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SUMMARY:

Experience has shown that appropriate design of very low energy dwellings can be a large challenge
and that the final design may result in insufficient heating in winter and overheating in summer. The
126 certified Passive House apartments (Ravnsborghusene) in Kgge, Denmark are a low energy
building project finished medio 2012. The design challenge was met with a concept of air heating that
is individually controlled in every room. It also applies external solar shading. This study used indoor
climate measurements and dynamic simulations in one of these apartment buildings to evaluate
thermal comfort and the performance of the air heating system and solar shading. Thermal comfort
category B according to 1ISO 7730 was obtained in the building during field measurements, indicating
that the air heating system was able to maintain comfort conditions in winter, when the outdoor
temperature had been unusual low for a longer period. The dynamic simulations also indicated that
air heating during winter can provide a comfortable thermal environment. Dynamic simulations also
demonstrated that during summer, apartments with automatic external solar screens had no serious
overheating, whereas in apartments with south oriented windows, static shadings by the balcony
overhangs and low ventilation rates, resulted in excessive hours of overheating.

1. Introduction

From the Kyoto agreement in 1997 to the 2009 EU energy and climate package, the aim has been to
reduce energy consumption of new and existing buildings. In the design of low energy buildings focus
is to reduce the energy consumption. This may lead to design loads that are sensitive to variations in
climatic conditions, user behaviour and changes during the building process.

The Passive House concept focuses on very low energy consumption for heating by efficient thermal
insulation and utilization of the passive heat in the building. Here passive use of the solar load,
occupants, electrical appliances etc. contributes considerably to heat up the space. Once the heating
requirement is sufficiently low, the conventional water based heat distribution systems can be omitted
and the dwelling heated by ventilation air alone. This may reduce the costs without compromising the
indoor environment (Ellehauge et. al. 2008). However, recently published results found that poor
design of air heating systems without individual control in each room and inadequate solar shading
created problems with insufficient heating in winter and overheating in summer (Larsen 2011). These
experiences from the first passive houses in Denmark have resulted in more detailed criteria on the
space heating systems and on the performance of the indoor environment and namely thermal comfort.
The current proposal for the future Building Regulations in Denmark, the current low energy class
2020, forbids the use of air heating alone and sets up concrete requirements for maximum acceptable
indoor temperatures (Energistyrelsen 2013). But what if an air heating system is correctly dimensioned
and gives occupants the possibility to control the room temperature individually and if the building has
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Only seven storeys are included due to floor plan nr 1 and nr 9 differ too much. This means 54 values
on temperature differences per month. The temperature rise per storey is between 0.09°C and 0.24°C,
in average over all 21 months 0.15°C, average during heating periods is 0.16°C and during non
heating periods 0.13°C.

4. Temperature model

The model, illustrated in Figure 3, is normalized to calculate on one square meter floor area. The
thermal coupling to the surroundings on each storey is related to one square meter floor area. The
coupling depends on U-values for the facade and windows and on the ventilation air flow. The model
comprises four temperatures on each storey, the air temperatures at floor level, Ty fioor, and ceiling
level, Tair ceiling, the floor surface temperature, Tqoor, and the ceiling surface temperature, Tegijing.

A temperature difference, 4T, between air temperatures at ceiling and floor is set to a fixed value,
2°C. This temperature difference is actually created by up going air plumes from radiators, appliances
and occupants and down going plumes at cold facades and window surfaces. Figures can be found in
(Rietschel 1960). The model is, storey by storey, set up for the whole building.

The convective heat transfer, P, upwards in the room, is partly balanced by the radiant heat transfer,
P., downwards, from ceiling to floor, described by the parameter h,. The difference between the
convective heat transfer, P., and radiant heat transfer, P,, is equal to the slab heat transfer, Ps, if there
are no heat losses, in the model h, = 0. This means also that Tc.ing iS higher than the floor surface
temperature on the next storey, Troor anove- The heat transfer through the slab is described with the
parameter hs.

The outdoor temperature set to zero as the model describes disturbances from steady state conditions.
The model is described as a linear equation system, which means all temperatures are proportional to
the assumed temperature difference, AT.
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FIG 3. Model for heat transport for one storey

Total thermal coupling, except the vertical, to the surroundings through external walls and windows
and air flow through the storey, per square meter floor, area is calculated by equation (1). The air flow
is sum of ventilation air flow and infiltration, independent ventilation system type, i.e. it is valid both
for exhaust ventilation and balanced ventilation.

hnZUW’aW+Ue'ae+p'Cp'qe 1)
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Where h, total thermal coupling except the vertical versus floor area (W/(K-m?2))
Uy  U-value windows (W/(m2-K))
ay  window area versus floor area (m2/m2)
Ue  U-value external walls (W/(mz2-K))
a.  external wall area versus floor area (m2/m2)
p air density, 1.2 kg/m3
C,  specific heat capacity air, 1000 J/(kg-K)
ge  exhaust air flow versus floor area (m3/(s-m2))

This thermal coupling for one storey is in the model divided on four nodes, two connected via heat
transport due to differences in surface floor and ceiling temperatures and two due to difference in air
temperature, in the model described with h¢ and h,, see Figure 3.

h,=2-h; +2-h, )

How these couplings are distributed between those 4 nodes are not further investigated and therefore
simplified set to be equal, i.e.

h,=h; =h,/4 (3)
Losses through the top ceiling slab and the bottom floor slab are included in the model, named hs.

4.1 Parametric study

To see the influence from different parameters a study, where some parameters are varied, has been
carried out. The parameters for the basic case are, as close as possible, chosen to agree with the
building in the case study above. Though, as only seven of the nine storeys have the same floor plan,
this building height was chosen for the basic case. Note that the building has mechanical exhaust
ventilation without heat recovery.

Following cases are studied, for details on parameters, see Table 2.
1. building with 4 storeys
building with 14 storeys
building with 28 storeys
better insulated slab between storeys (lower h)
better insulated bottom slab and top slab (lower hg,)
better insulated facades, windows, bottom slab and top slab
better insulated facades, windows, bottom slab, top slab and slab between storeys

NOo gk wn

5. Results

Results from the parametric study are presented in Table 2 and Figure 4 and Figure 5. ATore, in Table
2 was calculated as the total temperature difference between bottom and top storey divided by number
of storeys. ATsorey for the basic case is 0.110°C, to be compared to the temperature rise per storey in
the case study above, which was in the range 0.1 — 0.2°C. Corresponding heat transport upwards in
the building according to the model is in average per storey 0.811 W/m2.

For a building with only 4 storeys the temperature rise per storey seems to be linear; when studying
buildings with 14 and 28 storeys respectively it is obvious that it is not, the disturbance in the middle
storeys is close to zero. The mean temperature difference between bottom and top is approximately
0.7°C for 7, 14 and 28 storeys compared to 0.5°C for 4 storeys.
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An insulated slab between the storeys, case 4, will decrease the mean temperature difference from
0.110°C to 0.079°C per storey, i.e. to 72% compared to the basic case, but the vertical heat transport
Ps=hs AT so this will decrease to 28% compared to basic case.

Better insulated bottom and top slabs, case 5, will increase temperature disturbances to 0.137°C per
storey, compared to 0.110°C per storey for the basic case.

Case 6 have better insulated building envelope, close to what is required to meet present building
codes. We can see a weaker coupling to surroundings and stronger coupling within the building; more
heat is transported upwards in the building, the mean per storey, Pgn, , is 0.583 W/mz2, compared to

originally 0.811 W/mz for the basic case.

The last case, nr 7, is like nr 6 but with insulated slabs between the storeys. As can be expected, the
temperature difference and hence the heat transport will decrease. The vertical heat transport is halved

compared to the basic case, Table 2 and Figure 5.

TABLE 2. Input parameters for parametric study and results.

Case  Storeys Us Uw h, hs hse AToile ATstorey Psm
- - W/IKm2  W/Km2 W/Km2z W/Km2 W/Km?2 °C °C W/m?
basic 7 0.6 2.5 4.40 10 0.6 0.660 0.110 0.811
1 4 0.6 2.5 4.40 10 0.6 0522 0.174 0.563
2 14 0.6 2.5 4.40 10 0.6 0.702 0.054 1.031
3 28 0.6 2.5 4.40 10 0.6 0.702 0.026 1.139
4 7 0.6 2.5 4.40 4 0.6 0.474  0.079 0.594
5 7 0.6 2.5 4.40 10 0.1 0.822 0.137 0.709
6 7 0.1 1.0 2.67 10 0.1 1.038 0.173 0.583
7 7 0.1 1.0 2.67 4 0.1 0.822 0.137 0.458
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FIG 4. Mean temperature for the 4 nodes in each storey, i.e. deviation relative to a building in

thermal balance, basic case and case 1 - 3.
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FIG 5. Mean temperature for the 4 nodes in each storey, i.e. deviation relative to a building in
thermal balance, case 4 - 7.

5.1 Stationary model

Case 3, floor 10-20, show constant temperature conditions. Constant conditions mean that the
temperature difference between floor and ceiling surfaces and across a slab is equal, i.e. there is no
temperature increase for any level with constant conditions.

Therefore, if external losses are neglected, i.e. h, = 0, the heat power through a slab can be written as
Ps=hs - AT, , where ATy is the temperature difference across a slab, or as Ps= P, — P, , i.e. the
difference between the convective heat power upward and radiation heat power downward, which can
be written as

P.=h, - (AT — AT,)/2 (4)
P =h, AT, (5)

AT is assumed to be 2°C, while AT is unknown.
Inserting P, and P, make it possible to decide AT
h.-AT /2 1

AT = = AT (6)
hg+h +h./2 2-hg/h,+2-h /h,+1
Equation (6) shows that A7, always is less than AT, as hs, he and h, always are positive.
The heat, P, upwards in the building can be expressed as
Ps = hs 'ATS = hs . hc AT (7)

~2-hg+2-h +h,

With values from the basic case, i.e. hy = 10, h, = 2 and h, =5, we get P = 1.25 W/m?, compared to Pg,
=1.139 W/m2 for case 3.
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