ICS1 LECA (297) 0.1 80 CHB (cavity wall - 0.54 0.38
W38 ICS2 0.15+0.11, plus 0.52 0.38
W39 ECS2 ICS1 stabilised masonr 0.53 0.38
W40 ICS2 mortar and interne 0.51 0.38
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Table7.1V.5 - Cavity walls - Thermal insulation partially fitig the cavity

External wall |External cladding|Internal coating Insulation Elements of the wall structure Heat transfer Thickness (m
Material A Thickness [Thickness (m)] coefficient (U-value)
[W/(m.°C)]| (mm) [W/(mZ2.°C)]
w41 ECS1 ICS1 SW 0.04 60 CHB (cavity wall - 0.15+0.11plus 0.37 0.38
W42 EPS 0.0396 stabilised masonry mortar anc 0.36 0.38
W43 ICB 0.04 internal 0.02 m render) 0.37 0.38
W44 PUR 0.023 0.26 0.38
W45 XPS 0.035 0.34 0.38
W46 ICS2 SW 0.04 0.36 0.38
w47 EPS 0.0396 0.36 0.38
w48 ICB 0.04 0.36 0.38
W49 PUR 0.023 0.26 0.38
W50 XPS 0.03 0.33 0.38
W51 ECS2 ICS1 SW 0.04 0.36 0.38
W52 EPS 0.0396 0.36 0.38
W53 ICB 0.04 0.36 0.38
W54 PUR 0.023 0.26 0.38
W55 XPS 0.035 0.34 0.38
W56 ICS2 SW 0.04 0.36 0.38
W57 EPS 0.0396 0.35 0.38
W58 ICB 0.04 0.36 0.38
W59 PUR 0.023 0.26 0.38
W60 XPS 0.035 0.33 0.38
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Appendix 7.1V - Composition, dimensions, thermal pgormance and maintenance, repair and replacementmerations of the external wall solutions
evaluated in Chapter 7

Table 7.IV.6 - Maintenance, repair and replacemogetations of the external cladding and internatiogs

Cladding or coating solution Maintenance, repair and replacement operations
ECSL1 - Adherent (0.02 m render and water-based patin Total cleaning and repainting every 5 years andiregd 35% of the
ECS2 - One-coat mortar area at 25 years

ECS3 - Adherent [0.02 m render, adhesive, (insulatn), glass fiber mesh, 0.01 m render
and water-based paint] within an ETICS
ECS4 - Fastened to a supporting structure - VRF (02 m renderin the outer surface of the  Total cleaning of WPC boards every 5 years, ani thplacement

CHB, and WPC structure and boards creating a ventéted cavity) every 15 years
ECS5 - GFRC precast panels with 12 cm EPS boards asid formers Total cleaning every 5 years
ICS1 - Adherent (0.02 m render and water-based path Total cleaning and repainting every 5 years; repbi% of the area ed
ICS2 - Adherent to the wall structure (adhesive, gysum plasterboards and water-based 10 years
paint)

ICS3 - Adherent to the insulation material [adhesie, (insulation), gypsum plasterboards
and water-based paint]

Notes to Appendix 7.1V:
External cladding systems (ECS) - ETICS (Exterrfarmal Insulation Composite System), GFRC (GlabseFReinforced Concrete), VRF (Ventilated
Rainscreen Facades) and WPC (Wood-plastic composite

- Internal cladding systems (ICS);

- Insulation materials - EPS (Expanded Polystyrel@} (Insulation Cork Board), LECA (Light Expandeda§ Aggregate), PUR (Polyurethane), SW
(Stone wool) and XPS (Extruded Polystyrene);

- Elements of the wall structure - CHB (Hollow firetiy bricks, horizontally perforated) and LCB (Ltgleight - with LECA - concrete blocks, vertically
perforated).
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Appendix 7.V - Silvestre, J. D.; Silva, A. & de Brio, J. (2012). Uncertainty modelling of service lé and
environmental performance to reduce risk in buildings design decisions.

1. Introduction

Concern with the economic and environmental
sustainability of the construction sector has been
growing over the past 20 years, since it is
responsible for using a significant part of the
material, energy and electricity resources of Eerop
(Balaras et al. 2005). The construction industry
consumes a large quantity of environmental
resources and is also one of the largest polluters
(Shen et al. 2005). Pearce (2003) says that the
concept of sustainable development is leading to a
fundamental re-evaluation of the contribution the
construction industry makes to the quality of life.
Life-cycle assessment (LCA) considers the
environmental impact over the lifetime of a product
by identifying and quantifying the environmental
emissions and consumption of energy and materials.
Building materials and assemblies are complex
products with long life-cycles, and defining a
functional unit and the boundary of the assessment
for an LCA study is both complex and constraining.
This is even more important when the relationship
between the durability and LCA of building
materials and components is analysed because
service life prediction (SLP) is central to achreyi
a sustainable built environment (Abbott et al. 2007
However, SPL is not yet included in LCA studies
and a deterministic analysis of the life cycle of
building components is normally performed.

ISO 15686-6 (ISO 2004) and FprEN
15804:2011 (CEN 2011) already establish the
interface between LCA and service life planning
and describe how to consider the service life of
construction materials and buildings in LCA
studies. They particularly stress that the use g@has
should be included and that LCA results will be
significantly dependent on scenarios and
assumptions about the duration and the processes
involved in the use phase (CEN 2011). Realistic
scenarios require the incorporation of information
obtained from the SLP studies. The reference
service life of a product can be based on empijrical
probabilistic, statistical, deemed to satisfy or
research (scientific) data and must always tale int
account the intended use (description of use) (CEN
2011).

There is already a common understanding that
LCA results are uncertain and that several factors
contribute to this uncertainty (e.g. parameters of
the LCA model or uncertainty in model structure).
Despite that, most LCA results present
deterministic figures even though this is not the
best option when the final aim is to use LCA as a
decision-support tool. Providing the results
together with uncertainty information permits the
assessment of their stability and can sometimes
lead to changes in the ranking order of the
different solutions being evaluated. Therefore,
uncertainty  information is of paramount
importance to making decisions based on the result
of a study, and it has an increasing practical
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relevance. Uncertainty is always important for
decision-makers, regardless of their attitude
towards risk, and also to showing the quality of
data and to motivating the search for data with
better quality (Ciroth 2004).

There is uncertainty inherent to each SLP
method that results from its characteristics of
reliability, degree of precision and confidenceeTh
corresponding LCA results are affected by this
uncertainty. However, the uncertainty of neithes th
SLP methods nor the corresponding LCA results has
yet been studied in detail with appropriate statibt
tools. Therefore, the aim of this paper is to preaa
interdisciplinary study of the interrelation betwee
SLP and LCA via modelling the uncertainty of SLP
methods and applying it in the stochastic compariso
of the LCA of building assemblies. In particular,
these uncertainty models are applied to the LCA of
cladding solutions for external walls.

The results presented in this paper are of
paramount importance for designers who need to
choose from alternative claddings for external
walls of buildings using environmental criteria,
especially early in the design stage, where there i
an opportunity to decrease the environmental
impacts of the project via the selection of adeguat
materials (Shen et al. 2007). The method proposed
in this paper would make SLP more accurate by
incorporating advanced statistical methods that aid
the choice of the solution with the best
environmental performance, particularly by
calculating the stochastic LCA for each solution.

2. Degradation of external cladding

External claddings play a fundamental role in
building performance. They increase the
structure’s  durability, protect it from
environmental agents and are very important in
terms of aesthetics. Besides quality/cost criteria,
the selection of the cladding must take into actoun
the conditions it will be subjected to throughast i
service life (Ho et al. 2004).

In theory claddings are very durable elements.
This is demonstrated by many buildings a hundred
years old and more that retain all their original
cladding elements and still have a satisfactory
performance (Ashworth 1996). But it is very often
found that these elements have a much shortecservi
life than the building itself and periodic maintana
of cladding is required over the building’s lifeebsy,
it sometimes even has to be refurbished or replaced

Cladding degradation has economic and
environmental implications for the built environrhen
so tools are needed to evaluate the performance of
claddings throughout their life cycle. These tools
must allow rational and technically informed
planning of the maintenance and repair actions
through analysis of their environmental impactasth
avoiding unfounded premature repairs or
replacements and allowing for an extension of the
corresponding service life (NorvaiSiene et al. 2004
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2.1.Quantification of the global

degradation of external claddings

Estimates of the life expectancy of building
components result in different outputs depending on
what is required of them. In theory, many of the
components of buildings are capable of lasting a
very long time, as is proved in very old buildings
where an original component continues to perform
well. However, in practice, the life expectancy of
building components is frequently much shorter, for
a variety of reasons. The obsolescence that
eventually afflicts both design and technology is
perhaps the main reason why generally sound
components are removed and replaced. Otherwise,
components decay, are damaged or misused
(Ashworth 1996).

In this study the degradation of external
claddings is studied based only on visual inspectio
Data on degradation in real in-service conditions i
therefore acquired. This method is an alternative t
the lab tests that some authors believe represent a
simplification of reality and whose results do not
have a clear correspondence with the complexity of
the phenomena associated with natural degradation
under real in-use conditions (Kus et al. 2004, Btini
and Paolini 2005), even if these conditions are
known, the mechanisms of deterioration are
understood and the causes of deterioration are
identified (NorvaiSiene et al. 2004).

Overall degradation of the claddings analysed
was quantified using the method put forward by
Gaspar and de Brito (2008) and Gaspar (2009).
These authors proposed a numerical “severity of
degradation” index which is obtained as the ratio
between the extent of the facades degradation,
weighted as a function of the degradation level and
the severity of the anomalies, and a reference area
equivalent to the maximum theoretical extent of
the degradation for the facade under analysisy as i
expression (1).

Z('A’I X kn X kan)
= : 1
S AxK @)
Where: § - Normalised severity of

degradation of the facade, in percentage: Area
of cladding affected by an anomaly, irf;nk, -
anomaly’s “n” multiplying factor, as a function of
its condition (between O and 4), k- weighting
coefficient corresponding to the relative
importance of each anomaly ,(k€ R") (if no
instructions are provided , one should assuge k
1); k - weighting factor equal to the highest
degradation level in the facade; A - total area of
the cladding, in rh

Therefore this indicator takes into account
both the degraded area of the cladding, affected by
the different types of anomaly, and the severity
level of the anomalies, also designated
“condition”. The anomalies are classified in terms
of condition through a weighting factorjkusing

a discrete scale of values from the most favourable
condition (level 0 - absence of visible degradgtion
to the most unfavourable (level 4 - extensive
degradation or loss of function).

2.2.Service life prediction (SLP) of external

claddings

ISO 15686-1 (ISO 2000) defines the reference
service life as the period of time that a buildorg
its parts are expected to last with standard in-use
conditions. Predicting the service life of building
or building elements can be complex and time-
consuming. To date, SLP methods have not been
developed into an exact science because of the
many conditioning factors that make a thorough
SLP an interdisciplinary activity.

Many studies have examined service life
prediction. Hovde (2004) says that it can be a
complex and lengthy process with many associated
variables. According to some authors (Daniotti
2003, Moser 2004, Lacasse and Sjostrém 2004),
the main methods used to estimate service life may
be classed as deterministic, probabilistic and
engineering (a symbiosis of the previous two).

Deterministic methods are based on an
analysis of the factors and degradation
mechanisms that affect the elements studied, and
quantifying them in terms of degradation. The
great impetus for these methods came from Japan,
through the “Japanese principal guide for service
life planning of buildings” (AlJ, 1993) that
proposed the factor method for the first time. More
than a method, it is a general framework for
service life estimation. Its flexibility and relad
ease of application led to the factor method
developing into one of the main tools offered, and
it became the basis of the international standard f
durability, partially published, the ISO 15686:
2000 (ISO 2000).

Probabilistic methods came along based on the
general concept that no two buildings degrade in
exactly the same way during their life cycle since
degradation depends on a series of random factors.
Therefore, these methods look at degradation as a
stochastic process that evolves probabilisticalgro
time, where only the initial parameters are known
(Moser 1999). These models are generally highly
complex since they endeavour to handle different
statistics and include the uncertainty resultirgrfr
the time periods considered (Kliukas and Kudzys
2004).

Rudbeck (1999) proposes to improve existing
methods with the use of statistical tools. Moser
(2004) looks at the work of various authors in this
area and concludes that more studies are needed to
identify the parameters that influence the service
life of construction elements and that it is
necessary to create viable mathematical formulae
to enable these methods to be applied.

2.2.1.SLP - Determinist approach

Various studies and standards in the area of
service life prediction have mentioned the intemtio
of estimating a reference service life for buildiragd
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their components. The first standard to dwell @ th
durability and service life prediction issues whs t
Japanese guide developed in 1989 by the
Architectural Institute of Japan and later tramslat
into English (AlJ 1993). This was pioneering at
world level and represented the genesis of therfact
methods, where the estimated service life of an
element is obtained as the product of a reference
service life by a series of factors modified as a
function of the specific conditions of the element
under analysis. According to this document the end
of the service life is determined on the basishef t
physical deterioration and the functional
obsolescence of the element. The guide prescribes
that external claddings should have a servicefita
least 10 years.

In 1992 the British Standards Institute
published standard 7543 for durability “British
guide to durability of building elements, products
and components” (BS 7543:1992) that lists various
methods to estimate the service life of constructio
products, from past experience to accelerated
degradation tests (Gaspar 2009). BS 7543 proposes
defining the service life of buildings as a funatiof
the type of use envisaged, and therefore five
categories are proposed: temporary buildings, avith
service life of less than 10 years; short-lived
buildings, such as storehouses, with a servicefife
at least 10 vyears; average buildings, such as
industrial buildings, with a service life of at &0
years; current buildings, such as new housing,
hospitals and schools, with a service life of afste
60 years; long-lived buildings, such as public
buildings, with a service life of at least 120 year
The standard also prescribes that facade claddings
must guarantee a service life similar to that & th
building, with proper periodic maintenance.

Inspired by the Japanese guide the International
Organization for Standardization (1ISO), based on a
recommendation of RILEM (International Union of
Testing and Research Laboratories for Materials and
Structures) suggests a standard for service life
prediction (Frohnsdorff et al. 1999). This stangard
called ISO/DIS 15686 “Building Service Life
Planning” presently consists of 11 parts that a@efin
the general principles, framework and procedures of
the method of service life prediction proposed.
Furthermore, it defines the functional performance
criteria that must be respected at the design stage
and throughout the service life of constructioms] a
this will ultimately contribute to defining the ernd
the service life of the elements analysed (Hed 1999
ISO 15686 suggests that facade claddings must have
a service life of 25 years in current buildings wéo0
service life is 60 years.

Standards relating to service life prediction
have been published in countries that include: New
Zealand (New Zealand Building Code, 1992),
which establishes a service life of 50 years for
buildings and allows their components to have
different service lives, depending on easy access,
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repair and anomaly detection; Australia (Guideline
on durability in buildings, 2003); the United State
through the Partnership for Advancing Technology
in Housing (PATH) that has funded a series of
publications relating to the service life of builds,
and the American Society for Testing and Materials
(ASTM); and Canada (Standard S478: Guideline on
durability in buildings) (Koymans and Abbott,
2006).

Besides standards the Institute of Technology
of Israel has produced several studies on the
degradation of facades and the determination of
their service life (Shohet and Paciuk 2004, Shohet
et al. 1999). They propose a classification of
facade degradation through the average of the
physical and the visual degradation. Physical
degradation includes all aspects related to the
degradation mechanisms facades are subjected to
while visual degradation takes into account the
area of the facade affected by the various
anomalies. This analysis is performed using visual
inspections. Once the facade’'s degradation is
quantified, the authors propose that degradation
patterns are defined that permit the evaluation of
loss of performance over time. The end of the
service life is reached when, for a given sample,
the average degradation curve reaches a minimum
admissible level of performance. Shohet and
Paciuk (2004) define two minimum performance
levels: one for situations when claddings must
have a high performance level; the other for a
lower performance level, when the building
owners want to minimise maintenance actions on
the claddings.

Table 1 shows the reference service life proposed
by various authors and standards for two types of
external claddings under analysis.
All of these studies look at the service life of
facade claddings as a deterministic value. This
approach has been the target of much criticism
because of service life being seen as an absolute
value, with no data on the degradation process or
on the transition from one degradation state to the
next one (Mc Duling et al. 2008), therefore it $ail
to incorporate all the variability associated with
degradation processes (Hovde 2000).

2.2.2.SLP - Stochastic approach

The studies developed by the Institute of
Technology of Israel (Shohet and Paciuk 2004,
Shohet et al. 1999) led to the development of
empirical methods implemented to evaluate the
durability (or loss of performance ) of a buildiag
its components in real in-service conditions at
different stages of the service life, through
extensive field work (Gaspar and de Brito 2011).
These methods make it possible to represent
graphically the degradation patterns of various
types of claddings and statistically analyse the
performance of the claddings throughout their life
cycle, with the aim of estimating their serviceelif
as a function of the level of demand.
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For this, various cases are analysed in real in-
service conditions and different degradation states
Using the model developed by Gaspar and de Brito
(Gaspar and de Brito 2008, Gaspar 2009) it is
possible to define the global degradation of the
facade claddings. Each case corresponds to a
coordinate (x, y) wher& represents the age of the
cladding (age here is the time since the last
corrective, at the time of the inspection) apnd
represents the degradation observed. Once all the
coordinates are determined they are represented
graphically, leading to a cloud of points that dépi
the case studies of the field study. Using a simple
regression analysis it is then possible to obtain t
function that best fits the cloud of points. This
method is usually called the graphic method.

Gaspar (2009) used this method to evaluate
the service life and durability of current
renderings, based on a study of 100 coatings in the
Lisbon region. For a maximum level of
degradation of 20% the author obtained a reference
service life of 15 years. By analysing the estirdate
service life of each case of the sample the author
determined an average value of 17.5 years, with a
standard deviation of 5.35 years and a confidence
interval of +1.05 years.

Based on the same method Silva et al. (Silva et
al. 2011a) analysed 140 stone claddings (directly
adhered to the substrate) and found that the
reference service life of this type of claddinds&
years. By performing the same analysis of the
estimated service life of each case study the
authors found an average value of 66 years, with a
standard deviation of 8.54 years and a confidence
interval of +1.40 years.

Another statistical method that can be used to
predict the service life of facade claddings is
multiple linear regression analysis. This is an
extension of simple linear regression analysiat t
it is based on the same hypotheses. However,
multiple regression involves more than one
independent variable (Satapathy et al. 2009).
Wooldridge (2009) notes that since multiple
regression allows the addition of more factors that
contribute to explaining the dependent variabis it
expected that more efficient models are obtained.

A study by Silva et al. (2012b) applies
multiple linear regression analysis to the predicti
of the service life of current renderings. The
authors conclude that age, exposure to humidity,
the type of render and the level of protectionhef t
facades are conditioning variables that explain a
facade’s degradation. The authors thus propose a
mathematical function that is used to estimate the
service life of this type of cladding based on #hes
four variables, which leads to an average estimated
service life of 15 years, with a standard deviation
of 2.90 years and a confidence interval of +0.57
years.

In a similar study Silva et al. (2012a) used the
same statistical tool to evaluate the service dife
stone cladding. In this case they found that the

conditioning variables to explain the degradatién o
facades are age, distance from the sea, the type of
finishing, and the area of the stone plates. Based
the mathematical expression that relates the
degradation of the facades with these variables the
authors found an average estimated service life of
77 years, with a standard deviation of 11.21 years
and a confidence interval of £1.86 years.

Artificial neural networks are another statistical
method employed in service life prediction. This
statistical tool is usually an emulation of the faum
biological system. The networks “learn” from a seri
of patterns that are provided in relation to a give
problem and based on data acquired are capable of
predicting the behaviour of new patterns. Silvalet
(2012b) applied this tool to the prediction of the
service life of current renderings. Taking as
independent variables those that were considered in
the multiple linear regression analysis (age, exgos
to humidity, the type of render and the level of
protection of the facades) the authors determined a
mathematical function produced by the neural
networks that permitted the evaluation of the
degradation of rendered facades. For a maximum
admissible level of degradation of 20% the average
estimated service life found was 17.5 years, with a
standard deviation of 2.74 years and a confidence
interval of £0.90 years.

In a similar study on stone claddings Silva et al.
(2011b) evaluated their service life using the same
artificial neural networks. Once again they
considered the same relevant variables as thdke in
multiple linear regression analysis (age, distdrara
the sea, the type of finishing and the area oftbee
plates). Based on the mathematical function obdaine
through the neural networks, the authors found an
average estimated service life of 80 years, with a
standard deviation of 9.34 years and a confidence
interval of £3.10 years.

Table 2 shows a summary of the service lives
estimated by the various statistical methods.

The life cycle of a building or its components is
the period of time from when it is put into service
until it reaches the end of its service life. Ingno
codes it is considered that a current buildingheac
the end of its service life at 50 years. Over fissiod
the claddings whose service life is shorter thahaffi
the building, such as current renderings, go throug
various life cycles. It is assumed that each eeis
independent of the next one, thus considering
degradation as stochastic process; this meanththat
fact that during the first life cycle the rendering
reached the end of its service life at 25 years doé
mean that the new, replacement, rendering, even
though subjected to the same exposure conditions,
will reach the end of its service life after thenga
period of time.

To proceed to the life cycle assessment (LCA)
of the claddings studied in order to evaluate the
corresponding environmental impact, the estimated
number of replacements over 50 years must be
established. To take uncertainty into account when
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determining the number of replacements needed in
50 years it is assumed that the service life
estimated by each method for each life cycle until
replacement follows a Normal distribution. This
assumption is quite often fundamental in the
process of statistical inference. One of the rules
used to ascertain whether a variable follows a
Normal distribution is the central limit theorem,
which states that the distribution of an averagé wi
tend to be Normal as the sample size increases
(Barnes 1994). The central limit theorem states
that the sampling distribution tends to be Normal
in big samples - regardless of the shape of the dat
actually collected (and the sampling distribution
will tend to be Normal regardless of the population
distribution in samples of 30 or more), which
means that the sample studied is normally
distributed (Field 2008, Motulsky 1999).

The linear combination theorem shows that the
sum of or difference between two or more random
independent variables with Normal distribution is
also a Normal random variable, thus allowing the
average and standard deviation of the sample
distributions to be summed. If each life cycle péri
until replacement follows a Normal distribution and
since they are independent, the linear combination
theorem is used to show that the set of the various
life cycles up to 50 years also follows a Normal
distribution.

In this case the sample used to predict the
service life of current renderings using the graphi
method and multiple linear regression analysis is
composed of 100 case studies, a significantly
bigger sample than needed by definition to state
that the variable has a Normal distribution. For
stone claddings the sample consists of 140 case
studies. Based on the central limit theorem and on
the size of the samples it can be considered hieat t
service life values (SLVs) estimated by these
methods follow a Normal distribution (&s>> 30
then one can say that SLWN (y, 0)).

For the artificial neural networks the overall
sample is split into two main subsamples: the
learning sample, used to learn from a set of petter
fed into the network; and the test sample, which is
used to check whether the prediction model defined
through the learning sample can safely be
generalised. In this study the test sample for
estimating the service life of stone claddings =iss
of only 35 case studies, and 36 case studies for
current renderings. In this case it seems less
reasonable to assume that the sample size isienffic
to justify adopting the hypothesis that the senlifee
estimated by the neural networks follows a Normal
distribution. Therefore, to test whether that isetr
two statistical tests were performed: the Kolmogero
Smirnov (K-S) test (Chakravarti et al.) and the
Shapiro-Wilk test (Shapiro and Wilk 1965). The K-S
test was performed with the Lilliefors correction
(Lilliefors 1967). Two hypotheses are tested: thkk n
hypothesis (lj that indicates the sample analysed
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follows a Normal distribution, and the alternative
hypothesis (K that indicates that the sample does
not follow a Normal distribution. Using dedicated
software the p-value associated with each of the
normality tests was obtained. If the p-value of the
tests is higher than the significance level defitinzoh
the null hypothesis is accepted, and it can bedstat
that the sample does follow a Normal distribution.
For current renderings the K-S test with the Lfiliis
correction yields a p-value of 0.145 and the Shapir
Wilk test a p-value of 0.408. Conversely, for stone
claddings the K-S test with the Lilliefors correcti
yields a p-value of 0.20 and the Shapiro-Wilk &est
p-value of 0.462. This indicates that for a 5%
significance level the estimated service life ofhbo
claddings follows a Normal distribution (Table 3).

The number of replacements is evaluated based
on the ratio between the reference service lifthef
building (50 years) and the estimated servicedife
each of the claddings analysed, and this ratio is
determined through the various methods used to
predict the service life and for each case studgeB
on the central limit theorem and on the size of the
samples used to predict the service life of externa
claddings by the graphic method and multiple linear
regression analysis (100 case studies of current
renderings and 140 case studies of stone claddihgs)
can be considered that the number of replacements
follows a Normal distribution. For neural netwoiks
seems less reasonable to assume that the sample is
large enough to justify adopting the hypothesid¢ tha
the number of replacements follows a Normal
distribution and the Kolmogorov-Smirnov (K-S) and
the Shapiro-Wilk test were performed to ensure that
For current renderings the K-S test with the Lfiliis
correction yields a p-value of 0.199 and the Shapir
Wilk test a p-value of 0.109. Conversely, for stone
claddings e K-S test with the Lilliefors correction
yields a p-value of 0.177 and the Shapiro-Wilk test
p-value of 0.069. This indicates that for a 5%
significance level the estimated service life ofhbo
cladding types follows a Normal distribution (Table
4).

There is an uncertainty associated with the
determination of the service life using the
statistical methods presented in Table 2. For that
reason the estimated service life is presentedhas a
average value, associated with a standard deviation
and a 95% confidence interval. Consequently this
uncertainty will always be present when
determining the number of cladding replacements
in the period under analysis. Table 5 thus includes
a reference value for the average number of
replacements (deterministic) as well as a stoahasti
value that takes uncertainty into account.
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3. Environmental
claddings
The envelope of the building is a key element

because it strongly influences its comfort, saéetg

aesthetics. Because it is in close contact with the
environment it is constantly affected by the weathe
and atmospheric pollution, which can speed up the
degradation rate, with likely serious implicatidos
safety and user comfort. One of its elements, the
external cladding, directly influences the theriauad
environmental performance of the building envelope
because of its share in the envelope’s initial
embodied energy and life cycle cost. External
cladding is the first and outermost layer that stpa

the inner space from environmental agents and is

therefore particularly prone to failures and defect

with direct consequences for the quality of urban
space, user comfort, and repair and maintenance
costs. For all these reasons and also because of th
relatively long service life of buildings, both th€A

and the SLP of this building assembly are of the

utmost importance (Silvestre et al. 2011a, b, Sitee

and Lasvaux 2012). This section of the paper
explains the application of the LCA method to each
cladding solution through an internationally
standardised procedure (ISO 2006c, d), using both
the corresponding deterministic and stochastic
service life.

performance of external

3.1.LCA study - Scope and functional unit

The LCA method considers the environmental
impacts during the life cycle of a product by
identifying and quantifying the environmental
emissions and consumption of energy and
materials (Ortiz et al. 2009). LCA implementation
is divided into four phases according to 1SO
standards (ISO 2006c, d): goal and scope
definition, inventory analysis, impact assessment
and interpretation. The first phase describes the
product to be assessed, the scope of the associated
system and the functional unit.

The construction of buildings differs from
other industrial processes by yielding a product
that: incorporates a high quantity of products and
processes; has a long life-cycle; contains
components that have different service lives; has a
dynamic that differentiates it from other standard
industrial products, in particular during the
execution, use and end-of-life phases (Blok et al.
2007, Chevalier and LeTeno 1996, Kibert 2002).
The definition of a functional unit (that is a siees
and not only a product) and the boundary of the
assessment in LCA studies is therefore even more
important, in order to lessen the sensitivity and
errors of the results (Erlandsson and Borg 2003,
Ozik 2006). Previous LCA studies of construction
materials and buildings (Silvestre et al. 2011a, b,
Silvestre and Lasvaux 2012) confirmed the
relevance of the definition of a functional unitdan
of the boundary in this type of study.

The characteristics of each external wall
cladding compared in this study are summarised in

Table 6. The functional unit of the study is a
square meter of cladding applied on the external
surface of the external wall of a building. This
table also includes the Ecoinvent system processes
used to model each of these cladding solutions in
the LCA calculations.

3.2.Boundaries of the LCA study

The LCA calculations took into account the
different stages of the life cycle for each extérna
wall cladding solution. The operations considered
in the LCA calculations that occur in each life
cycle stage for each external wall cladding are
summarised in Table 7.

The construction process (A4-transport to the
building site and A5-installation into the build)ng
and use stages (information modules related to the
operation of the building) (B6-operational energy
use and B7-operational water use) were not
included in the LCA calculations because they
were considered to be the same for both solutions
under analysis. The maintenance actions (B2) were
not included in the LCA -calculations either,
because it was considered that the corresponding
environmental impacts are the same for both
solutions under analysis (and are also negligible -
e.g. cleaning with water, compared with
replacement) and a similar approach was used for
the B1, B3, B5, C1 and C2 stages.

The LCA from the production of each
construction material (“cradle to gate” approach -
stages Al-A3 in Table 7) was calculated using
appropriate software (SimaPro) and available “Life
cycle Inventory” (LCI) databases, in particular the
“Ecoinvent database system processes” mentioned in
Table 6, taking into account the European reference
case and previous research works (Silvestre et al.
2011a, b, Silvestre and Lasvaux 2012). This databas
was also used to model each cladding replacement
(stage B4) during the service life of the build{a@®
years). But each rendering and stone cladding
replacement generates demolition waste. Therefore,
the environmental impacts of the “End-of-life stage
(C) and the “Benefits and loads beyond the system
boundary” (stage D) were considered only for the
demolition waste from the replacement operatians. |
was assumed for comparison purposes that in the 50
year the state of conservation of the claddingslavou
be the same as when they were applied and the LCA
of the demolition of the claddings in that year was
therefore not considered (the service life of the
building assumed in the design phase is 50 yedrs bu
it was considered that the building does not algtual
reach the end of its service life in that year)isTh
the only approach that allows a balanced comparison
of the solutions and the consideration of parttes
of replacement. In fact, using the reference nuraber
replacements presented in Table 5 - e.g. 3.53, the
parcel of 0.53 replacements is considered to mean
that 53% of total sample of claddings will reabh t
end of their service life before or at 50 years lagnek
to be totally replaced in order to restore theiahit
state of repair.
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For the “End-of-life stage” (C) it was
considered that the cement mortar and any paint are
mixed after demolition and therefore have to be
considered as undifferentiated CDW (waste code 17
09 04 - mixed construction and demolition waste
(EC 2000)) and sent to landfill. The mixture of
stone plates and mortars (waste code 17 01 07 -
mixtures of concrete, bricks, tiles and ceramidas (E
2000)) yielded by demolishing stone cladding can
be sent for “rock crushing” (with an output of 80%)
to reduce the use of natural aggregates, thus
generate “Benefits and loads beyond the system
boundary” (stage D), which highlights that the end-
of-life phase can make a positive contributionhte t
environmental performance of construction
materials (Silvestre et al. 2011b).

The reference study period was set at 50 years
because this is the service life considered for a
building at the design stage.

3.3.LCA results using standard SLP

LCA is a procedure that aims at studying the
environmental aspects and potential impacts of a
product, starting with the raw materials’ extrantio
and going on to product manufacturing, until the
use and final disposal stages. In the inventory
phase, all the relevant inputs and outputs of the
system are identified and quantified, which
requires data collection and calculation procedures
These inputs and outputs are “use of resources”
(raw materials and energy) and “emissions to air,
water and soil”. In the impact assessment stage the
results of the inventory analysis are assigned to
environmental impact categories in order to
provide an environmental performance of the
product through an internationally standardised
procedure (ISO 2006c, d).

The environmental performance of the external
wall solutions was compared following the LCA
method (based on ISO 14040:2006 and ISO
14044:2006 international standards (ISO 2006c, d)).
This procedure allows LCA results from different
studies to be compared and used to make meaningful
choices (Ekvall 2005, Krigsvoll et al. 2007). This
assessment also followed most of the principles
already included in the draft standards FprEN 15643
2:2010: “Sustainability of construction works -
Assessment of buildings - Part 2: Framework for the
assessment of environmental performance” and prEN
15978:2010: “Sustainability of construction works -
Assessment of environmental performance of
buildings - Calculation methods”, such as:

e The assessment of the environmental
performance shall apply the LCA approach in
accordance with the guidelines and
requirements of ISO 14040:2006 (ISO 2006d);

e The results of the assessments shall be
organised into three main groups: impacts
specific to building fabric and site (results

from the product stage and from the
construction process stage); impacts and
aspects specific to building in operation
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(maintenance, repair, replacement, water and
energy use and all activities with an
environmental impact), and results from the
end-of-life stage of the building;

 The impacts and aspects related to benefits

and loads beyond the building life cycle, e.g.

those that result from further reuse, recycling

potential and energy recovery and other
recovery operations, may be included as
supplementary information. They are essential
to promoting and allowing a cradle-to-cradle

(C2) approach in the life-cycle of the

buildings and their assemblies;
 The default value for the reference study

period shall be the required service life of the
building and the estimated service life of the
assemblies shall take into account rules and
guidance contained in the ISO standards

15686-1,-2,-7 and -8 (ISO 2006a, 2000, 2001,

2006Db).

The LCA results in six of the environmental
categories defined in the European Standards
specified (using an EIAM with a mid-point
approach - CML 2001 version 2.05) for the
cladding solutions being evaluated, and using a
standard SLP, these are presented in Table 8 for
cumulative stages “A1-A3 and B4” and “Al-A3,
B4, C3-C4, and D". The reference value used for
the service life of the two solutions was 25 years
because it is the period suggested for building
components in the International Standard (see
Table 1), which is a reference that can be, and
often is, used by building designers in this arka o
knowledge if they want to take into account in a
very simplified way the durability for both
solutions (despite this not being a realistic
assumption).

The results presented in Table 8 show that the
consideration of standard SLP (two replacements of
each solution within 50 years) leads to the choice
the rendering solution. In fact, the higher
environmental impacts of the application (stages Al
A3 plus the same number of replacements - B4 stage
- for both solutions) of the stone cladding (betwee
4.3 and 8.4 times higher than the rendering) ptaten
from being an alternative, even taking the
replacement operations and end-of-life of demalitio
waste into account (stages A1-A3, B4, C3-C4, and
D). In fact, only in one environmental category
(Eutrophication) does the rendering perform slightl
worse, due to the impact of landfilling the denotit
waste.

The LCA results presented in this section
comply with the common approach used in
building design. Therefore, it is important to
analyse its consequences on the decision process
and to find which other decisions and questions
arise from the use of stochastic SLP instead &f thi
approach. The next section of this paper aims to
shed some light on this issue.
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3.4.LCA results using stochastic SLP

The technical service life (hypothetically
correct use/maintenance/replacement conditions) is
normative in most LCA studies of buildings
(Lassandro et al. 2007) and its use has a positive
effect on the outcome of the LCA, because
components in the calculation are in general
supposed to have a longer service life than thie rea
situation (Hendriks et al. 2004). Nevertheless, a
more realistic forecast of the maintenance and its
effect on the global and local environmental
impacts of a building must also be made.

The LCA results in six environmental
categories (Table 8) for the cladding solutions
being evaluated and using the stochastic SLP
reference value (Table 5) are presented in Figures
1 and 2 for cumulative stages “A1-A3 and B4” and
“Al-A3, B4, C3-C4, and D". Each service life
prediction method is identified by an acronym
(GM for graphic method, MLR for multiple linear
regression and ANN for artificial neural networks).

Figure 1 presents results that are similar to the
ones in Table 8 for cumulative stages “A1-A3 and
B4”, even though the difference between the
environmental performance of the rendering and
stone cladding solutions decreases because a
higher reference value of stochastic service life
was assumed for the last solution.

The LCA results presented in Figure 2
considered not only the replacement operations
(B4 stage) but also the corresponding end-of-life
of demolition waste (stages C3-C4, and D).
Therefore, this approach led to an inversion in the
preferred solution in three out of six environménta
categories: EP, GWP and POCP. This is caused by
the impact of landfilling the demolition waste from
a greater number of rendering replacements and
also by the benefits of reusing stone demolition
waste as aggregate.

Figure 2 raises some questions. Maintenance
operations (B4 and the corresponding end-of-life of
demolition waste - C3-C4, and D) during service lif
are often very uncertain. But their frequency degen
directly on the service life of the cladding sajut.
Since this paper has already characterised the
uncertainty inherent to each of the three SLP nalstho
(and probed the possibility of using Normal
distribution to model the number of replacements of
each solution over a 50-year life cycle - see @Bcti
2.2.2), these data can be used to evaluate the
uncertainty of LCA calculations. In fact, it is jsiide
to apply Monte Carlo analysis in SimaPro software
(and only using “system processes” from Ecoinvent
to avoid including uncertainty in parameters other
than SLP), which is a statistical approach that
incorporates parameter uncertainty to compare
solutions that are not correlated (Jolliet et a1 ®.

This approach can be completed in five steps

(Heijungs et al. 2008):

1. Define the number of replacements as a
stochastic variable with a specified probability
distribution - Normal - and corresponding

parameters (average values and standard

deviations presented in Table 5 for each SLP

method and cladding solution);

2. Build the LCA-model with one specific
realisation of every stochastic parameter;

3. Determine the LCA-results with this particular
realisation;

4. Repeat this for a large number of realisations -
e.g. N (number of runs) = 1000;

5. Investigate statistical properties of the sample
of LCA-results - e.g. the mean, the standard
deviation, the confidence interval, or the
distribution.

In each iteration of the Monte Carlo analysis,
the number of replacements of each cladding
solution is randomly selected according to the
corresponding distribution. Then the LCA s
recalculated for each cladding solution and the
difference between one result and the other is
stored. After 1000 runs the distribution of resists
plotted. Conclusions can be drawn from this plot
but if there are more than 10% of contradictory
runs the results are considered too uncertain to
draw conclusions.

It is important to highlight that, in each
iteration, the solutions are held to be mutually
independent because they are considered to be
exposed to the same average conditions (which is
reflected in the expected service life and standard
deviation). However, the causes related to the
application or quality of materials can lead to a
longer or shorter service life of each solution in
each iteration, but those are inherent to each
solution and therefore not intercorrelated.

A Monte-Carlo analysis was used to evaluate the
uncertainty of the LCA results presented in Figtire
and the results are in Table 9. In at least one
environmental category (GWP, which is one of the
most-often used internationally) this approach can
provide an improved understanding of the difference
between alternatives. It can also test their siityila
because the analysis of the results achieved tisng
reference value of stochastic SLP is not suffigyent
clear, because it does not consider the uncertafnty
this parameter.

The results presented in Table 9 provide a better
understanding of the relative environmental
performance in every category of the solutions
under analysis. In fact, the difference between the
environmental impacts of stone claddings and
renderings is negative in more than 90% of the runs
for EP and POCP (using any SLP method) and is
always positive for ADP, AP and ODP. Therefore,
it can be concluded that stone claddings have a
worst environmental performance than renderings in
these three last categories but have a betterrone i
EP and POCP. But a Monte-Carlo analysis does not
definitively identify the solution that performstter
environmentally in the GWP category. The answer
obtained by the Normal distribution defined
according to the GM method is similar to the one
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given by the other two SLP methods, but it yields
more than 10% of contradictory runs (20%).
Therefore, the results for GWP using the GM
method are considered too uncertain to enable
conclusions to be drawn, while the results achieved
using the ANN or MLR methods indicate a better
environmental performance of stone claddings in
this category but with a number of contradictory
runs near 10%. From these results it can be taken
that stone claddings also perform better in the GWP
environmental category (the only result below 90%
was achieved using the GM method, for which the
number of replacements is maximum for stone
claddings and the standard deviation is maximum
for renderings, within the different SLP methods -
see Table 5), and therefore each cladding soligion
preferred in three out of six environmental
categories. This conclusion can only lead to al fina
decision by the designer if weighting factors are
associated with each environmental category,
especially under a national regulation or a volgnta
building environmental assessment system (BEAS).

Table 10 provides an overview of the different
levels of complexity that characterise the
combined use of statistical models in the SLP and
LCA of building assemblies and it shows the
external cladding solution that offers the better
environmental performance according to the
results of each approach and the relevant design
choice.

According to Table 10, the choice of wall
cladding can also depend on the design stage,
when the decision process is quite uncertain. At
the final design stage, for instance, there is less
uncertainty about the type of material to be used (
has indeed already been chosen), the maintenance
procedures that will be put into practice during th
building’s service life and the level of demand of
the building owner/users (they are already known
and are also interrelated). A higher level of
demand, for example, can lead the designer to use
a higher reference value for the number of
replacements in LCA calculations than the values
presented in Table 5.

4. Conclusion

Modelling the uncertainty associated with
each of the SLP methods selected allowed the
uncertainty associated with the service life ofteac
cladding solution to be estimated. Therefore, an
SLP method (with uncertainty modelled) for
building assemblies is proposed in this paper.

The service life considered for each element of
buildings can have a bigger influence on LCA
results than the characteristics of their companent
In fact, the question of a building’s service lgas
is critical in LCA studies where just a few grams
of material may cause an enormous environmental
burden (Hendriks et al. 2004). Construction,
disposal and deconstruction are processes that can
be generally traced and described to calculate
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environmental impacts, whereas the building’s use,
maintenance and management are characterised by
the utmost variability. These stages involve other
variables that are totally unpredictable and hard t
define because they depend on decisions about
building operation and maintenance scheduling,
thus creating limitations to the actual reliabildf
LCA studies. Therefore, only a thorough
interdisciplinary study of the interrelation betwee
the service life prediction (SLP) and LCA of
buildings or building elements permits the
characterisation of the dependence between their
durability and environmental impacts along the
entire life cycle. The importance of this
interrelation is increasing, largely because of
several research studies that compare different
options based on their service life or
environmental performance (Nunen 2010).

The results of the LCA study presented in this
paper related to a standard, a deterministic and a
stochastic environmental performance of each
cladding solution for external wall. These results
are compared, including a thorough analysis of
their consequences for the choice made by the
designer at an early stage of the building project
and a forecast of the changes that can be made to
the decision later in design stage. The deterniinist
and stochastic environmental performances of the
wall cladding solutions under analysis were also
compared to ascertain the relative advantages and
disadvantages of these approaches and the
influence of the uncertainty modelling in the
environmental ranking of the solutions studied.
This ranking provides a basis for decision-making
under (modelled) uncertainty while reducing the
risk of the decisions made at the design stage.
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Table 1 - Reference service life proposed by diffeeeithors and normative documents

Authors External cladding solution
Renderings Stone claddings
BSI (1992) > 60
Recommended design life (years) (most external claddings for buildings
with normal life - new housing)
AlJ (1993)
Recommended planned service life (years) >10
Shohet et al. (1999) 20 40
Standard life expectancy (years)
ISO 15686 (2000) 25

Suggested service life for components (years) (buildings with a design life of 60 years)
Shohet and Paciuk (2004)
For situations in which components are required to
perform at high levels
Standard life expectancy (years) 15 44

Predicted service life interval (years) 12-19 39-50
Shohet and Paciuk (2004)
For situations in which owners want to minimise
maintenance costs
Standard life expectancy (years) 23 64
Predicted service life interval (years) 19-27 59-70

Table 2 - Summary of the service lives estimatethleyarious statistical methods
External cladding solution
Renderings  Stone claddings

Service life prediction methods

Graphical method

Reference service life (years) 15 68
Average estimated service life (years) 17.5 66
Standard deviation (years) 5.35 8.54
95% C.I. (years) +1.05 +1.40
Multiple linear regression
Average estimated service life (years) 15 77
Standard deviation (years) 2.90 11.21
95% C.I. (years) +0.57 +1.86
Artificial neural networks
Average estimated service life (years) 17.5 80
Standard deviation (years) 2.74 9.34
95% C.I. (years) +0.90 +3.10

Table 3 - Results of the normality tests of the dampsed in this study for the artificial neuratwarks method
External cladding solution
Renderings  Stone claddings

Normality tests

n (sample size) 36 35
K-S 0.145 0.20
Shapiro-Wilk 0.408 0.462
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Table 4 - Results of the normality tests of the dampsed in this study for the artificial neuratwerks method

External cladding solution

Normality tests

Renderings  Stone claddings
n (sample size) 36 35
K-S 0.199 0.177
Shapiro-Wilk 0.109 0.069

Table 5 - Reference and stochastic number of replects over a 50-year period (considering that tivalrer of

replacements follows a Normal distribution)

External Service life prediction methods
cladding Graphic method (GM) Multiple linear regression  Artificial neural networks
solution (MLR) (ANN)
Average reference StochasticAverage referenciStochastic Average reference Stochastic
number of number of number of  number of number of number of
replacements / replacemen replacements / replaceme replacements/ replacemen
Standard ts Standard nts Standard deviation ts
deviation [p-0:p+o] deviation [p-0:p+o] [p-0:p+o]
Renderings 3.10/0.906 [2.20: 4.01] 3.53/0.823 [2.71: 2.93/0,476 [2.45: 3.40]
4.35]
Stone 0.77/0,108 [0.66:0.88] 0.67/0,111 [0.55: 0.64/0,079 [0.56: 0.71]
claddings 0.78]

Table 6 - Characteristics of each external wall diiagl and the Ecoinvent system processes used ioGAecalculations

External cladding solution

Ecoinvent database sysie processes

Rendering Rendering - 3 cm cement mortar

Cover coat, minatgjant/CH

and paint Paint - two coats of water based paint

Alkyd paint, white, 60% in KD, at plant/RER

Stone

3 cm stone plate plus cement mortdatural stone plate, polished, at regional stof@g and
and joints material

“cement mortar, at plant/CH” (mortar and joints erél)

Table 7 - Life cycle stages (taken from Europeandrds) considered in LCA calculations for the éxternal wall

claddings (CEN 2011)

Modules

Life-cycle stage name and
description

External cladding (EC) solution
Rendering and paint Stone

Product stage

Al Raw material extraction and X X

processing, processing of
secondary material input

A2 Transport to the manufacturer

A3 manufacturing
Use stage- Bl Use or application of the -
information installed product

modules related b B2 Maintenance Total cleaning every 5 years (but not included @AL
the building fabric calculations)
B3 Repair -
B4 Replacement Repainting every 10 years arftone cladding replacem
rendering replacement when itvhen it reaches the end of
reaches the end of its service life its service life
B5 Refurbishment -
End-of-life stage C1 Deconstruction, demolition
C2 Transport to waste processing
C3 Waste processing for reuse, Stone (from replacement
recovery and/or recycling operations) crushing for reuse
C4 Disposal Cement plaster (from

replacement operations ¢
contaminated by paint) to
landfill

Benefits and load: D
beyond the syster
boundary

Reuse, recovery and/or
recycling potential

Reuse of stone (from
replacement operations) crust
avoids the use of natural
aggregates
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Table 8 - LCA results of each alternative using déad SLP

Environmental category Rendering and paint Stone
Al-A3  Al-A3, Al-A3andB4/% of Al-A3, B4, C3-C4, and
and B4 B4,C3- difference from D/% of difference from
C4, and D rendering and paint  rendering and paint

ADP - Abiotic Depletion 1.27E-01 1.38E-01 6.69E-01/429% 6.63E-01/380%
Potential (kg Sb eq.)
AP - Acidification Potential  7.02E-02 9.27E-02 5.92E-01/743% 5.80E-01/525%
(kg SO, eq.)
EP - Eutrophication Potential 2.20E-02 2.22E-01 2.06E-01/837% 2.06E-0%
(kg PO, eq))
GWP - Global Warming  1.59E+01 5.16E+01 1.01E+02/531% 9.93E+01/92%
Potential (kg CO, eq.)
ODP - Ozone layer Depletion 2.11E-06 2.37E-06 1.25E-05/491% 1.22E-05/413%
Potential (kg CFC-11 eq.)
POCP - Photochemical  3.39E-03 1.39E-02 1.86E-02/449% 1.81E-02/30%

oxidation (kg C,H,)

Table 9 - Monte-Carlo analysis of the LCA results @ach environmental category) for cumulative stdge-A3, B4,
C3-C4, and D” using stochastic SLP

Environmental categories ADP AP EP GWP ODP POCP

SLP methods zZ x Z x =2 x =2 x =2 x =z x
= = = = = =
Z=231z=23 Z aJ Z Jz23 Z 4
<O=S<0O=5< 0O 5 € 0O 5 <0< O =

Percentage of the 1000 runs
when stone claddingshave a0 0 0 0 0 0 10098.799.793.879.992.10 0 0 99.9 96 99.5

better performance

Table 10 - Overview of the increasing level of cdemjty in the combined use of statistical models$&P and LCA of
building assemblies, the external cladding solutitat offers the better environmental performanuthe design choice

Increasing SLP method  Type of Life cycle stages  LCA method Best Design choice

level of SLP considered (Table 7) environment
complexity method al
performance
1 ISO 15686  Standard Al-A3 Deterministic Render and Render and
2 (Table 1) Al1-A3, B4 (Table 8) paint paint
3 Al1-A3, B4, C3-C4, D
4 Reference value ANN Al-A3 Deterministic
5 of stochastic SL  GM A1-A3, B4 (Figures 1 and
6 (Table 5) MLR Al1-A3, B4, C3-C4,D 2) Depends onDepends on
the weighting
environmentéactor or BEAS
7 Stochastic SLP Stochastic usin | category Depends on
with probabilistic Monte-Carlo weighting
distribution analysis (Table factor or BEAS
(Table 5) 9) or design stage
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10¢C
75 B
m Renderering and paint - ANN
m Renderering and paint - GM
50 m Renderering and paint - MLR
m Stone - ANN
m Stone - GM
Stone - MLR
25
0 4

ADP AP EP GWP ODP POCP

Figure 1 - LCA results (in relative percentage infeanvironmental category) of each alternativecfonulative stages
“Al1-A3 and B4” using the reference value of stocltaSt.P

100
75 -
m Renderering and paint - ANN
m Renderering and paint - GM
50 - m Renderering and paint - MLR
m Stone - ANN
= Stone - GM
Stone - MLR
25 4
0 4

ADP AP EP GWP ODP POCP

Figure 2 - LCA results (in relative percentage infeanvironmental category) of each alternativecfonulative stages
“Al-A3, B4, C3-C4, and D” using the reference valdistochastic SL
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