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1. Introduction

1.1. Energy use and emissions in the building sector

These climate changes are caused mainly by increased concentration of
greenhouse gases in the atmosphere due to human activity. Carbon
dioxide (CO2) is the most important greenhouse gas and its
concentration is more than a third higher than before the industrial
revolution, so that it is now higher than at any time over the last
650,000 years. Annual CO2 emissions from fossil fuel increased from an
average of 6.4 gigatons of carbon (GtC) in the 1990s, to 7.2 GtC in 2000
2005 – and the rate of increase has accelerated .



1.2. The potential of energy retrofitting in the residential sector

cost optimal cost optimal with acceleration

cost optimal cost optimal with acceleration

Pathways to a Low Carbon
Economy



Figure 1. CO2 emissions from the European building stock. The marks with no filling represent new buildings. The
marks with black filling represent existing buildings. Zone 1, 2, and 3 represent South European, Central
European, and North European countries, respectively. From [5].



Figure 2. CO2 emissions from future retrofitting scenarios for the European residential stock. From [2].

Figure 3. Carbon emissions and costs abatement potential of several intervention strategies. From [6].



1.3. Embodied energy and energy use in buildings
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1.4. Towards Zero Energy Buildings



Figure 4. Curve representing the net zero balance of a ZEB. From [21].



1.5. Current practice of energy retrofitting

1.5.1. Apartment building in Brogården, Alingsås, Sweden



Figure 5. The Brågarden housing complex as original (left) and after the renovation (right). From [22].

Figure 6. The apartment building in Linz before (left) and after (right) the renovation. From [23].

1.5.2. Apartment block in Linz, Austria



1.5.3. Apartment building in Albertslund, Denmark

Figure 7. Renovation of the apartment blocks in Albertslund, Denmark. On the left the facades before the
renovation and on the right the building after the upgrade. From [24].

1.6. The relevance of apartment buildings retrofitting
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1.7. Summary

Pathways to a Low Carbon Economy
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2. Research frame (methodology)

2.1.Objective

Figure 8. Left: “Bosco Verticale” in Milan, by Stefano Boeri. A project aimed at developing metropolitan
reforestation and urban biodiversity. Middle and right: “Garden and House” in Tokyo, by Ryue Nishizawa. This
building has no opaque partitions but only glass walls. The building façade is represented by the gardens located
at each floor.





technical approach
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Table 1. List of the alternatives for the insulation materials in both opaque and transparent surfaces.

architectural approach
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Relationship between openings and closures

Façade finishing

o Concrete based tiles and paint
o Untreated wood

o Copper impregnated wood and wood preservative



o Mineral wool insulated sandwich panels with steel sheeting

o Polymer cement based tiles and paint

Façade volumes

o Standard balcony
o Sunspace
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Table 2. List of the alternatives of the architectural features applied to the case study.

Figure 9. Matrix of choices. On the right axis, the variation in insulation materials gives the technical solutions. On
the left axis, the variation in facades composition gives the architectural solutions. On the vertical axis, the
resulting CO2 emissions from the combination of the above.



2.2. The reference building

Figure 10. Top left and centre: the West and East façades of the Myhrerenga Borettslag before renovation. Top
right: the original drawing of the cross section of one the apartment buildings. Bottom: the original drawing of
the plan of one of the apartment buildings. Courtesy of Sintef Byggforsk.



reference
building

2.3. The energy model



Figure 11. A CAD drawing of the energy model of the Myhrerenga Borettslag. The apartments are in purple. The
stairwells and the basements are modelled as unheated spaces and are in blue and cyan, respectively. The rest of
the building is modelled as two adiabatic zones.



2.4. Lifecycle assessment, LCA





2.5. LCA applied to buildings



2.6. The LCA model used

environmental theme damage function
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Figure 12. System boundaries of the LCA model for the retrofitting solutions of the Myhrerenga Housing
Cooperative. The flows outside the grey squares are not included in the calculation.
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2.7. Retrofitting actions

2.7.1. Technical approach: proposed alternatives

reference building

Criteria for passive houses and low energy houses Residential buildings

reference building



reference building

Rockwool

VIP

aerogel



Figure 13. Two pictures of commercially available VIPs in which the different layers composing the panel are
shown.

Figure 14. Three pictures of aerogel products. Left: aerogel mats for wall insulation. Centre and right: monolithic
aerogel for windows insulation.





2.7.2. Architectural approach: proposed alternatives
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Figure 15. The façade solutions with the different alternatives for glazing ratio and balcony typologies. 24%, 33%,
and 50% represent increasing window to wall ratios. B0, B1, and B2 represent the different balcony typologies.
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Table 3. The matrix of all the alternatives with the combinations of the technical and architectural solutions.
Rockwool, aerogel, and VIP are the proposed insulations for the walls. 0.10, 0.15, and 0.18 are the proposed U
values of the external walls. AGN is triple glazing with argon, AGL is double glazing with aerogel. 24%, 33%, and
50% are the proposed glazing ratios of the facades. CT is cement tile, UW is untreated wood, CIW is copper
impregnated wood, SSP is insulated sandwich panel, and PT is polymer cement tile. B0 is normal balconies on the
West façade with the 24%, 33%, and 50% glazing ratios. B1 is normal balconies on the West façade with the 24%
glazing ratio, and normal balconies on both the East and West facades with the 33% and the 50% glazing ratios.
B2 is sunspaces on the West façade with the 24% glazing ratio, and is sunspaces on both the East and West
facades with the 33% and the 50% glazing ratios



2.8.Assumptions and limitations
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3. Introduction to the results





4. Comparison of different insulation materials

4.1.Objective



Rockwool VIP
Aerogel



4.2. Results: energy retrofitting alternatives

VIP

Rockwool
Aerogel

VIP

Figure 16. Composition of the yearly energy demand of the four retrofitting alternatives. Values are normalized to
1 m2 of building heated area.
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Figure 17. CO2 emissions for retrofitting alternatives for the 25 year, 50 year, and 75 year lifetime scenarios. The
bars show the initial embodied emissions (EE), the emissions from energy use for operation using the “ZEB energy
mix” (BOP ZEB), and the emissions from the maintenance and substitution of building components and their end
of life treatment (M+EOL). All values are normalized to 1 m2 of heated building area for 1 year.
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Figure 18. CO2 emissions for retrofitting alternatives for the 50 year lifetime scenario. The bars show the initial
embodied emissions (EE), the emissions from energy use for operation using the European average energy mix
(BOP EU), and the emissions from the maintenance and substitution of building components and their end of life
treatment (M+EOL). All values are normalized to 1 m2 of heated building area for 1 year.

Figure 19. CO2 emissions for retrofitting alternatives for the 25 year and 75 year lifetime scenarios. The bars
show the initial embodied emissions (EE), the emissions from energy use for operation using the Norwegian
average energy mix (BOP NOR), and the emissions from the maintenance and substitution of building components
and their end of life treatment (M+EOL). All values are normalized to 1 m2 of heated building area for 1 year.
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Figure 20. Composition of CO2 emissions for the materials used in the four retrofitting alternatives for the 25 year,
50 year, and 75 year lifetime scenarios. All values are normalized to 1 m2 of heated building area.
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4.3. Sensitivity analysis: variation of insulation thickness



Figure 21. Composition of the yearly energy demand of the nine retrofitting alternatives and the reference
building. Values are normalized to 1 m2 of building heated area. The number after each insulation name
represents the corresponding U value of the facades.
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Figure 22. CO2 emissions for retrofitting alternatives for the 25 year, 50 year, and 75 year lifetime scenarios. The
bars show the initial embodied emissions (EE), the emissions from energy use for operation using the “ZEB energy
mix” (BOP ZEB), and the emissions from the maintenance and substitution of building components and their end
of life treatment (M+EOL). The number after each insulation name represents the corresponding U value of the
facades. All values are normalized to 1 m2 of heated building area for 1 year.
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Figure 23. CO2 emissions for retrofitting alternatives for the 25 year, 50 year, and 75 year lifetime scenarios. The
bars show the initial embodied emissions (EE), the emissions from energy use for operation using the European
average energy mix (BOP EU), and the emissions from the maintenance and substitution of building components
and their end of life treatment (M+EOL). The number after each insulation name represents the corresponding U
value of the facades. All values are normalized to 1 m2 of heated building area for 1 year.
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Figure 24. CO2 emissions for retrofitting alternatives for the 25 year, 50 year, and 75 year lifetime scenarios. The
bars show the initial embodied emissions (EE), the emissions from energy use for operation using the European
average energy mix (BOP NOR), and the emissions from the maintenance and substitution of building components
and their end of life treatment (M+EOL). The number after each insulation name represents the corresponding U
value of the facades. All values are normalized to 1 m2 of heated building area for 1 year.
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Figure 25. Composition of CO2 emissions for the materials used in the retrofitting alternatives for the 25 year, 50
year, and 75 year lifetime scenarios. The number after each insulation name represents the corresponding U
value of the facades. All values are normalized to 1 m2 of heated building area.
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Figure 26. Composition of CO2 emissions for the materials used in the retrofitting alternatives for the 25 year, 50
year, and 75 year lifetime scenarios. The number after each insulation name represents the corresponding U
value of the facades. All values, represented as shares of the total emissions, are normalized to 1 m2 of heated
building area.
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4.4. Sensitivity analysis: variation of glazing ratio
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Figure 27. Composition of the yearly energy demand of the nine retrofitting alternatives and the reference
building. Values are normalized to 1 m2 of building heated area.
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Figure 28. CO2 emissions for retrofitting alternatives for the 25 year, 50 year, and 75 year lifetime scenarios. The
bars show the initial embodied emissions (EE), the emissions from energy use for operation using the “ZEB energy
mix” (BOP ZEB), and the emissions from the maintenance and substitution of building components and their end
of life treatment (M+EOL). The number after each insulation name represents the corresponding glazing ratio of
the facades. All values are normalized to 1 m2 of heated building area for 1 year.
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Figure 29. CO2 emissions for retrofitting alternatives for the 25 year and 75 year lifetime scenarios. The bars
show the initial embodied emissions (EE), the emissions from energy use for operation using the European
average energy mix (BOP EU), and the emissions from the maintenance and substitution of building components
and their end of life treatment (M+EOL). The number after each insulation name represents the corresponding
glazing ratio of the facades. All values are normalized to 1 m2 of heated building area for 1 year.
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Figure 30. CO2 emissions for retrofitting alternatives for the 25 year and 75 year lifetime scenarios. The bars
show the initial embodied emissions (EE), the emissions from energy use for operation using Norwegian energy
mix (BOP NOR), and the emissions from the maintenance and substitution of building components and their end
of life treatment (M+EOL). The number after each insulation name represents the corresponding glazing ratio of
the facades. All values are normalized to 1 m2 of heated building area for 1 year.
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Figure 31. Composition of CO2 emissions for the materials used in the retrofitting alternatives for the 50 year
lifetime scenario. The number after each insulation name represents the corresponding glazing ratio of the
facades. All values, represented as shares of the total emissions, are normalized to 1 m2 of heated building area.
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4.5. Limitations
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4.6. Conclusions







5. Comparison of window to wall ratios

5.1.Objective

EE
M+EOL



5.2. Energy retrofitting alternatives

Figure 32. Composition of the yearly energy demand of the three retrofitting alternatives with different glazing
ratios and the reference building solution. Values are normalized to 1 m2 of building heated area.
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Figure 33. CO2 emissions for retrofitting alternatives with different glazing ratios for the 50 year lifetime and
medium maintenance scenario. The bars show the initial embodied emissions (EE), the emissions from energy use
for operation using the “ZEB energy mix” (BOP ZEB), the European average energy mix (BOP EU), the Norwegian
energy mix (BOP NOR), and the emissions from the maintenance and substitution of building components and
their end of life treatment (M+EOL). All values are normalized to 1 m2 of heated building area for 1 year.
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Figure 34. CO2 emissions for retrofitting alternatives for the 25 year and the 75 year lifetimes, and medium
maintenance scenario. The bars show the initial embodied emissions (EE), the emissions from energy use for
operation using the “ZEB energy mix” (BOP ZEB), the European average energy mix (BOP EU), the Norwegian
energy mix (BOP NOR), and the emissions from the maintenance and substitution of building components and
their end of life treatment (M+EOL). All values are normalized to 1 m2 of heated building area for 1 year.
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5.4. Sensitivity analysis: variation of maintenance cycle
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Figure 35. CO2 emissions for retrofitting alternatives for the 25 year and the 75 year lifetimes, and short and long
maintenance scenarios. The bars show the initial embodied emissions (EE), the emissions from energy use for
operation using the “ZEB energy mix” (BOP ZEB), and the emissions from the maintenance and substitution of
building components and their end of life treatment (M+EOL). All values are normalized to 1 m2 of heated
building area for 1 year.
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Figure 36. CO2 emissions for retrofitting alternatives for the 25 year and the 75 year lifetimes, and short and long
maintenance scenarios. The bars show the initial embodied emissions (EE), the emissions from energy use for
operation using the European average energy mix (BOP EU), and the emissions from the maintenance and
substitution of building components and their end of life treatment (M+EOL). All values are normalized to 1 m2 of
heated building area for 1 year.
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Figure 37. CO2 emissions for retrofitting alternatives for the 25 year and the 75 year lifetimes, and short and long
maintenance scenarios. The bars show the initial embodied emissions (EE), the emissions from energy use for
operation using the Norwegian energy mix (BOP NOR), and the emissions from the maintenance and substitution
of building components and their end of life treatment (M+EOL). All values are normalized to 1 m2 of heated
building area for 1 year.
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Figure 38. Composition of CO2 emissions for the materials used in the retrofitting alternatives for the 25 year and
75 year lifetimes, and short and long maintenance scenarios. All values are normalized to 1 m2 of heated building
area.
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5.5.Discussion and conclusions







6. Comparison of two windows technologies

6.1.Objective



6.2. Results from the energy and the greenhouse gas analyses
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Figure 39. Composition of the yearly energy demand of the different retrofitting alternatives and the reference
building solution. Values are normalized to 1 m2 of building heated area.
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Figure 40. CO2 emissions for retrofitting alternatives for the 50 year lifetime and medium maintenance scenario
using different CO2 factors. The bars show the initial embodied emissions (EE), the emissions from energy use for
operation using the “ZEB energy mix” (BOP ZEB), the European average energy mix (BOP EU), the Norwegian
energy mix (BOP NOR), and the emissions from the maintenance and substitution of building components and
their end of life treatment (M+EOL). All values are normalized to 1 m2 of heated building area for 1 year.
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6.3. Sensitivity analysis: variation of building lifetime
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Figure 41. CO2 emissions for retrofitting alternatives for 25 year and the 75 year lifetimes and medium
maintenance scenario for the different CO2 factors. The bars show the initial embodied emissions (EE), the
emissions from energy use for operation using the “ZEB energy mix” (BOP ZEB), the European average energy mix
(BOP EU), the Norwegian energy mix (BOP NOR), and the emissions from the maintenance and substitution of
building components and their end of life treatment (M+EOL). All values are normalized to 1 m2 of heated
building area for 1 year.
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6.4. Sensitivity analysis: variation of maintenance cycle
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Figure 42. CO2 emissions for retrofitting alternatives for the 25 year and the 75 year lifetimes, and short and long
maintenance scenarios. The bars show the initial embodied emissions (EE), the emissions from energy use for
operation using the “ZEB energy mix” (BOP ZEB), and the emissions from the maintenance and substitution of
building components and their end of life treatment (M+EOL). All values are normalized to 1 m2 of heated
building area for 1 year.
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Figure 43. CO2 emissions for retrofitting alternatives for the 25 year and the 75 year lifetimes, and short and long
maintenance scenarios. The bars show the initial embodied emissions (EE), the emissions from energy use for
operation using the European average energy mix (BOP EU), and the emissions from the maintenance and
substitution of building components and their end of life treatment (M+EOL). All values are normalized to 1 m2 of
heated building area for 1 year.
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Figure 44. CO2 emissions for retrofitting alternatives for the 25 year and the 75 year lifetimes, and short and long
maintenance scenarios. The bars show the initial embodied emissions (EE), the emissions from energy use for
operation using the Norwegian energy mix (BOP NOR), and the emissions from the maintenance and substitution
of building components and their end of life treatment (M+EOL). All values are normalized to 1 m2 of heated
building area for 1 year
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Figure 45. Composition of CO2 emissions for the materials used in the retrofitting alternatives for the 25 year and
75 year lifetimes, and short and long maintenance scenarios. All values are normalized to 1 m2 of heated building
area.
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6.5.Use of natural ventilation
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Figure 46. Variation of the indoor temperature due to the use of natural ventilation. Natural ventilation is used
when the indoor temperature is above 22 C. Analysis performed for one apartment with the 24% aerogel and the
50% aerogel retrofitting alternatives.
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6.6.Discussion and conclusions
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7. Comparison of finishing types

7.1.Objective



Intervaller for vedlikehold og utskifting av bygningsdeler

7.2. Energy use and lifecycle emissions



EE M+EOL

BOP

Figure 47. CO2 emissions for finishing alternatives for the 50 year lifetime and long maintenance scenario. The
bars show the initial embodied emissions (EE), the emissions from energy use for operation using the “ZEB energy
mix” (BOP ZEB), the European average energy mix (BOP EU), the Norwegian energy mix (BOP NOR), and the
emissions from the maintenance and substitution of building components and their end of life treatment
(M+EOL). All values are normalized to 1 m2 of heated building area for 1 year. CT is cement tile, UW is untreated
wood, CIW is copper impregnated wood, SSP is insulated sandwich panel, and PT is polymer cement tile.
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7.3. Sensitivity analysis: 25 year lifetime and variation of maintenance cycle
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Figure 48. CO2 emissions for finishing alternatives for the 25 year lifetime, and long and short maintenance
scenario. The bars show the initial embodied emissions (EE), the emissions from energy use for operation using
the “ZEB energy mix” (BOP ZEB), the European average energy mix (BOP EU), the Norwegian energy mix (BOP
NOR), and the emissions from the maintenance and substitution of building components and their end of life
treatment (M+EOL). All values are normalized to 1 m2 of heated building area for 1 year. CT is cement tile, UW is
untreated wood, CIW is copper impregnated wood, SSP is insulated sandwich panel, and PT is polymer cement tile.
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7.4. Sensitivity analysis: 75 year lifetime and variation of maintenance schedule

EE
M+EOL

BOP

CT 24% UW 24%

PT



Figure 49. CO2 emissions for finishing alternatives for the 75 year lifetime, and long and short maintenance
scenario. The bars show the initial embodied emissions (EE), the emissions from energy use for operation using
the “ZEB energy mix” (BOP ZEB), the European average energy mix (BOP EU), the Norwegian energy mix (BOP
NOR), and the emissions from the maintenance and substitution of building components and their end of life
treatment (M+EOL). All values are normalized to 1 m2 of heated building area for 1 year. CT is cement tile, UW is
untreated wood, CIW is copper impregnated wood, SSP is insulated sandwich panel, and PT is polymer cement tile.
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Figure 50. Composition of embodied CO2 emissions for the materials used in the retrofitting alternatives for the
75 year lifetime, and short and long maintenance scenarios. All values are normalized to 1 m2 of heated building
area. CT is cement tile, UW is untreated wood, CIW is copper impregnated wood, SSP is insulated sandwich panel,
and PT is polymer cement tile.
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8. Comparison of balconies types

B0
B1

B0 24% B1 24% B2

8.1. Energy and greenhouse gas emissions

B1
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B1 B2

Figure 51. Composition of the yearly energy demand of the alternatives with three balcony alternatives and the
24%, 33%, and 50% glazing ratios. B0 is normal balconies on the West façade. B1 is normal balconies on both the
East and West facades (in the 33% and the 50% glazing ratio). B2 is sunspaces on both the East and West façades
(in the 33% and the 50% glazing ratios). Values are normalized to 1 m2 of building heated area.

Figure 52. CO2 emissions for balcony and glazing alternatives for the 75 year lifetime and short maintenance
cycle. The bars show the initial embodied emissions (EE), the emissions from energy use for operation using the
“ZEB energy mix” (BOP ZEB), and the emissions from the maintenance and substitution of building components
and their end of life treatment (M+EOL). All values are normalized to 1 m2 of heated building area for 1 year. B0
is normal balconies on the West façade. B1 is normal balconies on both the East and West facades (in the 33%
and the 50% glazing ratios). B2 is sunspaces on both the East and West facades (in the 33% and the 50% glazing
ratios).

0.0
10.0
20.0
30.0
40.0
50.0
60.0
70.0
80.0
90.0
100.0

B0
24

%
gl
az
in
g

B0
33

%
gl
az
in
g

B0
50

%
gl
az
in
g

B1
24

%
gl
az
in
g

B1
33

%
gl
az
in
g

B1
50

%
gl
az
in
g

B2
24

%
gl
az
in
g

B2
33

%
gl
az
in
g

B2
50

%
gl
az
in
g

kW
h/
m
2
y

Energy demand

Pumps

Fans

interior equipment

interior lighting

hydronic system (heating + DHW)

0.00

4.00

8.00

12.00

16.00

20.00

24.00

28.00

32.00

36.00

40.00

B0 24%
glazing

B0 33%
glazing

B0 50%
glazing

B1 24%
glazing

B1 33%
glazing

B1 50%
glazing

B2 24%
glazing

B2 33%
glazing

B2 50%
glazing

kg
CO

2
eq

/m
2
y

75 years + short maintenance cycle

M+EOL

BOP (ZEB)

EE



B1

Figure 53. CO2 emissions for balcony and glazing alternatives for the 75 year lifetime and short maintenance
cycle. The bars show the initial embodied emissions (EE), the emissions from energy use for operation using the
European average energy mix (BOP EU), and the emissions from the maintenance and substitution of building
components and their end of life treatment (M+EOL). All values are normalized to 1 m2 of heated building area
for 1 year. B0 is normal balconies on the West façade. B1 is normal balconies on both the East and West facades
(in the 33% and the 50% glazing ratios). B2 is sunspaces on both the East and West facades (in the 33% and the
50% glazing ratios).
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Figure 54. CO2 emissions for balcony and glazing alternatives for the 75 year lifetime and short maintenance
cycle. The bars show the initial embodied emissions (EE), the emissions from energy use for operation using the
Norwegian energy mix (BOP NOR), and the emissions from the maintenance and substitution of building
components and their end of life treatment (M+EOL). All values are normalized to 1 m2 of heated building area
for 1 year. B0 is normal balconies on the West façade. B1 is normal balconies on both the East and West facades
(in the 33% and the 50% glazing ratios). B2 is sunspaces on both the East and West facades (in the 33% and the
50% glazing ratios).
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9. Summary and conclusions





9.1. The use of the EU conversion factor

Figure 55. Matrix of the lifecycle emissions of all the technical and the architectural retrofitting alternatives
calculated with the EU factor for a 75 year lifetime and a short maintenance cycle.





9.2. The use of the Norwegian conversion factor

Figure 56. Matrix of the lifecycle emissions of all the technical and the architectural retrofitting alternatives
calculated with the NOR factor for a 75 year lifetime and a short maintenance cycle.



9.3. The use of the ZEB conversion factor



Figure 57. Matrix of the lifecycle emissions of all the technical and the architectural retrofitting alternatives
calculated with the ZEB factor for a 75 year lifetime and a short maintenance cycle.





9.4. Final consideration and conclusions

Figure 58. Projection of the lifecycle emissions of a building calculated considering the hypothetical development
of the future European energy grid for the next 50 years. It is assumed that by year 2054 the EU power grid will
be carbon neutral [95].



Figure 59. . Projection of the lifecycle emissions of a building calculated considering the hypothetical development
of the future European energy grid from year 2054 onwards. It is assumed that by year 2054 the EU power grid
will be carbon neutral. The scenarios represent the future building’s lifecycle emissions depending on where the
production plants of materials and components are located. Scenario 1 assumes that the production of the
building materials and components is entirely located within the European Union border. Scenario 2 assumes that
the production of the building materials and components is entirely located in countries where the energy grid is
less green than that of the EU grid. Scenario 3 is a combination of scenarios 1 and 2.
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Variation of architectural features
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Table I a. List of the variations of architectural features after the renovation of some of the project published in
the IEA SHC Task 37.
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Table I b. List of the technical solutions adopted for some of the retrofit examples from the IEA SHC Task 37.
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Class Value Schedule (hh/d/ww)

Table II a. List of the variables used in the energy model.

Details of the external façade construction

Reference
building

Aerogel Rockwool VIP

Table II b. Details of the facade construction with the different insulation alternatives.



Details of the external façade construction

Referenc
e

building
0.12

Aerogel
0.10

Aerogel
0.15

Aerogel
0.18

Rock
wool
0.10

Rock
wool
0.15

Rock
wool
0.18

VIP
0.10

VIP
0.15

VIP
0.18

Table II c. Details of the facade construction with the different insulation alternatives and different thicknesses.
The number following each solution’s name represents the corresponding U value.

Details of the windows technologies

Reference
building

24% argon 33% argon 50% argon 24% aerogel 33% aerogel 50% aerogel

Table II d. Details of the glazing technologies and the alternatives of glazing ratios (WWR).



Details of the external façade construction

Referenc
e

building

Aerogel
24%

Aerogel
33%

Aerogel
50%

Rock
wool
24%

Rock
wool
33%

Rock
wool
50%

VIP
24%

VIP
33%

VIP
50%

Table II e. Details of the facade construction with the different glazing ratios and the different glazing
technologies. The number following each solution’s name represents the corresponding glazing ratio.



Details of the external façade construction

CT UW CIW SSP PT

Table II f. Details of the facade construction with the different finishing types. CT is cement tile, UW is untreated
wood, CIW is copper impregnated wood, SSP is sandwich panel, PT is polymer cement tile.



List of the architectural
solutions

24% 33% 50%

B0

B1

B2

Table II g. List of the alternatives for balconies and sunspaces. In each cell on top the East facade, on bottom the
West facade. B0, B1, and B2 represent different solutions of balconies. 24%, 33%, and 50% represent different
glazing ratios.



List of the architectural
solutions

24% 33% 50%

Cement tile and Polymer
cement tile

Untreated wood and
copper impregnated wood

Steel coated sandwich
panel

Table II h. List of the alternatives for finishing. In each cell on top the East facade, on bottom the West façade.
24%, 33%, and 50% represent different glazing ratios.
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Material Waste treatment (%)
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Table III a. List of the end of life scenarios, transportation distances, and means of transportation for the
materials used in the reference building and in the retrofitting alternatives.



Building component/material

Long Medium Short

Façade carpentry

Insulation layer

Finishing

Windows and doors

Balconies



Roof

Basement

Table III b. List of the maintenance schedules of the materials used in the retrofitting solutions. From [86].





13. Appendix IV

10
0%

<
40
%

21
40
%

11
20
%

6
10
%

0
5%

Re
f.
bl
dg
.

+0
5%

+6
10
%

+1
1
20
%

+2
1
40
%

>
+4
0%

VI
P

0.
18

AG
N

10
9

10
7

10
7

10
6

10
8

10
8

10
7

0.
15

AG
N

10
7

10
5

10
5

10
4

10
6

10
6

10
5

0.
10

AG
N

10
4

10
2

10
2

10
1

10
3

10
3

10
2

10
6

10
5

10
5

10
3

10
5

10
5

10
5

10
8

10
6

10
7

10
5

10
7

10
7

10
6

Ae
ro
ge
l

0.
18

AG
N

10
7

10
5

10
6

10
5

10
6

10
6

10
6

0.
15

AG
N

10
5

10
3

10
3

10
2

10
4

10
4

10
3

0.
10

AG
N

10
1

99 10
0

99 10
0

10
0

10
0

10
3

10
2

10
2

10
1

10
3

10
3

10
2

10
5

10
4

10
4

10
2

10
4

10
5

10
4

Ro
ck
w
oo
l

0.
18

AG
N

10
7

10
5

10
5

10
4

10
6

10
6

10
5

0.
15

AG
N

10
4

10
2

10
2

10
1

10
3

10
3

10
2

0.
10

AG
N

99 97 97 96 97 97 97 10
2

10
0

10
0

99 10
1

10
1

10
0

10
4

10
3

10
3

10
1

10
3

10
4

10
3

0.
10

AG
L

95 94 94 96 94 94 94 96 94 95 99 95 95 95 96 94 95 10
1

95 95 95

In
su
la
tio
n
ty
pe

W
al
lU

va
lu
e

Gl
az
in
g
ty
pe

Ba
lc
on
y
ty
pe

B0 B0 B1 B2 B0 B0 B0 B0 B0 B1 B2 B0 B0 B0 B0 B0 B1 B2 B0 B0 B0

Te
ch
ni
ca
ls
ol
ut
io
ns

Ar
ch
it
ec
tu
ra
ls
ol
ut
io
ns

Fi
ni
sh
in
g
ty
pe

CT UW UW UW CI
W

SS
P

PT CT UW UW UW CI
W

SS
P

PT CT UW UW UW CI
W

SS
P

PT

Gl
az
in
g
ra
tio

24
%

33
%

50
%

Table IV a. Lifecycle emissions of all the technical and the architectural retrofitting alternatives calculated with
the EU factor for a 25 year lifetime and a short maintenance cycle. AGN is triple glazing with argon, AGL is double
glazing with aerogel . CT is cement tile, UW is untreated wood, CIW is copper impregnated wood, SSP is insulated
sandwich panel, and PT is polymer cement tile. B0 is normal balconies on the West façade with the 24%, 33%,
and 50% glazing ratios. B1 is normal balconies normal balconies on the West façade with the 24% glazing ratio,
and normal balconies on both the East and West facades with the 33% and the 50% glazing ratios. B2 is
sunspaces on the West façade with the 24% glazing ratio, and is sunspaces on both the East and West facades
with the 33% and the 50% glazing ratios.
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Table IV b. Lifecycle emissions of all the technical and the architectural retrofitting alternatives calculated with
the EU factor for a 75 year lifetime and a short maintenance cycle. AGN is triple glazing with argon, AGL is double
glazing with aerogel . CT is cement tile, UW is untreated wood, CIW is copper impregnated wood, SSP is insulated
sandwich panel, and PT is polymer cement tile. B0 is normal balconies on the West façade with the 24%, 33%,
and 50% glazing ratios. B1 is normal balconies normal balconies on the West façade with the 24% glazing ratio,
and normal balconies on both the East and West facades with the 33% and the 50% glazing ratios. B2 is
sunspaces on the West façade with the 24% glazing ratio, and is sunspaces on both the East and West facades
with the 33% and the 50% glazing ratios.
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Table IV c. Lifecycle emissions of all the technical and the architectural retrofitting alternatives calculated with
the NOR factor for a 25 year lifetime and a short maintenance cycle. AGN is triple glazing with argon, AGL is
double glazing with aerogel . CT is cement tile, UW is untreated wood, CIW is copper impregnated wood, SSP is
insulated sandwich panel, and PT is polymer cement tile. B0 is normal balconies on the West façade with the 24%,
33%, and 50% glazing ratios. B1 is normal balconies normal balconies on the West façade with the 24% glazing
ratio, and normal balconies on both the East and West facades with the 33% and the 50% glazing ratios. B2 is
sunspaces on the West façade with the 24% glazing ratio, and is sunspaces on both the East and West facades
with the 33% and the 50% glazing ratios.
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Table IV d. Lifecycle emissions of all the technical and the architectural retrofitting alternatives calculated with
the NOR factor for a 75 year lifetime and a short maintenance cycle. All values are normalized to 1 m2 of heated
building area for 1 year. AGN is triple glazing with argon, AGL is double glazing with aerogel . CT is cement tile,
UW is untreated wood, CIW is copper impregnated wood, SSP is insulated sandwich panel, and PT is polymer
cement tile. B0 is normal balconies on the West façade with the 24%, 33%, and 50% glazing ratios. B1 is normal
balconies normal balconies on the West façade with the 24% glazing ratio, and normal balconies on both the East
and West facades with the 33% and the 50% glazing ratios. B2 is sunspaces on the West façade with the 24%
glazing ratio, and is sunspaces on both the East and West facades with the 33% and the 50% glazing ratios.
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Table IV e. Lifecycle emissions of all the technical and the architectural retrofitting alternatives calculated with
the ZEB factor for a 25 year lifetime and a short maintenance cycle. AGN is triple glazing with argon, AGL is
double glazing with aerogel . CT is cement tile, UW is untreated wood, CIW is copper impregnated wood, SSP is
insulated sandwich panel, and PT is polymer cement tile. B0 is normal balconies on the West façade with the 24%,
33%, and 50% glazing ratios. B1 is normal balconies normal balconies on the West façade with the 24% glazing
ratio, and normal balconies on both the East and West facades with the 33% and the 50% glazing ratios. B2 is
sunspaces on the West façade with the 24% glazing ratio, and is sunspaces on both the East and West facades
with the 33% and the 50% glazing ratios.
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Table IV f. Lifecycle emissions of all the technical and the architectural retrofitting alternatives calculated with
the ZEB factor for a 75 year lifetime and a short maintenance cycle. AGN is triple glazing with argon, AGL is
double glazing with aerogel . CT is cement tile, UW is untreated wood, CIW is copper impregnated wood, SSP is
insulated sandwich panel, and PT is polymer cement tile. B0 is normal balconies on the West façade with the 24%,
33%, and 50% glazing ratios. B1 is normal balconies normal balconies on the West façade with the 24% glazing
ratio, and normal balconies on both the East and West facades with the 33% and the 50% glazing ratios. B2 is
sunspaces on the West façade with the 24% glazing ratio, and is sunspaces on both the East and West facades
with the 33% and the 50% glazing ratios.
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