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Abstract – A refurbished baroque hayrick in Bavaria is being used as museum 
storage for pipe organs. The indoor air relative humidity is very stable in the 
unheated hayrick, but the level of relative humidity is overall too high. Therefore 
different climatization strategies to improve the situation are being compared 
and evaluated using whole building simulation. The comparison of energy 
consumption shows that at first sight dehumidification uses less energy to reduce 
high moisture levels than conservation heating by a Temperierung wall heating 
system. When primary energy is considered, it becomes evident, that also warm-
water systems can have a good performance in terms of the overall CO2 footprint, 
especially when renewable resources are used.
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1. INTRODUCTION

1.1 A MUSEUM STORAGE IN A BAROQUE HAYRICK

An old palace at the small Bavarian village of Valley, houses a very special 
collection of historic pipe organs in a museum and cultural centre. A large 
number of these musical instruments are located nearby in an old wooden farm 
building that has been dated to the year 1780. Recently it has been redesigned as 
museum storage (see Figure 1).

Figure 1. The baroque hayrick at Valley Old Palace houses a large collection of pipe organs. 
Photos: Stefan Bichlmair.
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As this building was relocated in 1991 from its original position at a farm in 
Oberdarching, close to Valley, it was thermally improved at the same time. 
At present it features core insulated walls made out of the ancient wood and 
insulating lime sand bricks as well as a special Temperierung wall heating system 
with copper pipes for warm water heat distribution. The pipes are fixed on the 
surfaces of the wooden cladding of walls and ceilings. This wall heating system 
has up to now not yet been put into use – mainly for reasons of energy saving.

1.2 CURRENT INDOOR CLIMATE

Climate measurements in the years 2013 to 2014 show that the building features 
a very stable climate over the course of a year with little variations of RH and a 
seasonal change of temperature. However, the overall relative humidity is unfortu-
nately at a high level with half of the values above 70 %RH (median is 70.2 %RH) 
during the whole year. Half of the year (mostly spring and summer) the climate 
values indicate a possible risk of mould growth. The range of relative humidity lies 
between 62 %RH and 79 %RH with only a few hours up to 82 %RH. The tempe-
rature course varies between 0.3 °C and 23.9 °C with an annual average of  
10.5 °C, see Figure 2. A more detailed analysis of the indoor climate with  
WUFI® Bio [6] shows a very low Mould index close to 0, meaning no risk of 
obvious mould growth, see Figure 3. Actually, mould has been observed on 
some surfaces of the musical instruments. This may be caused in former climatic 
situations or in moisture input while using the instruments or special local micro 
climatic situations.

Figure 2. Indoor climate of the pipe 
organ storage in the baroque hayrick. 
Hourly values for the year 2013. The 
relative humidity fluctuations are very 
low although there is no active  
climate control. Due to high values 
of RH (average above 70 %RH) an 
increased risk for mould growth exists.

Figure 3. Calculated mould index using 
the climate conditions in the centre of the 
storage room.
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The risk assessment shows no mould activity. However, mould is present and 
local microclimates may differ from the climate monitoring location.

2. WHOLE BUILDING SIMULATION

Hygrothermal building simulation allows the assessment and prediction of climate 
conditions in building components as well as in whole buildings. Thus, the effects 
of measures with regard to the indoor climate, or the modification of building 
components or the construction, can be tested and assessed beforehand. The 
question of quality, and thereby validity of these forecasts within the context of 
risk assessment in preventive conservation, is of significant importance, since 
decisions made on the basis of these predictions have far-reaching effects on the 
preservation of precious artefacts.

By coupling several one-dimensional hygrothermal models a whole building 
model is generated, which does not only give temperature and humidity profiles 
in building components as a result but also the indoor climate and the energy 
balances. They are calculated in dependence of outdoor climate, surface areas 
and internal influences such as users, visitors, moisture in building components, 
heating or ventilation and air-conditioning systems or other sources, and sinks 
of humidity and heat. A recent development is the combination of hygrothermal 
calculations of building components with the energetic building simulation [2].

The advantage of these tools for preventive conservation is that they allow the 
assessment of different measures in buildings in advance, e.g. change of heating 
system, thermal insulation of historic building constructions or sealing of windows. 
These simulations can also partially replace long-term real experiments for 
complex problems or supplement them by variant calculation. Due to the existing 
uncertainties of the input parameters, the exact calibration of the models and 
plausibility testing of the results is essential to assure the accuracy of results. 
An example for a hygrothermal room model is WUFI® Plus developed at the 
Fraunhofer IBP. The software was validated in numerous tests [3], among other in 
a common exercise of the EU Project Climate for Culture [5].

For the simulation of the baroque hayrick, a rather simplified model was 
developed and the input parameters were adjusted step by step using one year 
of measured data for the calibration until a satisfactory fit of simulation and reality 
was reached (Figure 4).

Locally measured outdoor air temperature and relative humidity were used 
as outdoor climate boundary conditions and completed by additional weather 
data from the Holzkirchen station (about 5 km distance). For the stored organs, 
additional internal hygrothermal active masses were introduced into the 
simulation model in the form of 56 m3 of wooden elements with a hypothetical 
thickness of 2 cm and of 8 cm respectively. The air exchange rate by infiltration 
was assumed to be 0.5 h-1 in winter and 0.8 h-1 during summer.

The overall quality of the hygrothermal whole building simulation model was 
assessed after [4]. The fit between simulation and measured indoor climate was 
in most aspects excellent and in some minor ones acceptable.
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3. CLIMATIZATION SCENARIOS

Having a calibrated whole building simulation model available, the next step intro-
duced and compared different climatization scenarios, such as dehumidification, 
and constant or conservation heating. For the comparison of systems not only the 
energy demand is taken into account but also the primary energy use. The overall 
aim was the reduction of the level of relative humidity and thus also of the mould 
risk. The following strategies were simulated and compared to the simulation of 
the “natural” indoor climate (free sliding) with the same simulation model:

• Temperierung wall heating with standard heating curve;
• Minimum heating to 5 °C;
• Hygrostatic conservation heating to max. 60 %RH;
• Dehumidification to 60 %RH without Temperierung wall heating.

Figure 4. Measured indoor climate of the pipe organ storage vs. results from hygrothermal 
whole building simulation with WUFI Plus from January 2013 to January 2014. The Tempera-
ture is very well represented by the simulation and also the general level of RH even though 
here are some minor deviations.

Figure 5. Monthly moving average (30d MA) values of the hygrothermal whole building simu-
lation of different climatization strategies in comparison to the simulated natural (free sliding) 
indoor climate. Hygrostatic heating to 60 %RH as well as dehumidification show the best 
results in terms of indoor climate stability.
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The two scenarios with heating to a minimum temperature of 5 °C and heating 
with a standard heating curve, lead to higher temperatures during winter and at 
the same time to lower relative humidity (Figure 5, left). During summer none of 
the systems do operate. Therefore the relative humidity rises well above 60 and 
even above 70 %RH. Both other systems, hygrostatic conservation heating and 
dehumidification, secure the wanted level of relative humidity inside the storage 
building around 60 %RH constantly. It can also be observed that due to the 
high hygric and thermal masses inside the archive, rather stable conditions are 
reached. In regard to indoor air temperature, dehumidification does not change 
the course of the “natural” indoor climate at all. Conservation heating will lead – 
in clear accordance with the underlying principle of adjusting the level of relative 
humidity by controlling the temperature – to higher indoor air temperature, also 
during the summer months (Figure 5, right).

4. ENERGY EFFICIENCY OF HVAC SYSTEMS

Hygrothermal whole building simulation cannot only help in assessing the quality 
of indoor climate, but makes it also possible to receive rough estimates of energy 
use for different heating or climatization systems and strategies.

For the comparison real existing heating systems were implemented. A real 
sorption dehumidifier can take 2.2 kg/h of moisture out of the air, using 2.9 kW/h. 
For the size of the museum storage two such machines are necessary to secure 
the 60 %RH target. The Temperierung heating system can provide about  
30 W/m of pipe length, if the system will run with a max. over-temperature of  
50 Kelvin. For 430 m overall length of pipes with a diameter of 15 mm this leads 
to a maximum heating power of 13 kW. In the simulation this was reduced to 
max. 8 kW heating power which was sufficient for reaching the 60 %RH target of 
the hygrostatic conservation heating strategy. Since the existing Temperierung 
system in the hayrick has never been put to use, no real-life data are available. 
The cumulative curves of heating power (Figure 6) show that heating for 
maintaining a minimum temperature of 5 °C do not use much power compared  
to the other heating strategies but will not improve the indoor climate either  
(Figure 5). Also the heating strategy with heating curve is not improving the 

Figure 6. Cumulated 
heating power results 
from Hygrothermal 
whole building simula-
tion for the different 
climatization strate-
gies. The energy use 
for Hygrostatic heating 
to 60 %RH is almost 
double compared to 
dehumidification.
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indoor climate sufficient, but has considerably energy needs. Heating with hygro-
static heating to reach 60 %RH with the Temperierung system has a significant 
higher energy use, especially compared to dehumidification. For the first year  
ca. 23.000 kWh are estimated and for the second year still 17.000 kWh. 
Dehumidification needs about half the amount of energy; the pure electric power 
used was approximately 14.000 kWh in the first and 8000 kWh in the second 
year.

5. PRIMARY ENERGY COMPARISON

For comparison of the different energy sources (electricity, petroleum gas and 
wood pellet) on the impact of primary energy demand, the concept of primary 
energy factor of the German code DIN V 18599 [1] is used, see Table 1. In a 
simplified approach, the building energy demand for heating or dehumidifying Qh 
is multiplied by the primary energy factor fp to get the primary energy Qp, as in  
(1), not taking into account the technical heat losses for control and emission, 
distribution, storage losses and generation at building level.

     QP = Qh • fP      (1)
 QP Primary energy
 Qh Energy demand building by heating or dehumidifying
 fP Primary energy factor

Table 1. Energy sources and primary energy factor according to DIN V 18599 [1]

Energy source Primary Energy factor fP 
not renewable

Fossil fuel Heating oil 1,1

Petroleum gas 1,1

Biogenous fuel Wood (e.g. wood pellets) 0,2

Electricity German Electricity mix 2,4 ; since 2016: 1,8

To compare the overall environmental impact of the different climatization 
strategies for the pipe organ museum storage each system is multiplied with the 
relevant primary energy factor. The left graph in Figure 7 shows the cumulated 
primary energy demand for one year, based on the results of the whole  
building simulation. As electric energy is becoming constantly more and more  
sustainable, the primary factor has been reduced from 2.4 to 1.8 in 2016 for the 
non-renewable share of primary energy. This trend will probably go on in the 
future when the renewable energy share of electricity production will increase. 
Gas and other fossil fuels have a factor of 1.1. Energy sources from renewables 
like wood can even have a factor below 1, in the case for wooden pellets it is 0.2 
for the non-renewable share of the primary energy. Taking all this into account, 
conservation heating with gas becomes comparable in primary energy use with 
dehumidification. When using wood as fuel, only about a quarter of primary 
energy is needed compared to electric energy. For a more exact and comparable 
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assessment, DIN V 18599 (2016) “Energy efficiency of buildings – Calculation 
of the net, final and primary energy demand for heating, cooling, ventilation, 
domestic hot water and lighting“, can be used.

The fuels costs for gas are ca. 0.06 €/kWh while the costs for electric energy 
currently lie at ca. 0.27 €/kWh. With an estimated price of 0.22 €/kg for wooden 
pellets and a caloric value of 4.8 kWh/kg, this leads to energy costs of ca.  
0.06 €/kWh when assuming an overall 80 % degree of efficiency. Compared to 
electricity, this means a factor of 4.5 in regard to costs. This makes Temperierung 
conservation heating considerably more cost efficient in this case. The right 
graph in Figure 7 shows the cumulated costs for one year.

6. CONCLUSIONS AND OUTLOOK

When trying to find a decision which climatization system and strategy are best 
for a certain task in a historic building, hygrothermal whole building simulation 
can be a useful tool to assess the quality of the indoor climate. Simulations can 

Figure 7. Cumulated pri-
mary energy use (above) 
and energy costs (right) 
from whole building simula-
tion for Temperierung hea-
ting vs. dehumidification. 
Electric energy for dehu-
midification has a primary 
energy-factor of 2.4 and 
since 2016 of 1.8 while it is 
1.1 for Temperierung with 
gas as fuel and with rene-
wable resources like wood 
pellets as low as 0.2. Also 
energy costs are conside-
rably higher for dehumidifi-
cation.
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also give a first estimate of energy use as well as costs beforehand. The central 
precondition is a reliable and tested simulation model. The question of local 
microclimates in certain areas of the room due to humidistat heating or hygrostat 
dehumidification cannot be answered with this simulation study. Since the 
assessed climate was measured and simulated in the middle of the building, local 
microclimate in the vicinity of floors or outside walls may be worse, and thus the 
mould growth risk could be higher here.

Simulation for the baroque hayrick at Valley showed that conservation heating is 
more efficient both in terms of primary energy use and costs. However, as low 
temperature is favourable to reduce chemical decay rates and activity of micro-
biological pests, dehumidification can still be considered as an alternative in 
regard to aspects of preventive conservation.

Investment costs into materials and systems were not investigated in this very 
simplified examination. For a more detailed estimation of costs, separate calcula-
tions are necessary for each individual case.
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