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Abstract – A novel concept for electrical heating was tested in three different 
medieval churches in Denmark. An air-to- air heat pump was installed in 
combination with direct electric heating in the pews. The heat pump was 
controlled by a hygrostat to ensure a moderate relative humidity in the church. 
Heating to a few degrees above the outside average temperature also in summer 
kept the RH below 70 % at all times. The purpose was to prevent biological 
degradation by fungus or insects. Intermittent heating for services was provided 
by the pew heaters, with sufficient power to raise the temperature rapidly within a 
few hours. The cooling unit for the heat pump was installed in the attic to screen 
against the noise and the visual impact, which otherwise excludes this technology 
in historic buildings. The best performance was achieved for a building with a 
thermally insulated ceiling and double glazed windows. There is a potential for 
energy savings by the combination of direct electric heating and a heat pump.
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1. INTRODUCTION

1.1 INTERMITTENT CHURCH HEATING

Many rural churches in Denmark are only used a few times during the month. 
There is no need for constant heating to comfort temperature in winter, so inter-
mittent heating is common practice. Heating for services is provided by electrical 
heating systems with heating elements mounted below the seats in the pews. 
There is sufficient power to raise the temperature rapidly within a few hours. The 
heating is turned off in between activities to save energy. This heating practice 
gives a reasonable thermal comfort for staff and congregation on the one hand, 
and is gentle for the building and the wooden furniture on the other hand [1].

1.2 BIOLOGICAL DEGRADATION

A consequence of keeping the church cold is that the relative humidity is high all 
year, ranging between 70 %RH and 90 %RH. This is not due to excess humidity 
from human activity, but is a natural result of the low temperature. A permanent 
high RH favours insects such as textile moths and wood boring worms, and the 
risk of mould and fungus is also large. Since the use of most fungicides and pesti-
cides is abandoned, climate control is the only alternative method for preventing 
biological degradation. The acceptable range for RH is 60–70 %, because the 
interiors were never adapted to lower RH [2].
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1.3 CONSERVATION HEATING

Conservation heating is an established practice for keeping a moderate RH 
in historic houses in cold regions [3]. This control strategy is rather energy 
consuming, because the heat loss from historic buildings is large and the 
potential to improve the thermal performance is limited. In a case study of three 
houses in the UK, the annual energy consumption was 40–50 kWh/m3 for 
controlling the RH within 50–65 % [4]. Heat pump technology is an attractive 
method for conservation heating, because it is much more efficient than direct 
electric heating [5]. A study of a medieval church in Estonia showed that  
conservation heating with a heat pump used 3.7 kWh/m3 in a year to keep  
70 %RH [6].

Figure 1. Principal sketch of the heat pump installation in the church (left). To the right a view 
of the cooling unit in the attic and the inlet in the floor (Erslev Church). Photos: Poul Klenz 
Larsen.

2. EXAMPLES

2.1 HEATING SYSTEM

An air-to-air heat pump was installed for conservation heating in three different 
churches. The cooling unit was located in the attic of the church and not outside 
the building (Figure 1). The water condensing at the cooling coil was collected 
in a steel tray with a drain to the outside. The drain was protected against frost 
by a thermostatic controlled heating wire. An underground space in the nave 
was reused for the heating unit, with inlet and outlet grills in the floor. The pipes 
connecting the cooling- and heating units were installed in an old smoke pipe, 
which was embedded in the chancel wall. There was a minimal visual impact of 
the technical equipment.

Low temperature radiant heating elements were mounted below the seats in the 
pews for comfort heating. The heating power for this combined heating system 
is given in Table 1. The pew heaters were controlled by thermostats and a timer 
to start the heating a few hours before services. The heat pump had hygrostatic 
control with an upper limit at 72 %RH.
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2.2 TEST CHURCHES

The three churches are situated in West Jutland and dates to approximately 1200. 
The buildings have a similar construction with granite walls, lead roof and a flat 
ceiling of wood planks (Figure 2). The ceiling has thermal insulation in different 
thicknesses given in Table 1. The windows have single glazing in Vemb and Øster 
Jølby, but double glazing in Erslev church. The volume of the nave and chancel is 
250 m3 or 500 m3. There is a small unheated porch to each church.

3. RESULTS AND DISCUSSION

3.1 CLIMATE CONTROL

The climate record for two years in Vemb church is given in Figure 3. The relative 
humidity in the nave (blue) was 65–75 %RH most of the year except for a few 
episodes in winter. During heating episodes for services the RH dropped to 
50–60 % for a few hours. The temperature in the nave (red) was between 8 °C in 
winter and 23 °C in summer, which was higher than in the attic most of the year. 
In July and August the attic (yellow) reached more than 30 °C on sunny days. In 
winter the attic was above 0 °C most of the time, and the RH was rarely above  
90 %RH (green). It is remarkable that the RH never reached 100 %RH, which has 
been observed in many other churches.

Table 1. Data for the three test churches

Vemb Øster Jølby Erslev 

Volume (nave and chancel) 250 m3 250 m3 500 m3

Area (wall & ceiling) 200 m2 200 m2 350 m2

Window glazing single single double

Thermal insulation (ceiling) 30 mm 200 mm 100 mm

Heat pump power 12 kW 8 kW 12 kW

Electric heat power 14 kW 15 kW 26 kW

Figure 2. Exterior view of Erslev Church (left) and Øster Jølby Church (right). Photos: Poul 
Klenz Larsen.
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Figure 4 shows the climate record for one week in October 2014. The dew point 
temperatures are given below in the diagram. There was a temperature rise of 
2–3 °C in irregular intervals during the week, which drove the RH down below  
70 % in a few hours. For every heating cycle the dew point temperature rose 
2–4 °C. The increased water content of the air induced a further increase of 
temperature to lower the RH. The increase in dew point was not caused by 
human activity. Porous materials like wood or plaster responded to the RH drop 
by emitting water vapour to the air. The surplus of water vapour was gradually 
removed to the outside by ventilation. The humidity buffering by the interior 
surfaces of the building is an inherent disadvantage of heating for humidity 
control.

Figure 3. Two years climate record from Vemb Church.

Figure 4. Climate record over one week in October 2014 from Vemb Church.
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The situation in the attic was quite the opposite. For every heating cycle there 
was a drop in temperature, and an even larger drop in dew point temperature. 
This was due to condensation at the cooling coil, which removed water vapour 
from the air in the attic. The effect of dehumidification was so strong that there 
was a simultaneous drop in RH, despite the lowering of the temperature. After 
each heating cycle the dew point gradually approached the ambient conditions by 
natural ventilation. The rather slow ventilation rate is indicated by the slope of the 
dew point line. It is likely that the periodical dehumidification kept a lower RH in 
the attic during the year.

Figure 5 shows the climate record for one week in July 2014. The temperature in 
the nave was almost constant at 22–23 °C. The heat pump was only in operation 
a few times to keep the RH below 70 %, and the dew point in the nave was also 
rather constant. The climate in the attic was much more unstable. The tempe-
rature ranged between 20 °C in the night and 30 °C during the day, and the RH 
was between 40 % and 70 %. The dew point went between 10 °C and 22 °C in a 
daily cycle. The climatic variations were not caused by the heat pump, but related 
to the ambient conditions. The cooling unit did not introduce a more stressful 
climate in the attic than before. It is remarkable how the dew point in the nave 
was not affected by the outside variations. The natural ventilation must have been 
quite low, but the Air Exchange Rate was not measured. The possible effect of 
adaptive ventilation was also not considered in this study.

3.2 ENERGY CONSUMPTION

Figure 6 gives the monthly energy consumption in Vemb church over two years. 
The heat pump was in operation all year, whereas the direct heating was mainly 
used in the winter season. The energy needed for the summer heating was not 
significant in 2014, but in 2015 it was nearly half of the energy used for winter 
heating. The summer temperatures were not much different, so there is no 
obvious explanation for the poor performance in 2015.

Figure 5. Climate record over one week in July 2014 from Vemb Church.
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The annual energy consumption for all three churches is given in Table 2. It also 
includes lighting energy, which was little compared to heating, and eventually 
ended up as heat. The heat pump in Vemb used 21 kWh/m3 in a year to maintain 
RH around 70 %. In Øster Jølby it used 16 kWh/m3 although the churches are 
equal in size. The difference is related to the thickness of the thermal insulation 
in the ceiling. Vemb church has only 30 mm of mineral wool, whereas Øster Jølby 
has 200 mm. This difference accounts for a higher heat loss in Vemb than in 
Øster Jølby.

The heat pump in Erslev used 11 kWh/m3 in a year, which was only 2/3 of Øster 
Jølby. The energy use was monitored over the same period from May 2016 to May 
2017, and the two churches are located within a distance of two kilometres, so 
there was no difference in the ambient conditions. The surface area of the walls 
and ceiling was approximately 200 m2 in Øster Jølby and 350 m2 in Erslev, so 
the heat loss per area was 20 kWh/m2 and 15 kWh/m2. The energy consumption 
was not much related to the difference in size of the buildings. The heat loss by 
natural ventilation was presumably less in Erslev church due to the double glazed 
windows. The effect of natural ventilation was not monitored in this study.

4. CONCLUSIONS

A novel application of an air-to-air heat pump was tested in three medieval 
churches in Denmark. The heat pump was used for conservation heating of the 
nave and chancel with hygrostatic control to 70 %RH all year. The purpose was 

Figure 6. Energy consumption over two years in Vemb Church.

Table 2. Annual energy consumption

Vemb church Øster Jølby church Erslev church

Electric heat 7,7 kWh/m3 5,6 kWh/m3 5,5 kWh/m3

Heat pump 21 kWh/m3 16 kWh/m3 11 kWh/m3

Time period 2013–2017 2016–2017 2016–2017
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to prevent biological activity such as fungus or insects. The energy consumption 
depended on the thermal insulation in the ceiling and the natural ventilation. The 
best performance was 11 kWh/m3 for Erslev Church, with 100 mm insulation in 
the ceiling and double glazed windows.

Intermittent heating for comfort was mainly supplied by electrical heaters in the 
pews. The heating power for intermittent heating was twice that for the heat 
pump, to ensure a fast rise of temperature and to keep the energy use as low 
as possible. Heat pumps can also be retrofitted in churches with an existing 
electrical heating system. There is a large potential for energy savings by the 
combination of direct electric heating and a heat pump.

The main challenge of installing an air-air heat pump in a historic church is to 
find a place for the cooling unit. The attic has proven to be a suitable place for 
screening against the noise and the visual impact. This unorthodox location relies 
on heat transmission and radiation through the roof, because the natural venti-
lation of the attic is not enough to supply the heat. A side effect of the application 
is a lowering of the RH in the attic by condensation on the cooling coil.
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