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SUMMARY:  
The European building sector is responsible for about 40% of the total primary energy consumption. 
New buildings constructed every year represent about 1% of the existing building mass; hence, the 
energy-saving potential lies in existing buildings. Buildings with facades worth preserving cannot 
benefit from the application of large thicknesses of outside insulation to reduce the energy 
consumption. Instead, inside insulation could be used in these buildings. However the thickness of the 
inside insulation should be kept at a minimum to avoid reduction of the floor area.  

This paper describes a holistic energy retrofitting of a multi-storey building from 1930 with facades 
worth preserving. Different single measures, e.g. windows and wall insulation, are assessed with 
regard to energy saving and economy. The best performing single measures are combined in a holistic 
retrofitting. The total energy consumption of the holistic solution is theoretically calculated, and the 
economy is documented based on calculations of cost of conserved energy. 

The results show that many single measures are cost-effective. However, when they are combined, the 
holistic retrofitting solution turns out not to be cost-effective with the actual energy prices on district 
heating, even though the energy consumption of the building can be reduced to 30 kWh/(m2·year). 
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1. Introduction 
In Denmark about 40% of the total primary energy consumption is used in buildings. Buildings 
erected before 1920 represent about 20% of the existing building mass where new buildings only 
represent 1% of the building mass. The gap between energy used in old and new buildings is getting 
larger and larger as the energy requirements for new buildings are lowered almost every five years. 
Old buildings erected before and around the 1920´s are often built with facades worthy of 
preservation. These facades have a large energy saving potential where only the application of inside 
insulation is possible.  

Multi-storey buildings retrofit projects as described in Aarhus (2011), Darup (2004), Domenig-
Meisinger et al. (2007) and Kamper et al. (2010) show a possibility of large reductions in the energy 
consumption with about 60-90%. In these cases the buildings are constructed during the 1960´s and 
70´s. Most of the case buildings also have exterior post-insulation on the facades. According to 
Audenaert (2008) and Kamper et al. (2010), it is not cost-effective to retrofit multi-storey buildings to 
a very low energy level. The development in the energy price is therefore crucial for the amount of 
retrofitting to be done. This paper deals with the cost of conserved energy which is directly 
comparable with the energy price as a measure for the cost-efficiency of the solutions with a constant 
increase of the energy price.  

The motivation for a holistic energy retrofitting of buildings occur when there is a need for large 
renovation or the regulations demand an energy upgrade of the building mass. A demand in the 
regulations can help meeting the European goal with a 20% CO2 and energy consumption reduction in 
2020 (EU 2008). According to the Danish building regulation (BR 2010) when large renovation is 
needed, the single building component or installation should be upgraded, but only if it is cost-
effective.  

In this paper a holistic energy retrofitting of a multi-store building from 1930 with facades worth to 
preserve will be investigated. The building´s future energy consumption should meet today’s 
minimum demand in BR (2010) after retrofitting. The energy consumption is reduced using passive 
retrofitting solutions such as the application of insulation in walls, roof and floor, the installation of 
new windows etc. Furthermore, mechanical ventilation is installed to maintain the air change rate in 
the apartments after improvement of the building envelope. In the holistic retrofitting no renewable 
energy provided by solar collectors or PV panels is used. 

2. Case building 
The building is built in 1930 and is located in Copenhagen, Denmark. It has a heated floor area of 
5750 m2 which is allocated on 6 storeys with unheated basement and attic. The facades are oriented 
north/south and the end walls are built together with the neighbouring building, see Figure 1a. 

 
FIG 1. a) plan of the building, marked with a line, b) street facade and c) courtyard facade. 
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2.1 Building envelope 

The facades are masonry walls, which change thickness proportionally to the height of the building, 
e.g. at ground floor, the walls have a thickness of 720 mm (3 stones), whereas on the 5th floor the 
thickness of the walls is 360 mm (1½ stone). The spandrels are non-insulated cavity walls, with a 
cavity thickness varying from 360 mm to 0 mm. The other parts of the facades are solid masonry walls 
with the same thickness as the spandrel. On the facades balconies are carried by steel profiles, see 
Figure 1b and 1c. The interior walls are built as one stone masonry walls or wooden partitions. 

The large windows contain thermo glazing and the small windows and doors contain coupled 1+1 
windows, see Figure 1b, 1c and 2a. Both types of windows are assumed to have a g-value of 0.76 and 
glass percentage of 70%. The U-value is listed in Table 1. 

 
FIG 2. a) the window and door seen from a flat, b) Copenhagener roof and c) a floor division with 
iron beams. 

The roof is a typical Copenhagener roof; this means that the roof contains a collar beam truss where 
the top of the roof is horizontal, see Figure 2b. The floor division towards the unheated attic is 
constructed with wooden beams and clay pugging. All other floor divisions are constructed with iron 
beams instead of wooden beams, see Figure 2c. The floor division towards the unheated basement is 
non-insulated. In Table 1 the U-values and Ψ-values of the building envelope components are shown 
before and after retrofitting. 

TABLE 1. U- and Ψ-values of building envelope components before and after energy retrofitting of the 
building. 

 
Building element / assembly 

U-/Ψ-value; before, 
W/(m2K) / W/(mK) 

U-/Ψ-value; after, 
W/(m2K) / W/(mK) 

Solid masonry wall  1.23 0.19 
Spandrel (cavity wall) 1.26 0.19 
Windows and doors 2.3 0.73 
Floor to basement - iron beam 0.97 0.42 
Ceiling - wooden beam 0.81 0.12 
Window-wall assembly 0.29 0.10 
Wall-ceiling assembly 0.30 0.30 
Wall-floor assembly 0.03 0.43 
Wall-basement floor assembly -0.56 -0.17 
Outer wall-inner wall assembly 0.01 0.18 
 

2.2 Installations 

The building is heated by district heating and the central heat is produced in a district heat exchanger 
in the basement. Insulated pipes for domestic hot water and heating run under the basement ceiling. 
Non-insulated risers lead up through the building. In the technical room, two 1.5 m3 100 mm insulated 
hot water tanks are placed.  
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The flats are naturally ventilated by use of ventilations shafts in the bathrooms and mechanical exhaust 
from the kitchen. The ventilation rate is 0.3 l/(s·m2), which corresponds to an air change rate of 0.5h-1. 

2.3 Energy 

The 2010 climate corrected energy consumption was measured to about 136 kWh/m2 heated floor area 
for heating. This value was in good agreement with the heating energy consumption in 2005; about 
131 kWh/m2. The energy consumption for heating, electricity and water in the reference building was 
calculated to 107.2 kWh/m2 before retrofitting. The discrepancy in the measured and calculated energy 
consumption could be the domestic hot water consumption. The electricity for the circulation pumps is 
not included in the measured energy consumption and the contribution to the total energy consumption 
is insignificant.   

The energy price for district heating in Copenhagen is 0.07 €/kWh, exclusive taxes (KE 2010).  

2.4 Retrofit challenges 

As mentioned previously, the building has facades worthy of preservation and therefore only inside 
insulation can be applied. Since the application of internal insulation will take up room space, a 
minimum thickness of inside insulation is desirable. In the spandrel it is possible to insulate the cavity, 
in the other construction only inside insulation is possible. Storage rooms for the residents are located 
in the attic, which complicates an effective insulation to the attic. Retrofitting the building will imply 
that the building is more air tight and mechanical ventilation with heat recovery can be installed to 
obtain the necessary air change rate after retrofitting.  

3. Retrofitting approach 
The approach was to reduce the energy consumption to 30.2 kWh/(m2·year) which is the low energy 
class in the Danish building regulation (BR 2010). This aim should be achieved with as little as 
possible retrofitting. In BR (2010) for new low energy class buildings the electricity is weighted with a 
factor 2.5 and district heating with 0.8, which is used in this case study.  

The energy consumption was calculated in Be06 (SBi 2011) which uses monthly average values for 
weather data and a constant inside temperature of 20°C for calculations. The calculation core is based 
on EN 13790 method 1 for heating and cooling. Detailed investigations of the U- and Ψ-values were 
performed before and after retrofitting to include all losses in the model.  

For the retrofitting of the building, first the energy consumption for the reference building was 
calculated. Secondly different single measures were investigated regarding energy savings, installation 
and maintenance costs, and their economy was evaluated by using the cost of conserved energy 
(CCE). Among the single measures, one holistic retrofitting was chosen with respect to energy saving 
and CCE. The total energy savings and CCE for the holistic measure were then calculated. 

3.1 Cost of conserved energy 

The cost of conserved energy (CCE) can be used to state the price to save 1 kWh of energy, which 
makes the CCE directly comparable with the cost of supplied energy. The CCE is measured in €/kWh. 
The method counts for the service lifetime, investments, loan expenses, energy savings and increases 
in energy prices. CCE below the energy price for the retrofitting measure will be cost-effective 
(Tommerup 2008). 
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where Imeasure is the investment cost of the retrofit measure in €, nr is the reference period in years 
(write-off period), nu is the useful life time in years (service life time), ΔMyear is the annual 
maintenance cost in € and ΔEyear is the annual energy saving by the measure in kWh. a(nr,r) is the 
annuity factor, where r is the real interest rate and e is the real development in energy expenses.  

The CCE was calculated with a reference period of 30 years and service life times as given in BR 
(2010) or from producers. The real interest rate was set to 2.5% as it has been around 2-3% since 
1990. The development in energy prices was set to 1.5% which is rather conservative (Tommerup et 
al. 2008). The need for maintenance is compared to the existing solution, e.g. no maintenance need for 
the windows has been taken into account as it is the same before and after the retrofitting.  

4. Retrofit measures 
In Table 2 the investigated single measures and the holistic measure are shown. In Tafdrup (2010) the 
measures are further described.  

4.1 Single measures 

For the facade an internal insulation thickness of 70 mm and 200 mm was investigated. Drawbacks of 
internal insulation are loss of living space and potential additional maintenance costs due to a more 
severe climate exposure of the masonry. For the loss of living space the area might not be usable 
before retrofitting due to cold wall surfaces. In the CCE the drawbacks were not included and both 
measures were cost-effective. The cavity in the spandrel was insulated with mineral wool granulate. 
The same material has been used to insulate the floor towards the basement. One solution for the attic 
insulation was with mineral wool granulates in the floor division. The other solution was to apply 300 
mm insulation on the floor in the attic and make a new floor. The price for reestablishment of the 
storage rooms in this solution was not included.  

Two window solutions were investigated. A two layer energy glazing window with a U-value of 1.5 
W/(m2·K) and a g-value of 0.62 hence; net energy gain of -46 kWh/m2. Also a triple layer energy 
glazing window with argon filling was investigated. The second window has a net energy gain of -10 
kWh/m2, with a U-value of 0.92 W/(m2·K) and a g-value of 0.48. The retrofitting costs of the existing 
windows are deducted the investment costs of the new windows. 

Three different insulation materials were investigated to reduce the thermal bridge in the window wall 
assembly: Mineral wool (λ = 0.037 W/(m·K)), Vacuum Insulation Panels (VIP) (λ = 0.008 W/(m·K)) 
and Spaceline (a nanoporous aerogel blanket insulation) (λ = 0.014 W/(m·K)). Both VIP and Spaceline 
are very expensive materials and were therefore found not cost-effective.  

The investigated mechanical ventilation was installed as a central unit in the attic. The existing 
ventilation ducts for natural ventilation could also be used to provide mechanical ventilation. Two 
alternative ventilation systems have been investigated. One measure was to have ventilation without 
demand control and the other was to have demand controlled ventilation. The air volume can be 
reduced by about 30% with demand controlled ventilation compared to the measure without demand 
control ventilation. The ventilation rate was 0.60 l/(s·m2) and 0.42 l/(s·m2) for the two measures. For 
both measures the heat recovery was 85%. Installing mechanical ventilation the air volume was 
increased from 0.30 l/(s·m2) in the reference building, which gave high values of CCE. Therefore a 
new reference was calculated with a natural ventilation rate of 0.60 l/(s·m2) to make the ventilation 
strategies comparable. These new values are listed in Table 2. 

4.2 Holistic measure 

The holistic measure consists of 200 mm inside insulation, insulation in cavity of the spandrel, mineral 
wool insulation in window opening lining, 300 mm insulation on the attic floor, granulate insulation of 
floor division towards basement, new triple layer energy windows and installation of demand 
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controlled mechanical ventilation. The holistic measure gives a theoretical energy consumption of 30.4 
kWh/(m2·year), which is just above the low energy frame in the BR (2010). In Table 2 the CCE for the 
holistic retrofit measure is shown. The total investment has been calculated as the sum of investments 
of the single measures and might thus be a little too high due to overlap in investment costs. In order 
to calculated the cost-efficiency of the holistic retrofitting solution, a weighted average service life 
time has been calculated, based on the investments cost of the single measures.  

TABLE 2. Costs, energy savings, service life time and CCE for single measure and holistic retrofit. In 
(x) the values are given per m2 heated floor area. The single measures used in the holistic retrofitting 
are shown in italic. 

Measures Investment 
costs, 

Maintenance 
costs, 

Energy saving, Service life 
time, 

CCE, 

Single 1000 € 
(€/m2) 

€/year 
(€/(m2·year)) 

MWh/year 
(kWh/(m2·year)) 

Year €/kWh 

Facade, 70 mm 173 (30) 0 145 (25) 40 0.04 
Facade, 200 mm 318 (55) 0 183 (32) 40 0.05 
Spandrel 19 (3) 0 34 (6) 40 0.02 
Floor to basement 18 (3) 0 18 (3) 40 0.03 
Attic ceiling - 
granulate 

13 (2) 0 36 (6) 40 0.01 

Attic ceiling -     
300 mm insulation 

42 (7) 0 59 (10) 40 0.02 

Windows - 2 layer 152 (26) 0 52 (9) 30 0.11 
Windows - 3 layer 241 (42) 0 81 (14) 30 0.12 
Window lining - 
VIP 

166 (29) 0 51 (9) 20 0.19 

Window lining - 
mineral wool 

47 (8) 0 42 (7) 40 0.03 

Window lining - 
Spaceline 

87 (15) 0 35 (6) 20 0.15 

Ventilation - not 
demand controlled 

250 (44) 1250 (217) 220 (38) 20 0.07 

Ventilation -   
demand controlled 

261 (45) 1305 (227) 261 (45) 20 0.06 

Holistic 946 (165) 1305 (227) 412 (72) 32 0.09 
 

5. Discussion 
Figure 3 shows that it is possible to achieve large energy savings that meet today’s demands for new 
buildings when considering a holistic retrofitting. However, results in Table 2 show that not all 
measures are cost-effective. Table 2 also confirms that a holistic retrofit to a very low level is not cost-
efficient, as stated in Audenaert (2008) and Kamper et al. (2010). However, in this paper the 
development of the energy price has been considered conservative which also greatly influences the 
profitability of the measures.  

When planning a holistic retrofitting, it could be considered to divide the retrofitting into phases with 
measures linked together. Then some of the expenses could be divided into several measures and thus 
reducing the cost for the retrofitting. Another possibility could be to make packages on apartment level 
to implement when an apartment is empty. Further there would also be some general measures to be 
done in the building e.g. installations outside the apartments.  
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As it is not cost-effective or always possible to reduce the energy consumption to today’s standard, the 
energy supply could also be assessed. If the energy is supplied from e.g. waste burning or renewable 
energy sources, the retrofitting of the building can be too expensive compared to the price for supplied 
energy. Instead a socio-economic approach should be adapted in the holistic retrofitting considering 
more than the buildings energy consumption.  

 
FIG 3. The climate corrected heating energy consumption measured in 2010, calculated energy 
consumption before and after the holistic retrofitting. The two definitions from BR (2010) are also 
shown.  

6. Conclusion 
Considering a holistic retrofitting of a multi-storey building from 1930 with facades worthy of 
preservation, it is possible to reduce the energy consumption from 107.2 kWh/(m2 year) to 30.4 
kWh/(m2 year), corresponding to a 72% reduction. It can be concluded that it is possible to meet the 
minimum energy demand in the building regulation (52.8 kWh/(m2·year)) but also the low energy 
class. The large reduction is achieved with only passive measures such as the application of large 
insulation thickness on the inside of the facade and attic and the installation of new low energy 
windows, but also the use of mechanical ventilation with heat recovery. A holistic retrofitting is not 
cost-effective with the current energy price on district heating even though many of the single 
measures are cost-effective.  

7. Future work 
The case building has 96 apartments - most of them single room apartments of 37 m2. During 2011 
different energy saving measures will be tested in a typical apartment. These measures are inside 
facade insulation, energy renovation of existing windows or new low energy windows and 
decentralised mechanical ventilation system with heat recovery. The mechanical ventilation unit will 
be installed in the apartment using existing fresh air intake in the exterior walls and existing air 
exhaust ducts going up to the roof. Based on the experiences from the test apartment the energy saving 
measures will be carried out in the whole building and most realistic in connection with people move 
out or much needed renovation. According to the owner this process may take 10 years. On a whole 
building level, insulation towards the roof and basement and façade in staircases are to be carried out. 
Maybe improvements to all windows will be carried out at once. Instead of roof insulation it is 
considered to build low energy roof dwellings. One of the advantages of adding roof dwellings is that 
the roof heat loss is eliminated.  
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