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Introduction
The deliverable D7.1 provides results of Workpackage No. 7 of the Climate for Culture
project achieved in the framework of the research work on the following tasks and objectives
according to the ANNEX I – Description of work:
Task 7.1 Assessment of existing microclimate control strategies (equal-sorption humidity
control, conservation heating, humidistat heating, friendly heating, "Temperierung" (wall
heating), controlled air exchange, results from the Eureka 1383 Prevent project, etc.) with
respect to their energy consumption as well as their applicability to a wide spectrum of
cultural heritage preserved in historic buildings of different structure, utilisation and climatic
region in Europe (cooperation with WP2). Assessment of the potential for using renewable
energies in historical buildings.
Task 7.2 Development of integrated strategies for the optimal control of relative humidity and
temperature in typical historical buildings and exhibitions. The optimum algorithm guarantees
the lowest possible variation of the moisture absorbed in the materials with the aim to
minimize energy consumption. Application of strategies based on combination of the active
and passive climatisation approaches.
Objectives










Development of cost and energy efficient strategies and technologies for microclimate
control to achieve the optimal balance between use and preservation
Improved microclimate management for sites with an increasing number of tourists
and visitors in order to achieve a good trade-off between visitors comfort and
conservation needs
Less invasive techniques for microclimate control in historic buildings
Development of low cost climatisation tools for historic buildings with limited
economic resources
Enhancing passive climatisation (heat and moisture buffering materials) for
microclimate
control
Promoting the use of renewable energies in historical sites (geothermal, solar, etc.)
Assess passive protective measures (sun shielding, reduced lighting)
Adopting the predicted climate change impact (WP5) and the damage assessment
(WP4) in preventive strategies

The deliverable consists of five reports and one appendix. The report D7.1.1 - Evaluation of
different approaches of microclimate control focuses on different approaches of
microclimate control in historic buildings in relation to demands stated by the requirements
for indoor climate, the use of the building and the type of building. Jointly with the Appendix
D7.1.6 – State of the art, the report is the main result of the Task 7.1, whereas the following
reports have been achieved in the framework of the Task 7.2.
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Report D7.1.2 - New algorithms for optimal control of relative humidity provides theoretical
and simulation based analysis of three directions of the model based microclimate control
approaches. First, an original method Quasi-equal sorption humidity control (QESC) is
proposed and analysed. Next, platform for generating safe microclimate is introduced taking
into consideration various damage functions. As an example, RH set-point generation based
on Lowest Isopleth for Mould is presented. As the third contribution, an original microclimate
control method based on the specification of the safe microclimate according to the European
Standard EN1575 is presented.
Report D7.1.3 - Model based cross-evaluation of microclimate control strategies provides a
model based analysis and cross-evaluation of selected active microclimate control strategies.
Several classical and newly designed microclimate control methods are tested on a simulation
model of Great Tower of Karlstejn Castle, which is one of the Case studies of the Climate for
Culture project. The obtained simulation results are provided in a form of various commented
graphs. Besides, the performance of the methods with respect to various microclimate aspects
and energy consumption are assessed and discussed.
Report D7.1.4 - Guidelines for non-invasive microclimate control approaches (active and
passive climatisation) deals with practical aspects of the commonly used methods and climate
specifications in microclimate control in historical buildings. As the main result,
Recommendations for non-invasive micro climate approaches and for energy efficiency in
historic buildings are provided. Next, applications of the non-invasive microclimate control in
eight Case studies are presented.
Report D7.1.5 - A universal low cost control system for historic buildings provides
information on the proposed universal low-cost control system for implementing developed
active microclimate control algorithms.
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Introduction
This report is a result from Work Package 7 (WP 7) in the project Climate for Culture. The
report aims to fulfill the following objectives of the WP 7:
 Development of cost and energy efficient strategies and technologies for microclimate
control to achieve the optimal balance between use and preservation
 Improved microclimate management for sites with an increasing number of tourists and
visitors in order to achieve a good trade-off between visitors comfort and conservation
needs
 Development of low cost climatisation tools for historic buildings with limited economic
resources
 Control strategies to achieve optimal fluxes of heat and moisture in spacious interiors by
controlled air exchange.
 Promoting the use of renewable energies in historical sites (geothermal, solar, etc.)
 Assess passive protective measures (sun shielding, reduced lighting)
The present report is an attempt to evaluate different approaches of microclimate control in
historic buildings in relation to demand stated by the requirements for indoor climate, the use
of the building and the type of building. The results will be used primarily in WP 8 for
decisions support and in WP 6 the economic analysis.
The report is a collection of contributions from the individual partners of WP 7. Each section
consists of a general description including the principal function of the method, its
applicability for cultural heritage buildings, the experience gained, the overall performance
and cost. Most sections include examples or case studies.
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Conservation Heating
Principal function
Conservation heating is the concept of heating a building in order to keep a constant relative
humidity. The temperature is continuously adjusted and not controlled to a constant set point.
The appropriate temperature is given by the water vapour content of the air. The humidity
comes from the outside air by infiltration and in some cases also from rising damp or rain
penetrating the walls. Conservation heating is mainly used in historic buildings, which are not
used in the winter, so there is usually little humidity generated by human activity.

Applicability
Conservation heating can be implemented in any building with permanent or temporary
heating installations. The heat must either be adjusted manually on a daily basis or controlled
by a humidistat. Moveable electric heaters are frequently used because they need little
installation work. Central heating is more invasive due to the need for piping, but allows for
the use of different heat sources.

Present use and experience
Conservation heating has been used for many years to maintain a Medium relative humidity
in historic houses in winter. It is a simple and robust climate control strategy, but the stability
of RH depends on the air infiltration rate and the temperature control. A leaky house with
high thermal stability will experience large variations in RH. Humidistatic control may suffer
the problem of positive feedback in the case of evaporation from damp walls or floors.

Performance
As energy conservation becomes more important, conservation heating is less attractive for
climate control. The heat loss is much larger from historic buildings is than from modern
houses due to poor thermal insulation of walls and ceilings. Leaky doors and window further
increase the heat loss even at reduced temperature. It is usually not possible to improve the
thermal performance of the building envelope, so the source of energy must be efficient.

Costs
The installation costs depend on the conditions in the building. If an existing heating system
can be reused, the cost is limited to a control system. Energy costs are much lower as
compared to heating for comfort but generally higher as compared to dehumidification high
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and there is some need for maintenance. Heat pumps are well suited for conservation heating,
this will reduce energy costs, but the investment is high.

Other
A peculiar aspect of conservations heating is that it is sometimes required to heat in summer
in order to keep the RH at an acceptable Medium level. This may cause uncomfortably high
temperatures.

Results from case studies
The concept of conservation heating is used in Kommandørgården, DK. The traditional
farmhouse is located on the island Rømø at the west coast of Jylland, exposed to the strong
winds from the North Sea. The building has solid walls of brick masonry with wooden panels
or glazed tiles on the inside. The floors and ceilings are wooden planks and the roof is
thatched. It is used as an open air museum in summer, and climate control is not possible due
to the many visitors during the day. In winter conservation heating is introduced with portable
heating fans the three main rooms. Each heater is controlled by a hygrostatic switch placed in
some distance from the warm air stream. Climate records for shows that the temperature is
raised from 2-3 ˚C to 8-12 ˚C, and the RH is maintained at 60 – 70 %. The heating is stopped
again when the museum opens in the spring. In summer the climate is much more unstable
due to the large influence of the outside air through open doors.

The traditional farmhouse Kommandørgården is located at the West coast of Jylland. It has
conservation heating with moveable electric heaters controlled by hygrostats.

Gammel Estrup Manor house is a museum with both permanent and temporary exhibitions. It
is open all year, but the winter temperature is kept lower than usual for human comfort. The
exhibition rooms are heated by moveable electric panels located in the window niches. The
heating power is adjusted so the inside temperature follows the average outside temperature
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with a constant difference. The temperature is 12-14 °C in winter and the RH is 40 -60%. At
ground level the RH is 70% due to evaporation from the walls and floor. The building has a
high thermal stability due to the thick walls made of brick masonry, but the heat loss is never
the less considerable. The windows are double glazed to reduce heat loss and improve air
tightness. The annual average energy consumption is 80 kWh /m2 or 20 kWh/ m3 with a 4 m
ceiling height.

Gammel Estrup Manor is used as museum all year. It has conservation heating with moveable
electric heaters controlled by the outside average temperature.

Gråsten castle is a royal palace, located in South Jylland, DK. The house is rarely used, but
was until recently permanently heated to comfort temperature all year. It has a central heating
system with a gas boiler, which was difficult to adapt for conservation heating. Each radiator
valve had to be adjusted manually according to the seasonal drift in temperature, in order to
maintain a constant RH. A pilot project was initiated in 2010-2011 to test a newly developed
control system. Each radiator has a specially designed valve, which is controlled by a wireless
system to a constant set point of 50 %RH. The valves of many radiators in a large hall or in a
section of the building are adjusted by a single humidistat. The energy saving was 50% of the
annual consumption for heating to a constant comfort temperature.
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Gråsten castle is a rarely used royal palace. It has conservation heating with wireless
humidistatic control of each individual radiator valve.
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Controlled ventilation
Principal function
Air exchange in a historic building, through infiltration or ventilation, often has an important
effect on the indoor climate in general and humidity in particular. Depending on outdoor and
indoor climate conditions, air exchange can either increase or decrease the RH in a building.
A classic example is an unheated building where doors and windows are opened in the spring
to warm up the building. Once inside the building, the warm outside air is cooled off and RH
increases. Hygroscopic materials such as plaster and wood are saturated and condensation
may occur on cold surfaces.
Adaptive ventilation can be used to reduce RH below risk levels for biodeterioration. The
basic control condition is to ventilate when AH inside the building is higher than outside.
Equally important is not to ventilate when AH outside is higher. Thus, both air tightness and
ventilation must be controlled and adapted through the use of mechanical fans and dampers
controlled by indoor and outdoor climate sensors.
Control unit
Attic sensor
Intake fan
Outdoor
sensor

Damper

Air-tight
construction

The technical installations for adaptive ventilation

The driving force of adaptive ventilation is the difference in indoor and outdoor AH. The
diagram below show the long term variations, based on a moving 30 day average, in a case
study. A positive value indicates a moisture surplus on the inside. In this case, the difference
is in the range of -0.5 to 1 g/m3, with an average of 0.4. Thus adaptive ventilation would have
an effect through most of the year.
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Difference between indoor and outdoor humidity by volume: Moving 30 days average.
A closer look at the diurnal variations gives a different picture, see diagram below. By taking
advantage of the diurnal variation in AH, a drying effect can be achieved even during periods
when the outside climate on an average is more humid. Continuous ventilation would on
average reduce the AH during most of the year, but the diagram clearly shows the greater
drying potential of adaptive ventilation due to diurnal variations.

Difference between indoor and outdoor humidity by volume: Every 30 minutes during one
week.
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The diagram below shows a duration graph of the difference between the indoor and outdoor
AH. Around 30% of the time, ventilation would actually increase the amount of moisture in
the room instead of drying it. The adaptive ventilation shuts off the ventilation system during
these periods. The average of the positive component is 0.99 and for the negative component 0.85.

Duration graph for the difference in AH based on measurements. Left – with adaptive
ventilation.

Applicability
Adaptive ventilation can be used to reduce the absolute humidity in a building. It is
particularly useful when there are internal moisture sources in the building resulting in
absolute humidity levels higher than outside.
The requirements are that:




The buildings is sufficiently air tight
Air inlets and outlets either exist or can be made. Existing ventilation ducts or flue
pipes can be used.
A fan can be installed in the inlet or outlet.

Since the outdoor climate sets the operating conditions, adaptive ventilation itself cannot
guarantee mould prevention at all times, thus auxiliary climate control such as
dehumidification or conservation may be needed.
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Present use and experience
Moisture controlled adaptive ventilation is a well known technology, however its use in
historic buildings is limited. There are commercial solutions available which are intended for
attics and crawl spaces under houses. The same technical equipment can be used in a building.

Performance
In a building with high levels of absolute humidity, adaptive ventilation can remove
considerable amounts of moisture from the building. However, due to the co-variance of
temperature and absolute humidity on the outside, the effect on relative humidity may be
limited in the short term.
In relation to other forms of humidity control, energy consumption is very low.

Costs
The installation costs depend on the conditions in the building. The technical equipment,
control system, fan etc. for a 100 m2 building costs around 1000 Euro. Energy costs are low
and there is no or very little need for maintenance.

Other
The reversibility of the installation depends on how the air outlet and inlet can be arranged.

Results from case studies
In the Church of Zillis in Switzerland adaptive ventilation was used to control RH, (Böhm et
al 2001). The basic control condition for operating the fans was that AH outside should be
lower than inside. In addition to this, secondary conditions were set to prevent too low RH
and too low indoor temperatures. The latter had the effect that the system was not in operation
during the winter. The fans were designed for an air exchange rate of around 0,4 air
exchanges per hour. The results indicate that ventilation has had a positive effect on the RH in
the church. Air tightness of the building seems to have been a limiting factor since the RH
rebounded to higher levels when the fans were turned off. Over a two year test period, the
ventilation system was active about half the time, removing around 3400 litres of water.
When ventilation was active, the mean difference in the AH between inside and outside was
around 0,7 g/m3.
Neuhaus and Schellen (2007) implemented a combination of conservation heating and
ventilation in Muiden Castle in the Netherlands. In order to maintain RH within a given
interval, the adaptive ventilation was primarily controlled with respect to AH inside and
outside the building. They present data for only a short period of time, but simulations were
carried out over a full year. The simulation results indicate that humidistat controlled
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ventilation system can improve and maintain conservation conditions in historic buildings in
the Netherlands without the use of humidification or dehumidification.
Broström et al conducted a case study in a building used is located on Gotland, an island in
the Baltic Sea. The house was built in the early part of the 18th century. It is a lime stone
construction with 60 cm thick walls. The walls are covered with lime plaster both inside and
outside, with the exception of the western façade, which has no plaster on the outside. The
windows are single glazed. The building is naturally ventilated, mainly through fireplaces.
The building, which is listed, has severe moisture problems; furniture and wooden floors
show signs of wood worms and there are algae growing on the walls. The investigation was
based on the Ventotech system for adaptive ventilation, developed as an energy efficient
solution for mould prevention in cold attics (Hagentoft et al 2008).
In summary, the results showed that adaptive ventilation has had a significant drying effect
removing some 1600 kg of water in year. The mould risk was kept at an acceptable level with
exception of two short periods. Installation costs are low and energy costs are negligible in
relation to alternative measures. In this case, the effect of the ventilation should be improved
by increased fan capacity and improving air tightness to reduce leakage when the fan is not in
operation. Heating or dehumidification would be needed as an auxiliary measure to reduce
mould risk, but only for short periods of time.

The farmhouse in Klints on Gotland has adaptive ventilation with a fan installed in the open fireplace
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Dehumidification
Principal function
Dehumidification is the concept of extracting water vapour from the air in order to reduce the
RH inside the building. The air temperature is slightly raised due to the release of heat from
the apparatus, but this is of minor importance for the humidity control. There are two methods
for dehumidification: Condensation and absorption. The absorption dehumidifier passes the
air through a desiccant, usually silica gel, which absorbs the water vapour from the air. When
the desiccant is full, a flow of warm air removes the moisture to the outside. The condensing
dehumidifier contains a heat pump with a compressor, a heating element and a cooling
element. A fan draws air over the cooling element to condense the moisture, which is
collected in a bucket or led to a drain. The cooled air then passes through the heating unit,
warming with heat from the compressor.

Applicability
Dehumidification is used in buildings where the relative humidity is too high, either
permanently or seasonally. The absorption dehumidifier works at low temperatures, even
below zero degrees. This method is favorable in houses without human occupation, or in
buildings which are closed in the winter season. The condensing dehumidifier is less efficient
below 8 ˚C, because ice is generated on the cooling unit, so intermittent defrosting is required.
This method is appropriate for buildings with some basic heating, where a surplus of water
vapour is generated by human activity of by evaporation from walls or floors.

Present use and experience
Dehumidification has not been used much until now in historic buildings. Architects and
conservators are usually hesitant to dehumidification due to the potential risk of control
failure, which may cause damage by too much drying. However, dehumidification has been
adapted for energy efficient climate control in museum stores within recent years. The
methods and the devices have been used for decades by the industry and by private or public
buildings owners to control the RH in damp environments.

Performance
The heat of evaporation for water is 0.67 kWh/kg. This energy is released as heat when the
humidity condenses to liquid water or is absorbed in silica gel. An absorption dehumidifier
uses 1 kWh to remove one kg of water from the air, because some additional energy is used to
heat up the outside air. The fan for recirculating the process air also needs a small quantity of
power. This energy is lost, unless the dehumidifier has a unit to extract the moisture.
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Empirical data for the condensing dehumidifier give an energy consumption of 1.0- 2.0
kWh/kg. This energy is retained as heat within the building.
The energy consumption for dehumidification by absorption is calculated for a generic
building with a volume of 500 m3. The building is empty and has no internal or external
sources of heat, so the inside temperature follows that outside. The only source of humidity is
the outside air, which flows through at a constant rate, defined by the air exchange rate
(AER). The RH is maintained constant all year by dehumidification. The calculation uses the
monthly averages of temperature and relative humidity in Denmark. For every month the
excess moisture to be removed by a dehumidifier is determined. The energy needed for
dehumidification to different levels of RH as a function of the AER is shown in the diagram
below. The energy consumption for dehumidification is proportional to the AER for any RH
set point. If the building is completely airtight, and there is no internal moisture source, there
will not be any need of dehumidification, so all lines radiate from the origin.

Energy consumption for dehumidification to the Rh indicated for each line. It is assumed
that the dehumidifier uses 1 kWh to remove 1 kg of water vapour.

Costs
A portable dehumidifier costs 200 – 2000 euro depending on the type and capacity. These are
mainly the condensing type. Permanent installations are from 2000 euro and up. These are
manly the absorption type. There is not much maintenance to do, except cleaning filters. The
expected lifetime is not more than 10 years.
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Other
Many condensing dehumidifiers have wheels, so they can easily be moved. The water is
either led to a drain with a hose, or collected into a bucket. There should be an automatic stop
switch to prevent flooding if the bucket runs full. An absorption dehumidifier needs ducts for
the release of humid air to the outside, which may be difficult to fit into a historic building.

Results from case studies
A shelter once used for fighter airplanes is located at Værløse Airfield north of Copenhagen.
It is used as a temporary museum store for a collection of furniture. The shelter has a 50 cm
thick concrete roof to resist a nuclear attack. It has a water membrane to the outside and
plastic paint to the inside, so the structure itself is not a source of humidity. The large steel
gate is well sealed, so the natural air infiltration is only 0.05 h-1. The RH was controlled to 50
% by absorption dehumidifiers. The temperature drifted from 0˚C in winter to 25˚C in
summer. According to the diagram, the annual energy demand would be around 1 kWh/m3,
but the actual consumption was 5 kWh/m3. The poor performance of the dehumidifier was
due to lack of maintenance. If the filters are not cleaned at regular intervals, the silica gel will
be filled with fine particles, which reduces the ability to absorb water vapour. Negligence is a
potential source of energy waste for any mechanical climate control system.

A shelter for fighter airplanes at Vaeloese airfield, now used as a museum store.

The medieval church in Kippinge is located in a rural area on the island of Falster. It has 1 m
thick solid brick masonry walls and a tiled roof. It is used for services only once in the week,
so it has intermittent electrical heating. The church is heated to 18˚C for the few hours of use
but kept at around 8°C most of the time. The winter temperature is a few degrees higher than
assumed for the calculations, so the need for dehumidification is less than predicted in winter.
The RH was controlled to 70 % by a condensing dehumidifier located in the isle between the
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nave and the chancel. A total of 1500 liters was removed in one year. The AER was measured
to 0.1 h-1. The annual energy consumption for dehumidification was 1900 kWh or 1.5
kWh/m3, which is a little more than predicted from the diagram. The energy costs for the
condensing dehumidifier was therefore around 1.3 kWh/liter.

The medieval church in Kippinge has permanent dehumidification to keep 70% RH

The country house in Liselund dates back to 1800. The building is situated by a small pond in
a romantic park on the island of Møn in the Baltic Sea. The walls are 50 cm solid masonry
and the roof is thatched. The building has large single glazed windows and doors, which take
up 25 % of the wall surface area. In summer there are guided tours, but apart from that it
remains closed all year. The RH is controlled by an absorption dehumidifier, located in the
basement. The dry air is distributed by ducts into each room through small inlets in the floor
(see photo). The air is returned through the staircase to the basement. The RH was in the
range 55-65 % all year, while the temperature was drifting from around 0 ˚C in winter to 20
˚C in summer. The air exchange rate was 0.4 h-1. The annual energy consumption for
dehumidification was 14 kWh/m3 per year. This is much more than calculated according to
the diagram. The reason for the high energy consumption might be an internal source of
moisture from the basement. The floor is only slightly above the water level in the small
pond, and flooding occurs occasionally. A summary of the case studies I given in the table
below.
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The country house in Liselund Park has permanent dehumidification with dry air supplied
from a sorption dehumidifier.

The results of the case studies with dehumidification in a museum store, a medieval church
and a historic country house.
Værløse shelter

Kippinge Church

Liselund Mansion

Dehumidifier

Absorption

Condensing

Absorption

Set point

50 %RH

70 %RH

60 %RH

AER

0.05 h-1

0.1 h-1

0.4 h-1

Energy consumption

5 kWh/m3

1.5 kWh/m3

12 kWh/m3
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Equal‐sorption humidity control
Principal function
The equal-sorption microclimate control represents a novel approach to preventing the
preserved exhibits from changing the equilibrium moisture content (EMC) in the moisture
sensitive materials of these exhibits. In historical buildings rid of excessive leakages and
draughts the internal temperature changes Mediumly enough so that it is possible to
compensate its influence on EMC by adequate corrections of relative humidity of the internal
air. Although the EMC compensation is dependent on particular material properties, it has
been proved that the values of humidity correction are as low that their differences for
different materials can be neglected for most types of exhibits and artworks in fact. Basically
only the wall paintings represent a specific class of artefacts with distinguished requirements.
Humidity compensation for the seasonal temperature variations in unheated historical
interiors is able to maintain EMC constant during the entire weather year cycle without a
principal need of heat supply as long as the interior temperature does not sink under
approximately 7  C . When the temperature drop is deeper it is necessary to prevent the
interior from further cooling by an auxiliary heat source. It is favourable feature of the
humidity compensation that occasional short-time deviations are not important since the
absorption phenomenon as such is very slow and only after a longer time this dissatisfaction
becomes significant for a change of EMC. This property leads to the effect that the equal
sorption humidity compensation acts as a feed-forward control, i.e. the inhibition of sorption
process starts up sooner than its response can really appear because the consequent change of
moisture content emerges slowly and with delay..

Applicability
The stabilization of moisture content in the preserved exhibits can be implemented in various
ways in historical buildings. The conditions for a good implementation are dependent mainly
on the thermal characteristic properties of the historical building. The more heavy masonry
the better is the thermal inertia of the building and the less are the interior temperature
fluctuations caused by the ambient temperature changes. In the buildings with a heavy
thermal capacitance and a sufficiently tight outer jacket the equal sorption humidity control
can be conceived only as a reference tracking, where the modestly variable desired humidity
value is calculated from the temperature and humidity measurements

Present use and experience
Despite the moisture content is the primary parameter in the preventive conservation any
approach to its stabilization is to be based on identifying the relationship between the
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moisture content and the environmental parameters which are the only ones that can be
controlled. Unfortunately any direct measurement of moisture content cannot be considered as
feasible for this purpose owing to very strict limitations in handling the preserved exhibits and
due to the lack of non-invasive measurement method. Although moisture content
measurement methods exist (e.g. resistance and dielectric moisture meters) their
implementation is not realistic because of lacking adequate accuracy and the extremely slow
response in settling the equilibrium moisture content. That is why the idea of the moisture
content stabilization has been based on equilibrium moisture sorption models where the
stabilization of moisture content is provided by adequate humidifying or dehumidifying
interventions compensating air humidity for the season temperature changes in historical
buildings.
The moisture content as such is not harmful if its value is within some common limits and
remains permanently constant, on the contrary, some EMC is inevitable. Also common daily
temperature oscillations do not represent a cause of changing the moisture content because of
very slow response of this phenomenon. Only when the environment conditions make EMC
increase or decrease for several days the moisture content may be affected and moisture
sorption becomes a serious threat for the items of cultural heritage. Substantial EMC changes
bring about usually an anisotropic swelling or shrinking of materials which result in
deformations or even opening cracks in the exhibits, paintings, sculptures etc. Just avoiding
the EMC changes in the most sensitive materials is the primary aim of preventing the
preserved artefacts from the harmful impact of air humidity and temperature variations.

Performance
Considering the implementation using dehumidifiers/humidifiers, the energy consumption is
slightly better compared with normal dehumidification/humidification. It is due to the fact that
the desired level of relative humidity is adjusted with respect to temperature. In winter
seasons when temperature drops, also lower level of relative humidity is required compared
with the microclimate state in summer. The energy savings will be estimated based on the
currently running simulation tests.

Costs
For installation of the low-cost portable systems, a normal dehumidifier/humidifier is needed
(costs 200 – 2000 euro depending on the type and capacity). Next, the control system needs to
be installed. The low cost control system in Trebon, which is composed of a microchip,
sensor plus AD-DA convertors cost approximately 100 euro. Kybertec has currently designed
a more sophisticated and universal control unit (with several inputs/outputs) where the model
based control can be implemented, with costs up to 1000 euro.
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Results from cases studies
The equal-sorption humidity control has already been tested in two historical buildings so far.
The first implementation has been installed in the Holy Cross Chapel at the Karlštejn Castle
(Central Bohemia) in 1999 by the occasion of rehousing the precious collection of 129
medieval paintings by Master Theodoricus back into this Chapel. The deposited set of
pictures is one of the most notable collections of medieval art and also the biggest collection
of one artist from 14th century in the whole Europe. The paintings suffered serious moisture
originated damage and had to undergo a costly restoration. Before their returning back to the
castle the Chapel interior was restored and equipped with a special local air-handling system.
As regards the region around the castle it is typical with rather rough character of weather
conditions during the year seasons. On the other hand the very heavy masonry provides the
Great Tower with a specific internal environment characterized with extraordinary thermal
inertia. The thickness of the walls around the Chapel from three to six metres makes the
interior temperature variations only slight and slow. Due to the thermal capacity and
resistance of the walls the leaking windows represented the main input influencing the indoor
environment in the Chapel before its reconstruction. There was an advantage for the
implementation that there existed long-term records of the indoor environment in the Chapel
which may be used as a basis for the new environment arrangement. The decisive harmful
impact on the artistic exhibits consisted in unfavourable combinations of both indoor
temperature and air humidity values. Particularly at the time when the ambient dew point
temperature exceeded the temperature of the wall interior surfaces the leakages through the
windows, doors etc. caused the dew condensation on the walls with their harmful
consequences on the exhibits.
A specific issue of the indoor environment is the attendance of the visitors in the Chapel. In
the analysis the visitors are to be considered as an intake of heat and moisture which may
contribute considerably to the overall harmful impact. This aspect is to be preferred to the
viewpoint of the visitors’ comfort. Anyway the key aspect of the environment analysis is the
indoor air circulation in the Chapel. The Chapel interior is composed of two separately
vaulted parts divided by a gilded screen. An improvement of air circulation conditions was
one of the crucial tasks in preventing the Chapel interior from the moisture originated harmful
effects and from opening the possibility of micro-organism growth.
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Kalštejn Castle; The Holy Cross Chapel – located on the second floor of the Great tower

A tailor-made air handling system fulfilling the preservation requirements in the Holy Cross
Chapel was designed and manufactured by PZP Complet, Dobruška, Ltd. (L. Klazar) and the
control system has been designed by Proteco Pardubice, Ltd. (O. Sládek). The complete
system was put into operation in the end of 1999 and since that time the interior microclimate
is controlled. The device controls temperature in the chapel so that its long-term seasonal
cycle is smoothed into a pre-calculated set-point cycle to minimize the power consumption.
Next, the relative humidity is being adjusted as well. In order to minimize the energy
consumption again, the control of relative humidity makes use of mixing outdoor and indoor
air if possible. The system is able to perform both dehumidification by condensation in the
coolers and humidification by humidifiers, if needed. The air handling device is installed in a
small neighbouring room separated by a window from the chapel. The conditioned air is being
continuously blown into the chapel and slightly less air-flow is being continuously exhausted
from the chapel. In this way, the chapel interior is slightly pressurised in order to prevent the
outdoor air infiltration from negative impact on the microclimate in the chapel. Recent
evaluation of the air quality can be found in Zítek, et al. (2011).
The second implementation has been operated in Historica Collection in the State Archives in
Třeboň Castle, Czech Republic, since 2005, (Zítek, et al. 2006, 2009). This implementation
has proved the possibility to provide permanently favourable conditions for maintaining
constant the absorbed moisture in most of the exhibits with the only dehumidifying device
MOL-26 produced by PZP Komplet, Dobruška, Czech Republic. In spite of applying the
equal-sorption control (10) to the installed technology the implementation was remarkably
cheap in both equipment costs and power consumption costs. Nevertheless before installing
this device into the collection room in 2005, its environment had been monitored for a longer
period of time. The final value of the equal sorption rate is taken as KC = 0.5 % per degree of
temperature (centigrade or Kelvin). In this low value the differences in humidity corrections
for various materials turn out to be negligible.
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Historica collection in the State archives in Trebon Castle; Dehumidifying device equipped
with microcontroller implementing the EMC microclimate control
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Local Radiative heating
Principal function
The objective of local radiative heating is to heat only designated parts of a building or a room
in order provide either comfort or better preservation conditions. While achieving the desired
heating effect locally, unwanted climatic disturbance in the building or room as a whole can
be limited. The basic technical solution is to place a number of low-temperature radiant
sources in the room to heat designated zones. The heaters may consist of low temperature
radiators, heating foils integrated into structures or electric heating glass. The principal idea is
to direct the heat to where it is required and to reduce heat dispersion and to provide as much
radiant area as possible as required by the different thermal comfort needs of the various parts
of the human body.

General heating as compared to local heating. The picture indicates the difference in
temperature distribution.

Applicability
Local radiative heating can be used in building where there is a need to:




Provide comfort in a limited zone
Provide better preservation in a limited zone
To maintain a stable climate with respect to conservation in the rest of the room or
building.
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Local radiative heating is particularly useful for intermittent heating. The visual and invasive
impact depends on the type of installation, but it is generally modest in relation to installations
for general heating. Typically this kind of heating system is used in churches, but it can be
applied in any kind of building

Present use and experience
Local heating of different types is commonly used in churches. Typically heaters are placed in
the pews to focus heat input where the visitors are. Specially designed local radiative heating
systems are not so common, but decreasing use of churches and increasing energy costs will
probably be a driving force for the implementation of this kind of solution.
The EU funded Friendly-Heating Project has studied the characteristics of many church
heating systems in order to evaluate pros and cons, and especially their potential impact on
the various kinds of artworks and to devise the best heating strategy, if possible (Camuffo et
al., 2007). The project was aimed to investigate if it is possible to preserve artworks in their
natural microclimate and, at the same time, to warm people at the highest thermal comfort
compatible with conservation. Local heating turned out to be the most favorable strategy.
In Sweden some pilot studies have been carried out on the same principle using a combination
of heat sources in the pews as well as overhead radiators.

Local radiative heating in a Swedish Church

Performance
As compared to general heating, energy consumption is much lower. Local heating disperses
a small amount of heat to achieve comfort in a limited zone, while leaving the room in general
and the building envelope more or less unheated. Thus heat losses are small. Furthermore, this
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type of heating does not require long periods of preheating, thus reducing energy consumption
even more.
This method provides acceptable thermal comfort in mild climates when the indoor
temperature in the building does not fall too much in winter. Thermal comfort is generally
better than with other pew heating but remains difficult to achieve in very cold indoor
environments.
Properly designed local heating systems can reduce convective air movement and thus
improve thermal comfort and reduce the rate of particle deposition on walls. The disturbance
of the indoor climate away from heated zone is small: the influence on temperature and RH is
not greater than that of the natural indoor climate fluctuations.

Costs
With reference to the previous chapter, running costs (energy consumption) is very low as
compared to general heating. The heating power needed is also much smaller as compared to
conventional intermittent heating, thus investments and other fixed costs are significantly
lower.

Results from case studies
Kippinge church is a 13th century brick building in a rural environment. The nave and
chancel have a rectangular floor plan 10 m x 20 m, and the total volume is
approximately 1200 m3. The walls are solid red brick and lime mortar, with lime plaster
and lime wash on the inside. The floor is limestone tiles and wooden planks without any
thermal insulation. The nave has a wooden barrel vault with a vapour impermeable
membrane and 50 mm of mineral wool on top. The wooden framed windows are double
glazed. The average infiltration rate of was 0.07 h-1, both in summer and winter

Kippinge Church has radiant heating elements mounted below the bench seats in the nave
and on the chancel walls.
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The heating system consist of electrical radiant heating elements mounted in the pews and on
the chancel walls. The church was heated intermittently to a basic temperature of 8°C, and to
18°C for services every second week. The radiant heating system allowed short heating
episodes and a low basic temperature, which had little influence on the relative humidity.
Dehumidification was needed to keep the RH at an acceptable level. The annual energy
consumption for heating was 16 MWh, measured from July 2009 to July 2010, and 17 Mwh
measured from July 2010 to July 2011. The heat loss by infiltration was 1.5 MWh, and the
rest was lost by transmission trough the walls and ceiling.
Hellerup church is a 12th century brick building situated in a rural environment on the island
Fyn. The nave and chancel is 6 x 28 m, and the total volume of the spaces is 900 m3. The solid
1.0 m thick walls are made of red brick and lime mortar, with plaster and lime wash on the
inside and outside. The ceiling in the chancel is a wooden barrel vault with mineral wool
insulation, whereas the nave has a brick vault without any thermal insulation. The floor is soft
brick tiles laid in sand directly on the ground without any thermal insulation. There are 8
windows with single glazing in cast iron frames. The average air exchange rate is 0.24 h-1 in
winter and 0,09 h-1 in summer.
The church has electric convective heating elements mounted in the pews and on the walls.
The heating system is used for intermittent heating with a basic temperature of 8 °C and
heating for service to 18 °C twice in the month. Dehumidification is need most of the year to
control the RH. The energy used for heating and dehumidification was recorded continuously
during one year from 1 June 2009 to 31 May 2010. The total annual energy consumption for
heating was 24 MWh, which divided into 12.5 MWh for the basic heating from December to
March, and 11.5 MWh for the 25 heating events during the year. The heat loss due to air
infiltration was 6 MWh, calculated from the inside and outside temperature difference,
assuming a constant air exchange rate of 0.24 h-1 .

Hellerup Church has convective heating elements mounted below the bench seats in the nave
and on the chancel walls
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The results of the case studies with intermittent heating by heating elements in the pews
Kippinge Church

Hellerup Church

Heating elements

Radiant

Convective

Temperature

8 / 18 °C

8 / 18 °C

AER

0.07 h-1

0.09 h-1/ 0.24 h-1

Heating energy

13,3 kWh/m3

26,7 kWh/m3

Heat loss by infiltration

1,5 MWh

6 MWh

Energy for dehumidification

2,0 MWh

2,5 MWh

Set point for RH

70 %

60 %
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Passive microclimate control
Principal function
Passive building design involves the modelling, selection and use of appropriate passive
technologies to maintain the indoor climate within a desired temperature and humidity range
throughout the daily and annual cycles of the outdoor environment while at the same time
reducing energy consumption. Passive technologies should help to achieve this through their
application in the basic construction of walls, windows and roofs. This implies that we must
use every square meter of those elements available, to capture as much ambient energy as
possible. Many projects in new buildings have already been developed which apply passive
strategies, however such strategies are still innovative in retrofitting projects.
Implementation of passive strategies in the cultural heritage sector can result in effective
energy demand reduction. Also indoor climate can be essentially improved, both in relation to
human comfort as well as meeting requirements for housed objects. In some cases
hygrothermal performance of building assemblies can be also improved in terms of durability.
Furthermore , introducing of energy saving technologies may help solve problems with the
housing stock rehabilitation in areas of cultural heritage.

Applicability
The building envelope of historic buildings have usually much lower thermal resistance then
the requirements of contemporary standards. The constructions must be thermally insulated to
reduce energy use for heating. This may require deep intrusion into building fabric and
increased risk of interstitial and surface moisture problems. That is why insulation as a
passive measure has not been used much until recently in historic buildings. However there
are many possibilities for the integration of passive technologies, which could be achieved by
reusing existing elements and giving them a new passive working function.
Achieving the desired indoor building environment is based on the factors which determine
human thermal comfort; temperature, relative humidity, air speed, air quality, human activity,
etc. It is important to determine at an early stage the local climatic situation, the building
energy demand requirements and the desired indoor comfort conditions that we would like to
implement by passive means. In Cultural Heritage buildings comfort should be considered in
terms of the human users as well as appropriate climate conditions for the valuable objects as
well as the building itself. A balance of these factors should be considered in order to
determine to the correct passive techniques that can be adapted within the historical structure.
In case of the retrofitting structure minimising the visual and intrusive impact is essential.
Applying passive measures in historical buildings should not mean deep, irreversible intrusion
into the building construction and change of its general view. The constraints of preserving
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architectural features and conservation needs are the main reason for the limited application of
the most effective passive strategies in existing historical buildings.
Passive solar strategies generally depend on the degree of solar exposure, and different
strategies may be required for winter and summer, for example, solar collection during winter
and protection from solar radiation during summer. According to outdoor climatic conditions,
different passive strategies, and in some cases combinations of strategies, have to be chosen to
achieve thermal comfort.
Taking into account the above factors and the available passive strategies, it is reasonable to
focus on strategies that have low impact on the building fabric and architectural feature and
still have important influence on reducing energy demand whilst maintaining comfort. The
following strategies have been selected for further evaluation:


Thermal storage and thermal buffering in general



Cross ventilation and air exchange in general



Application of advanced windows



Application of shading devices



Fencing and trellises on east and west sides of building



Construction elements such as self-vented clay tile roofs



Innovative materials for passive cooling, e.g. phase change materials (PCM)



Passive buffering of moisture

Present use and experience
Literature on techniques for passive design is largely widespread, and examples of new
buildings integrating passive strategies in their initial design are becoming relatively common.
In spite of that, existing buildings, and particularly historic buildings, have only received
secondary attention regarding this issue, mainly due to the high level of constraints on the
possible intervention scenarios. For example, aesthetic constraints limit the flexibility of
passive design concepts in the rehabilitation sector.
Many companies are studying products for passive techniques and carrying out tests and
technological demonstrations, monitoring them in order to achieve real results to verify what
the applications of these technologies can do to achieve good energy savings and improve
indoor climate conditions.
Presented below are architectural projects, which were analysed by the Eco-efficiency R&D
ACCIONA group to achieve improved energy performance. Bioclimatic passive design
strategies and integration of renewable energy sources were the main tools to obtain
reductions in energy consumption.
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Performance
The objectives and the possibilities of each project vary depending on many factors including
historical object, intervention possibilities and location (sun exposure).
In all cases the energy consumption is simulated for the original projects and the solutions
proposed. Simulations are obtained using software such as Energy+ Design Builder, Trnsys,
Fluent and in some specific cases Ecotec, Acous-Stiff, Dialux. As a result we need to obtain
the percentage Energy Consumption Reduction obtained (separately for heating and cooling)
and corresponding economical improvement, in order to provide comparable data for different
situations and building typologies.
The bioclimatic comfort chart is the representation of a comfort zone for different temperature
and humidity conditions. Each point represents a certain environment condition defined by
temperature T and humidity H. A climatic line can be laid over the same diagram representing
particular conditions for a certain month on a specific location. This line represents four
parameters, minimum daily temperature (Tmin), average daily maximum temperature
(Tmax), average minimum daily relative humidity (Hmin), and average maximum daily
relative humidity (Hmax). When represented over the diagram (Tmin, Hmax) and (Tmax,
Hmin), drawing the line we will obtain three important points: minimum (MIN) on the (Tmin,
Hmax), and maximum (MAX) defined by (Tmax, Hmin), and the average (MED). Then this
characteristic line is associated to the comfort area previously defined with their
corresponding passive actuation in any moment in the year.
The comfort range could be defined as (C), depending on the project objectives and
considering any strategy that is needed to achieve this hygrothermal situation. According to
the same general method, several conditions may be also represented on the bioclimatic chart
which indicate that the integration of the passive methods would be useful as:







ventilation comfort area (V),
high thermal inertia zone (I, IVN),
evaporative cooling zone (E),
dehumidifier zone (DH),
and, on the other hand, air conditioning zone (AC),
heating zone (H) where passive technologies can support traditional installation
systems.
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Bioclimatic comfort chart

Costs
Energy consideration should refer to the installation costs and payback times for each specific
case; some examples are given below for passive systems implemented in Spain. In general a
thorough analysis of the costs of the passive strategy should be made including materials and
installation. Incorporating passive solar designs can reduce energy bill by as much as 50-60%.

Other
The application of the passive measures in a historical building can sometimes result in
extensive and irreversible intrusion in the building fabric and change of its general view.
These architectural and conservational constraints are the main reasons that the application of
the most effective passive strategies in existing historical buildings is not widespread.
The most obvious impact of the passive strategies, which should always be considered during
design state, are as follows:


High visual impact by changing of the envelope structure,



Structural damage impact when construction changes must be made,
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Incorrect operation of the passive system may also have negative consequences.
Typical passive operation depends on the summer and winter season conditions and
should be strictly adjusted. It is recommended that an operational manual is provided.



Installation of some of the passive strategies is not reversible, and should be carefully
studied.

Results from case studies
Some examples of the application have been evaluated for Spain to determine the possible
reduction in energy consumption and the corresponding economic improvement. Analysis of
case studies on newer buildings can also provide information on the potential of applying
passive technologies in the rehabilition of older buildings. Finally results will always depend
on the specific building characteristics such as its latitude, altitude, building orientation,
architectural material and construction elements.
The objectives and the possibilities of each project vary. In some cases the objective was only
economical while in other projects the intention was to achieve an energy certification or a
certain standard, accordingly the assessment procedure may include only an analysis of
energy performance or economical improvements or both.
Economic assessments are based on Spanish prices on the time of the energy assessments
provided by suppliers/manufacturers and price data standards. These prices consider the
material cost, its transportation and construction. The economic assessment does not consider
the energy performance of the solution since the energy prices vary and it would be imprecise
to estimate real economic implications from this point of view. Time needed for construction
would be another economic factor which is difficult to determinate and was not considered.
In general, it was observed that all proposed solutions include glazing improvements which
has proved to be one of the most effective ways to reduce cooling demand during the hot
Spanish summers, and also the heating demand (up to 20% energy savings for the presented
cases). The proposed glazing has a better U-value and solar factors and is proposed for the
entire building or for specific openings or orientations depending on the project. Moreover it
can be easily adapted for use in the rehabilitation sector across the range of European climatic
conditions.
Solar protection is a fundamental strategy to prevent undesirable solar gains during the
summer (up to 40% energy savings for the presented cases in hot climate). The use of solar
masks is very useful to determinate the correct location and properties for these elements.
Solar protections must be considered with daylighting and glare to reach comfort. When these
are analysed together with lighting strategies greater energy reductions are possible.
Natural ventilation and in particular nocturnal natural ventilation, is a particular useful
strategy for passive summer cooling (up to 15-20% energy savings for the presented cases).
Several constructive solutions may be applied from window opening to automatic systems.
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Other strategies were also applied such as a new PCM material, a selective coating and
vegetation in individual projects. For some of the concepts no energy simulations were
available and a careful study of each strategy should be made.
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Renewable energy sources
Principal function
Renewable energy is generated from natural resources such as sunlight, wind, rain, tides and
geothermal heat, which are renewable or naturally replenished. This section is limited to the
generation of renewable energy in, or in the close proximity to, historic buildings. Energy
sources and conversion systems dealt with are:






Solar thermal
Solar electric (Photovoltaic)
Wind turbine (micro generation)
Bio-fuel
Heat pumps

A thermal solar panel absorbs the heat from the sun in a liquid and stores it in a reservoir for
later use as hot water or for heating. The circulating pump takes up a little electric power,
which may be supplied by a PV-panel.
A photovoltaic panel transformes the solar radiation to electric current. Likewise, the wind
turbine transforms wind to electric current.The electric power can be used directly, stored in a
battery pack or supplied to the mains. A conversion from DC to AC is needed.
Bio-fuel produces heat when burned in a stove or a boiler. The fuel is wood chips or wood
pellets, straw or other residual products from farming. The comminuted materials are fed
automatically into the combustion chamber, which helps to optimise the heat production. The
heat is released directly to the air or distributed by a central heating system.
A heat pump takes up heat from a reservoir outside the building and releases the heat inside
the building through a thermodynamic process. The reservoir can be the ground, a lake or the
air. The heat is distributed as warm air directly into the spaces or as warm water to a central
heating system. The process can be reversed, so that the building is cooled instead.

Applicability
The reasons for introducing renewable energy in historic buildings are the same as for
buildings in general, relating to sustainability in general and to environmental impact and
economic factors in particular. The main problems, or risks, associated with introducing
renewable energy systems in, or nearby, historic buildings, are:
Visual impact – Affecting the perceived values of the building
Physical impact – Affecting the fabric of the building
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Present use and experience
Bio fuels have always been used for heating historic buildings. The open fire inside the
building was always a fire hazard, and numerous devastating fires were attributed to poor
maintenance of chimneys. The fire is better controlled in boilers for wood pellets or chips, but
they need a central heating system to distribute the heat. The boiler unit can be located in a
separate building to avoid the risk of fire.
Boilers for straw bales were introduced in Denmark during the 1970s following the first oil
crisis in 1973. The straw is a residual product from industrial farming. Today straw is mainly
utilized for large boilers in district heating.
Wind mills powered water pumps or grain mills in rural areas until 1950, but were replaced
by electric or diesel driven engines. Small scale wind mills with generators for electricity have
been used for private homes. Modern wind turbines are rarely used for historic buildings.
Solar panels have been used for private homes, mainly in southern Europe. They are difficult
to adapt to the roof of a historic house, but there are a few recent examples.
Heat pumps have been used for decades to heat private houses in winter. Ground source heat
pumps are preferred for central heating with many radiators. Outside air units usually supply
only one or two indoor warm air fans. There are few examples of their use in historic
buildings.

Performance
The output of solar panels and wind turbines depend on the natural conditions. Wind turbines
perform best in windy locations, close to the sea or on a hill top. Solar panels are most
efficient in locations with many hours of sun during the year. The main challenge of wind and
solar energy is to even out the irregular output, both over the day and over the year. This is a
problem related to the nature of the energy source, and not specific to historic buildings. It is
therefore essential to combine more sources of renewable energy, or to have conventional
sources of supplementary energy.
Bio fuels can give a more reliable, constant supply. Firewood used in open fireplaces and
stoves inside the house are not very energy efficient, because much of the heat goes up the
chimney. An old fashioned wood burning stove will release 50-70% of the energy imbedded
in the wood. Modern stoves have higher efficiency up to 85%. Boilers for wood chips or
pellets are more energy efficient and less polluting, because the combustion is better
controlled. Boilers with a condensing unit perform up to 100% efficiency, because the
evaporation heat of the water vapour is retained.
Heat pumps produce 2 – 4 times more heat than the energy supplied by electric power. The
coefficient of performance (COP) depends on the temperature difference between the
reservoir and recipient. The less temperature difference, the better COP. Heat pumps are
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particularly appropriate for conservation heating in historic buildings. The efficiency and
lifetime of the heat pump is best at a constant load, so there should always be heat storage to
even out diurnal fluctuations.

Costs
An air to air heat pump cost 4000 – 20000 euro depending on the type and capacity.
Photovoltaic panels start at 2000 euro. The expected lifetime is not more than 10 years.
Boilers for bio-fuel start at 10000 euro.

Results from case studies
Solar panels have been installed at Dunster Castle, Somerset, UK and is the National Trust’s
first Grade I listed building to introduce renewable energy in this way. The 24 photovoltaic
panels will generate 5,500 kilowatt-hours (kWh) per year of electricity, and saves the
equivalent of 3,000 kg of CO2 from fossil fuels a year. The design has sensitively taken
account of aesthetics and the historical importance of the building. The panels are mounted
onto a roof frame, which ensures that the building fabric remains undamaged. The panels are
angled so that they are not visible from ground level, keeping the historical context of the
castle.
http://www.bbc.co.uk/somerset/content/image_galleries/dunster_castle_solar_panels_gallery.
shtml

Dunster Castle in Somerset, UK has photovoltaic elements mounted on the tower roof

Gisselfeld Manor house in Denmark has central heating with a boiler fuelled by straw bales.
The straw is a residual product from the estates farm land. Only a minor part of the manor
house is inhabited and heated to comfort temperature. Most of the house is a museum open to
the public on guided tours. These spaces have conservation heating to 12 °C in winter. The
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boiler is located some distance from the manor house, and serves many other buildings on the
estate through underground pipes.

The manor house on the Gisselfeld Estate has central heating served from a small district
heating system, fuelled by straw bales.

The Parish church of Garda on Gotland, Sweden, has an air to air heat pump. The church has
intermittent heating with a basic temperature of 8°C. Heating for services is by electric
radiant heaters mounted below the bench seats. The inside heating element is integrated into
the furniture and is hardly visible. The outside cooling fan is located in the cemetery close to
the building, and is not so well adapted to the site.

The Air to air pump in Garda Church, Gotland
Gibson Mill is a 200 year old cotton mill in West Yorkshire that demonstrates the potential of
combined microgeneration technology. The listed building has been transformed into a visitor
centre, café and community space, and is 100 percent self-sufficient in heat and electricity, as
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well as water and waste treatment. All of the mills energy is generated on site by two water
turbines, photovoltaic panels and biomass harvested from the surrounding woodland. The
electricity from the hydro and PV is stored in a battery bank, giving the potential to run the
property for four days in the unlikely event that all of the generators fail.
http://www.nationaltrust.org.uk/main/w-microgen_policy_practice.pdf
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Temperierung systems
Principal function
The “Temperierung” method is based on providing continuous heating to the building
envelope. Normally this is done with heating tubes or electric coils embedded in the inner side
of outer walls. The heating pipes are sealed over with plaster. If it is not possible to embed the
pipes, painted pipes can be mounted on the surface of the walls instead. The system should
heat all critical points in the construction (e.g. base of the walls, corners , beam heads) where
otherwise high relative humidity and even condensation may occur. Thereby it helps to
prevent mould or algae growth in massive buildings.

Applicability
Temperierung is used mainly for conservation, rather than comfort heating.The advantages of
the wall heating of building components lie mainly in its ability to reduce high indoor
humidity, to avoid moisture damages and helping to dry out wet building parts. It can help to
reduce draughts and dust soiling of the walls.
In the case of locally high moisture contents in materials on internal surfaces caused by rising
damp, condensation in summer or other effects it is a useful method.This technology allows
the reduction of moisture in certain problematic areas and can prevent for example microbial
growth due to drying effects. If correctly applied, the wall heating is a reasonable and
appropriate measure in many cases to preserve precious cultural heritage. In such cases, other
aspects of Temperierung, e.g. energy saving, may be of secondary importance.
Temperirerung should not be applied in cases where the installation of the pipes would
damage valuable surfaces of the building.

Present use and experience
Temperierung, i.e. wallheating, is a commercial, regularly used product. Widest application is
in southern and eastern Germany, but also Austria and some applications in other European
countries.
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Left, typical picture of rising damp in a wall, right, drying out of wall due to wall heating
(Temperierung) with heating tubes below the wall surface.

Performance
It is argued that the wall heating of building components is an energy efficient way of heating
a room. The reasons given for this fact are that due to the drying of a wall the thermal
conductivity of the material decreases, and thus heat transmission losses are clearly reduced in
comparison to a conventional heating, resulting in a considerable energy-saving effect.
However results from measurements and surveys in historic buildings are contradictory.

Calculations confirm that Temperierung is successful at drying vulnerable building
components rapidly and preventing damage caused by microbial growth or frost. But it is still
widely under discussion whether it really does represent an energy-saving way of heating.
Even if the drying of the brickwork results in a reduction of the thermal conductivity, the lack
of internal heat transmission resistance, which is of significant importance due to the typically
inadequate insulation standard of the brickwork, will generally cause higher heat flows
towards the outside. However there exist some reports where lower energy use compared to
conventional radiator heating have been confirmed.

Costs
The Temperierung system is cheaper than a full HVAC system. It only needs heating pipes
that are placed in front of the walls or under the plaster and no unaesthetic radiators. The
costs are comparable to a warm water radiator/convector heating system.
The building costs are low, because it is only used in damaged areas which require
replastering as part of the repair. The running costs are also low, because it consists only of
standard heating pipes with no additional needed maintanance compared to a usual heating
distribution system. Energy costs depend on whether the system is used for conservation
purposes or for heating.
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Other
There is a wrong translation in use ("tempering") that is misleading in regard to the normal
uses of the word "tempering". The current CEN Standard prEN 15759-1: 2011. "The
Conservation of cultural property — Indoor climate — Part 1: Guidelines for heating-hewn,
chapels and other places of worship" uses the term "Wall heating through pipes mounted in or
on the inside of the walls" and refers to the German word "Temperierung", as is done here.

Results from case studies
St. Renatus Chapel, Lustheim, Germany
The St. Renatus Chapel is situated in the park of Schleißheim Castle near Munich and showed
severe moisture damages in the second half of the 20th century. Therefore a horizontal
moisture barrier was installed in the early 1970s that was shown to be ineffective. Most of the
moisture in the Chapel came from condensation of moisture during summer. In the course of
major restoration works a “Temperierung” wall heating system was introduced in 2003. The
effect on the indoor environment was recorded and documented (Kilian 2004, Kilian 2007).
By raising the temperature level of the church, the level of relative humidity was lowered
from a mean of 70% RH to 50% RH. Also a slightly raised absolute humidity in comparison
to outdoors was recorded after installing the “Temperierung” system that meant there was an
additional source of moisture in the building. By making the windows more airtight, the short
term fluctuations of humidity could be lowered. In 2010 the building is still in a very good
state, except for salt crystallisation on some parts of the exterior walls.
Since restoration the building is used only for weddings in the summer and is heated
continually for conservation reasons during the colder seasons of the year. Heating during
summer time is recommended, but not always realized.
Two-dimensional transient calculations were carried out to assess the hygrothermal processes
with the Renatus Chapel as an example. The purpose of the investigations was to answer the
questions occurring with the wall heating systems.
Calculations and measurements confirm that the wall heating is drying out the walls and
avoids damage caused by microbial growth or frost. As calculations show it is necessary to
take into consideration that due to the increased water gradient the wall heating will cause
increased capillary flow in the walls. This does not mean that the water keeps on ascending,
since clearly increased evaporation takes place due to the locally elevated temperature.
The computation also shows that the wall heating may cause an enhanced diffusion flow to
the interior. This is most obvious in the beginning of wall heating, since a large amount of
water is released from the brickwork at this time. But even under long-term operation an
increased diffusion mass flow towards the interior can occur. This can result in an increase of
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indoor humidity. In general an enhanced removal of moisture must be cared for at least during
the first months after the start of operation.

Schönbrunn Chapel, Vienna, Austria
In the course of an EU research project called “SMooHS”, measuring devices were developed
to measure T and RH in buildings, but also humidity in walls, migration of salts in humid
walls as well as air currents with respect to soiling of walls.
In order to stop rising humidity in walls as well as migration of salt and also hygroscopic
humidity on cold walls, temporary wall heating was installed to stop these damages as well as
soiling of the wall cause by an improved, convective bench heating, which is no longer
activated in this chapel. Since all walls are covered by “polished white” (Polierweiß), which is
a very expensive way of covering walls with plaster and by a long polishing process, and
since the chapel should be refurbished next time, the aim of the EU project was to prove the
effectiveness of wall heating with a simple control system and new measuring devices.
A wall heating system was installed temporarily by inserting a thin electric heating coil just in
the joint between the floor and wall. The heating coil has an output of about 50W/m and is
controlled with a simple thermostat of a temperature of about 35 to 40°C, in order to






heat the chapel damage preventive of a temperature of about 10 to 15°C in winter
avoid cold outer walls
avoid dust pollution on the walls
avoid rising humidity
avoid condensation on cold outer walls.

Salsta Castle, Sweden
The two pavilions of the Salsta Palace are built on a foundation of granite stones. The walls
are of brick, about 0.8 m thick for the ground floor and about 0.55 m for the upper floor.
Framing is of wood joists. The attic is ventilated with outdoor air and the weather proofing is
of sheet metal. The buildings are almost identical except for the windows, which are slightly
different. SFV (Statens FastighedsVerk) tested a Temperierung system in comparison to a
conventional heating system with two pipes, pump circulation, convection heaters and
thermostat valves.

The Temperierung system in Salsta Palace has two 18 x 1 mm copper pipes embedded in the
inner layer of the outer wall, 100 mm above the flooring in both the ground and upper floor.
The pipes are placed only 20 mm deep in the wall and low temperature water (50–30°C) is
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circulated with a pump. The idea is that only the wall itself will be heated by the pipes and
then will act as a radiant heater for the room.
The conclusion was that the Temperierung system was functioning as well as the conventional
heating system. The Temperierung system had an energy use of 20% less than the
conventional heating system. The moisture content expressed as RH in the brick wall in the
Temperierung system building (East pavilion) decreased from 70 to 50% during the first
spring the system was in operation. The heat loss from the embedded pipes in the East
pavilion of Salsta Palace corresponds well with calculated values.

Brezice Castle, Slovenia
A wall Temperierung system was installed into a round room – the auditorium in the southeast tower (tower 1) in order to analyse expected benefits, possible side effects and to provide
some basic design guidelines. This pilot case study enabled a comparison to other reference
towers, where a wall heating system has not been installed  Sijanec Zavrl, Zarnic 2000.
The diameter of the round room is 8 m, the height is 3.7 m, and the wall thickness is from
1.8 m up to 2.5 m, made of mixed stone and brick. The tower room is located in the first floor
above the unheated cellar and below the unheated exhibition rooms on the second floor. The
floor and the ceiling of the round room are made of wooden structure containing pebble bed.
There are three windows (1.2 m x 1.7 m) with double-glazing.
To determine the most appropriate heating pipes position in the wall the temperature
distribution was simulated. The simulation was based on the two dimensional heat transfer in
solid materials taking into consideration convective heat transfer in the boundary layers. The
boundary conditions were defined according to the winter temperature conditions: outside air
temperature -5 oC, cellar 0 oC, target indoor air temperature 15 oC. The temperature of the
heating medium in the pipe was 60 oC, following the heating curves for the already installed
heating system for the offices in the castle.
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Plan of the Brezice castle, the wall heated room in southwest tower (1), unheated exhibition
room in northeast tower 2. Installation of wall heating system (left)

Simulation of wall heating in the lower part of the wall the auditorium in Brezica castle

The surface temperatures in the lower part of the surrounding walls were compared for
various possible boundary conditions and pipes position. The selected position of the pipes is
a trade-off between the extent of works and surface temperature distribution; it resulted in the
highest possible surface temperature rise in the area up to 1.8 m of wall height (adult person)
and wall surface temperature as uniform as possible due to the simple wall temperierung
installation.
In the test room – the auditorium in the tower 1 of Brezice castle the wall Temperierung
system was installed. Copper tubes were installed into surrounding walls at a specific height
or following a specific path according to the openings or other barriers and are covered with
mortar. Copper plastic covered pipes with diameter 18 mm were used in two loops of length
35 m each. The inlet pipe is on the lower, corner position, and the outlet pipe is at a height of
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80 cm above the floor. The pipes were embedded just below the wall surface and covered
with wooden board only for aesthetic reasons. Heat flux from the pipe is 50 W/m and the
temperature of the heating medium 60oC. Microclimatic parameters were monitored  Sijanec
Zavrl, Zarnic 2001 to validate the wall Temperierung impact.

Parish church St. Martin in Teharje and parish church St. Tilen in
Mokronog, Slovenia
Temperierung systems were installed in two churches in Teharje and Mokronog during 1999,
in order to demonstrate wall Temperierung as a good approach to microclimate control in subalpine Slovenian climate  Malovrh et al. 2000. Parish church St. Martin in Teharje (built in
1906/07) is 46 m long and 16 m wide. The heated volume of the church is 7700 m3. The walls
inside are painted with ornaments and frescos. The parish church St. Tilen in Mokronog
(19thcentury) originates from the years 1349 to 1364 and the existing building was constructed
in 1824. The interior walls are not painted and the church was renovated in 1999. The plaster
was removed up to the height of 3 m so that the heat pipe installation was not causing any
additional damage. The church is 27 m long and 13 m wide, with a heated volume of 3510 m3.
Both churches were wall tempered with three layers of pipes. Besides the basic heating of the
church, with an indoor air temperature in the church above + 8oC at outdoor temperature
15oC, the goal was also to reduce the capillary rise and humidity of the wall. The indoor air
measurements showed stable indoor temperature at around 10 oC. The relative air humidity in
the cavity in the wall at a height of approx. 50 cm was reduced from 88 to 82 % (100% at the
ground level) after the first heating season of wall Temperierung operation. The energy
consumption for Teharje church was reported 72 MWh (7.200 l of EL oil) between Oct. 18,
1999 and March 3, 2000), in the period between Sept. 9, 1999 and March 3, 2000 8270 l of
gas was used (equivalent to 60.400 kWh assuming 7.2 kWh/l of gas).
The wall Temperierung system in churches was proven to be a successful technology for
microclimate control in massive buildings, especially in the case of lower thermal
requirements. Warmer walls, reduction of relative humidity and stable indoor climate
conditions are the most important achievements. In addition, low temperature radiation
surfaces achieved by wall heating contribute to energy and cost savings in occasionally
occupied spaces of heritage buildings.
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Parish church St. Martin in Teharje, wall Temperierung in operation 1999/2000.
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Conclusion
Each historic building in a given environment will require an individual solution. However in
order to reach the objectives of the project Climate for Culture, we must come to general
conclusions aiming to cover most, but not all, historic buildings.
The result of the present evaluation is summarized in the table below to be used as input for
WP 6 and WP 8.

Climate control
strategy
Conservation
Heating
Controlled
ventilation
Mechanical
dehumidification
Equal-sorption
humidity control
Local
radiative
heating

Applicability Experience

Performance Cost

Medium

Much

Good

High

Medium

Little

Medium

Low

Medium

Medium

Good

Medium

Easy

Little

Medium

Medium

Medium

Much

Medium

Medium

Much

Medium

Low

Medium

Good

Medium

Much

Medium

High

Passive
micro
Easy
climate control
Renewable
Medium
energy sources
Temperierung
Invasive
systems
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Introduction
Active microclimate control in interiors of historical buildings is one of the most efficient
mitigation measures for keeping indoor air conditions safe for the building itself and the
historical artefacts exhibited or stored in its interiors. On the other hand, if the active control
options, most often heaters, coolers, humidifiers and dehumidifiers are not adjusted or
operated properly, they can bring about a certain level of risk to the microclimate as well.
Furthermore , the operation of air handling devices as such may become too costly. In this
report, we concentrate on developing low-cost and energy efficient microclimate control
methods. As the relative humidity (RH) is the most critical parameter regarding the active
microclimate preservation (EN15757), we focus on developing the control algorithms for
controlling relative humidity. As for the control units, we consider the use of (portable)
dehumidifiers (and humidifiers if needed). Regarding temperature, we consider either no or
just moderate control keeping the temperature above 5 or 10 ºC set-points.
In the first chapter, we propose an algorithm for RH control, Quasi-equal sorption humidity
control (QESC), which extends the original microclimate control method proposed in Zítek
and Vyhlídal, (2009) with the aim to keep constant equilibrium moisture content in the
hygroscopic material such as wood, paper, plaster, etc. The second chapter proposes a
platform for generating safe microclimate taking into consideration various damage functions.
As an example, RH set-point generation based on Lowest Isopleth for Mould is presented.
The third chapter presents an original microclimate control method based on the specification
of safe microclimate according to the European Standard EN1575. Following the theoretical
design of the control algorithms, we perform simulation based tests using a model of one of
the project’s Case studies implemented in the software Matlab-Hambase.
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Quasi‐equal sorption humidity control
Contributed by: Tomas Vyhlidal, Pavel Zitek CTU in Prague
Equilibrium moisture content – its dependence on interior air properties
The air humidity and temperature in exhibition interior are considered as the primary and the
most important attributes of the microclimate (Cassar, 1993). Particularly in remote sites with
artefacts, where neither heating nor an air handling device is in operation, the humidity impact
represents the most dangerous exposure from the preservation point of view. The impact of
moisture sorption is critical for most of the materials that artistic works are made of, e.g. for
wood, paper, parchment, leather, ivory, bone, paintings, plaster, stucco or stones containing
abundant clay minerals etc. The steady state amount of water absorbed in them, corresponding
to the surrounding air humidity and temperature, equilibrium moisture content (EMC), is
usually expressed as the ratio of the mass of water per unit mass of dry material. Following
changes in ambient temperature or humidity, the absorbed moisture content changes
accordingly (Massari, 1993, Jakiela, et al., 2008) but its change is a very long-run process.
Considering, for example, wooden objects; an increase in EMC may be followed by swelling
of the material and, conversely, a decrease may result in contraction. Due to the non-isotropic
character of these dimensional changes, harmful deformations or destructive cracks appear as
the result. The material expansions resulting from increasing EMC are relatively high and it is
important to note that this expansion is generally greater than the thermal expansion of the dry
wood.
However, the expansion phenomenon is more complex. For example, a rise of temperature
induces primarily a thermal expansion but consequently a drop in relative humidity and
therefore sufficient decrease in the EMC to produce material contraction and vice-versa
(Camuffo, 1998). In this way the thermal expansion and EMC contraction are of opposite
character and the shrinkage is partially mitigated by the expansion. However, the dimensional
change due to relative humidity is largely dominant, since the temperature expansion itself is
more than ten times lower than expansion caused by relative humidity (Kowalski, 2003).
For each of the considered materials the equilibrium moisture content reaches a level
appropriate to the ambient air humidity and temperature. Although the EMC levels are
different for various materials, the following properties are common for all of them


the EMC always increases with growing  and decreases with growing T,



the EMC value is much more sensitive to the air humidity change than to varying
temperature.

Several relationships for EMC, u, as a function of air temperature, T, and relative humidity,  ,
u  ( ,T ) have been fitted for various areas of application. Usually these relationships are
plotted as sorption isotherms using the coordinates  and u, with temperature considered as a
parameter. In particular the mathematical models by Day and Nelson and Simpson (Ball et al.,
2001) were found to provide a good fit to the experimental data for professionally evaluating
the EMC. But for the microclimate control idea proposed by Zítek, at al. (2007, 2009) and
outlined below, these models are less suitable because their derivatives result in fairly
complicated forms. For the purposes of the moisture sorption stabilization method, the
logarithmic Henderson model was chosen as the most suitable available model for the equalsorption compensation, namely its three-parameter version (Avramidis, 1989)
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where  [%] is the relative air humidity, T [ C] is the temperature of air and u[%] is EMC
expressing the percentage of moisture mass content with respect to the mass of the dry
material. The parameters of the model are specific for each material: the additive temperature

parameter B, is in [ C] , C is a positive dimensionless exponent less than one, the sensitivity


1

coefficient A is in [ C ] . Apparently the model is not applicable for humidity approaching
the state of saturation, i.e. for   100% , where the logarithm in Equation (1) is not defined.
The function  (.) can be used to derive an equal–sorption condition, however, attributed to a
specific material.

Equal‐sorption humidity control (ESC)
Based on the results presented in Zítek and Vyhlídal (2009), the basic idea of equal-sorption
humidity control method can be summarised as follows. Consider a hygroscopic material has
been located in a room under the nominal conditions 1 ,T1 . If the conditions change to  2 ,T2 ,
based on (1), the moisture content will remain constant if and only if the following equality
holds
C
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which can be simplified to
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(3)

Based on the equality Equation (3), the humidity control required to stabilize the moisture
content in exhibits designed by Zítek and Vyhlídal (2009) is derived by reference tracking,
where the moderately variable desired humidity value  D is calculated from the temperature
and humidity measurements by means of the Henderson model, Equation (1), as
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where  0 ,T0 is a selected reference air state satisfying the preventive conservation
regulations, T is the actual (measured) interior temperature and  D is the desired relative
humidity. More detailed analysis, sensitivity aspects and the results from pilot application
project can be found in Zítek and Vyhlídal (2009); see also Zítek, Vyhlídal, et.al. (2011).

Revision of Equal‐sorption humidity control – Qusi‐equal sorption humidity
control (QESC)
One of the main tasks of preventive conservation is to prevent the moisture sensitive materials
the artworks are made of from anisotropic swelling or shrinking caused by the changes of the
absorbed moisture content. As shown above, in order to meet this demand there is no need to
maintain constant air temperature and humidity since even their slow and smooth changes
satisfying Equation (3) leave the level of moisture sorption also unchanged. If the
environment is maintained in quasi-steady state the cause of deterioration due to the moisture
impact is eliminated and the well-being of the preserved exhibits can be provided despite the
slow and smooth changes in temperature. The problem of guaranteeing such conditions does
not lie in the technological feasibility to provide air humidity adjustments satisfying Equation
(4) but rather in maintaining the quasi-steady state in the environment (Zítek, Vyhlídal, et.al.,
2011). Since the process of any moisture sorption change is extremely slow, the admissible
temperature variations should be small and change slowly.
In order to determine the allowable variations of the moisture content, the relation between
the moisture content and the material strain can be utilized. As it has been shown in Jakiela, et
al. (2008), Bratasz (2010), and Camuffo (1998), the generally nonlinear dependence between
the EMC and the strain in wooden material can be approximated, within limited ranges of
these quantities, by the linear equation
d  u ,

(5)

where  d and u are the changes of the strain and EMC from the given equilibrium point
and  is the dimensional change coefficient. Taking into consideration that the generally
reported yield point for wood is close to d y  0.4% (Mecklenburg, et al., 1998), see also
discussion in Bratasz (2010), it is possible to use Equation (5) to determine the maximum
changes in moisture content that do not result in irreversible responses in the wooden
structures.
As reported in literature, for EMC values u [0,15]% , the dimensional change coefficient are
  [0.13, 0.28] for lime wood (Jakiela, et al. 2008),   [0.13, 0.23] for pine wood and
  [0.17, 0.32] for oak wood (Camuffo, 1998). The first value in the coefficient range is for
the radial and the second value is for tangential direction. Taking into account the maximum
strain for wood at its yield point d y  0.4% and the maximum value of the dimensional
change coefficients reported above max  0.32 , the safe change in the moisture content is
58

uR 

d y

 max

 1.25%

(6)

If the moisture content in wood stays within the range [u0  uR , u0  uR ] , where u0 is the
nominal value of the moisture content given by  0 ,T0 , only elastic, i.e. recoverable
deformation should take place. Taking into consideration the following function
1

 u C
  (T , u)  100 (1  exp( A(T  B)
 )) ,
 100 

(7)

directly resulting from Equation (1), the region [u0  uR , u0  uR ] can be transformed into
the allowable range of relative humidity:

 D  [(T , u0  u R ), (T , u0  u R )] 
1
1

u  u R C
u  u R C  .
 1001  [exp(  A(T  B)( 0
) ), exp(  A(T  B)( 0
) )]


100
100



(8)

Implementation of QESC
As derived above, the control objective is to keep the relative humidity within the ranges
described above. In order to achieve this objective, most likely, both a humidifier and
dehumidifier are needed. Considering both these options are controlled using on/off control,
the overall control scheme is shown in Fig. 1. As can be seen, based on the actually measured
temperature T, the upper  Set , H and the lower  Set , L limits on relative humidity are
computed using Equation (8) (considering uH  u0  uR and uL  u0  uR ).

Fig. 1 Control scheme for Quasi-equal sorption humidity control considering availability of
both humidifier and dehumidifier
Notice that the set-point values are decreased (in case of determining  Set , H ) and increased
(in case of determining  Set , L ) by the hysteresis h of the relay (as a rule h  [1,5] %RH ). Let
us remark that for simplicity, we consider the hysteresis to be the same for humidifier and
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dehumidifier. The control errors – the relay inputs are determined as follows eH   Set , H  
and eL   Set , L   .

Simulation example
In order to demonstrate the functionality of the control method, it has been tested by
simulations on the Matlab-Hambase (Schijndel, 2007) model of Protestant Church in
Bergeijk, described in Appendix I. Applying the model Equation (1) to the microclimate data
,T shown in the Fig. A3 (or Fig. 2 of this chapter) and Fig. A3 in the Appendix I, and
considering the material characteristics A=0.431, B=68.88, and C=0.605 (of aged pine wood,
see Zítek and Vyhlídal, 2009), we obtain the EMC year cycle shown in Fig. 3 (blue line) with
the yearly average value 13 .1% .
Implementing the control scheme in Fig. 1 to the model and running the simulation with u0
equal to the yearly average 13 .1% and considering allowable limits on EMC fluctuations
u R  1.25 % and hysteresis h  2% , we obtain results shown in Figs. 2-4. As can be seen
in Fig. 2, the desired EMC limits result in RH set-point band of 12% width, the centre line of
which moves from the minimum 66% in the winter months to the maximum 74% in July. As
can be seen in Fig. 4, the estimated overall power consumption is close to 800 kWh. As can
also be seen, humidification has been used more extensively than dehumidification, which
may bring some microclimate risks if the humidified air is not properly mixed with the indoor
air in the church. In this case, especially in the winter season, the humidity can condense on
the cold walls, particularly close to the thermal bridges. In order to minimize this risk, the
need for humidification should be minimized. This can be done naturally by decreasing the
desired moisture content u0 in Equation (8). However, the decrease cannot be substantial as it
may result in considerable drying of the material with respect to the historical equilibrium
yearly point. In order to keep the deformations associated with the drying process within the
elastic deformation band, the decrease of u0 should not exceed the limit u0 1.25% derived
above, see (6).
Thus, in order to reduce needs for humidification, we consider reduction of EMC point to
u0  11.85% . The results for this setting are shown in Figs. 5-7. In Fig. 5 we can see that the
centre point of the RH set-point band has been reduced to the minimum close to 60.5% in
winter and to the maximum 68.5% in summer. Fig. 7 shows that the goal has been fulfilled, as
the need for humidification has considerably been decreased. Besides, the power consumption
is slightly lower compared to the previous case.
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Fig. 2 Indoor relative humidity controlled according to QESC method given by (8) with
u0  13.1% and u R  1.25 % (both humidification and dehumidification is considered)
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Fig. 3 EMC according to (1) corresponding to relative humidity in Fig. 2 and temperature in
Fig. A2.
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Fig. 4 Modelled (ideal) power consumption corresponding to humidity control in Fig. 2
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Fig. 5 Indoor relative humidity controlled according to QESC method given by (8) with
u0  11.85% and u R  1.25 % (both humidification and dehumidification is considered)
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Fig. 6 EMC according to (1) corresponding to relative humidity in Fig. 5 and temperature in
Fig. A2.
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Fig. 7 Modelled (ideal) power consumption corresponding to humidity control in Fig. 5
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12

Fig. 8 Control scheme for quasi-equal sorption humidity control considering availability of
dehumidifier only
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Fig. 9 Indoor relative humidity controlled according to QESC method given by (8) with
u0  11.85% and u R  1.25 % (only dehumidification is considered)
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Fig. 10 EMC according to (1) corresponding to relative humidity in Fig. 9 and temperature in
Fig. A2.
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Fig. 11 Modelled (ideal) power consumption corresponding to humidity control in Fig. 9
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Fig. 12 Empirical cumulative distribution function of EMC computed according to (1).
As the availability of both humidifiers and dehumidifiers for adjusting RH level in historical
buildings is relatively rare, let us consider that only a dehumidifier is used. The control
scheme for this microclimate control set-up is given in Fig. 8 (obviously, it is an upper half of
the scheme in Fig. 1.) and the control results are in Figs. 9-11. Obviously, the desired RH setpoint band is identical as in the previous case shown in Fig. 5. As can be seen, RH follows
natural fluctuations of the microclimate below the lower set-point limit, which can cause
some risks for wooden materials according to the theoretical results derived above. However,
as can be seen from cumulative distribution of RH data readings in Fig. 12 processed
empirically according to Kaplan and Meier (1958), the percentage of occurrence of RH data
below the given lower set-point limit is to slightly above 20%. Thus, taking into consideration
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all the hourly RH data readings taken during the whole year, only 20% of them are likely to
lie below the lower set-point limit. Furthermore , power consumption has been considerably
reduced, as shown in Fig. 9. Balancing all pros and cons, this control set-up seems to be the
best choice for practical implementation in most cases.

Conclusions and next steps
The equal-sorption humidity control method designed by Zítek and Vyhlídal (2009) has been
extended towards allowing certain fluctuations of moisture content in the (wooden) material
layers. The fluctuations are limited by the elasticity of material with respect to the moisture
induced dimensional changes. Using the Henderson model, the RH set-point boundaries are
determined for measured temperature. In a simulation example, the proposed control method
is tested for some specific wooden material constants A, B, C of the Henderson model.
In the next stage of the research, the method will be adapted in order to define safe RH setpoint boundaries for several different wooden or other organic materials. Next, the
uncertainties and variations in the parameters will be included in the analysis as well. In this
aspect, a close collaboration with Work Package 4 – Damage assessment will take place. The
main objective is to collect and analyse sorption characteristics and models available in
literature. Next, if necessary, laboratory sorption isotherms assessment will be carried out.
As only the static model of equilibrium moisture content has been considered so far, the
derived constraints on relative humidity might be too conservative. If the dynamics of the
sorption phenomena in the material layers is taken into consideration, better and most likely
less conservative restriction on relative humidity might be obtain. This aspect will also be
considered in the future stages of the research.
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Inverse damage function based RH and
T set‐point assessment
Contributed by: Tor Brostrom, Magnus Wesberg (HGo), Tomas
Vyhlidal (CTU in Prague)
The contribution presented below is related to the following task of the project which has
been completed in Work Package 4 - Damage assessment:
Task 4.5 Specification and classification of new damage functions with respect to the broad
variety of the materials cultural heritage objects comprise, the complexity of structures which
are formed and the various climate exposures throughout Europe.

In this chapter, we provide preliminary theoretical analysis how to deal with the damage
function when assessing the safe microclimate control conditions.

Control objective
As the main objective we consider to utilize damage functions defined for assessing the risk
of microclimate conditions for various materials of cultural heritage objects for control
purposes. The damage function can be in a form of a formula, graph, table, etc. Based on the
measured relative humidity  [%] , temperature T [C ] and possibly other microclimate
variables, the objective is to generate the set-points for these variables so that the conditions
are kept in a safe region according to the given damage function.
For example, consider a damage function

D(T , )  f (T , )

(1)

depending on temperature T and relative humidity  . In order to avoid a risky microclimate
conditions, the damage function should satisfy the following constraint

D(T , )  Q(T , ) ,

(2)

where Q(T , ) defines the safe microclimate region in T   coordinates. If only one variable
from the set T ,  is to be controlled, i.e. temperature T by heater/cooler or relative humidity
 by (de)humidifier, we should try to define the constraint on the set-point value from (2) as
an explicit expression f e () depending on the second variable only, i.e.

or

 set  f (T )

(3)

Tset  f T ( ) .

(4)

If both temperature and relative humidity can be adjusted by heater/cooler and (de)humidifier
simultaneously, the set-points on the relative humidity and temperature lying in the region
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satisfying Equation (2) can be subject to a complementary objective function, for example
energy consumption. This possibility will be considered in the next stage of the research.
Currently, in the application example below, we consider that only relative humidity can be
actively controlled by a dehumidifier.

Mould growth climate control using isoplethes
To assess risk of mould growth in a building, Krus et al. (2007) have developed a predictive
model. This model describes the hygrothermal behaviour of mould spores allowing for the
prediction of mould growth based on surface temperatures and RH. The growth conditions for
mould are nutrients, temperature and humidity. They must exist simultaneously for a certain
period of time. The growth conditions are described in so-called isopleth diagrams. These
diagrams describe the germination times or growth rates. The resulting lowest boundary lines
of possible fungus activity are called LIM (Lowest Isopleth for Mould). An example of most
typical LIM is shown in Fig. 1.
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Fig. 1 Risk zone according to Lowest Isopleth for Mould [1].

All the [ T ,  ] combinations in Fig. 1 lying below the LIM boundary red line, which can be
approximated by the following exponential function

 (T )  f (T )  70 + 20 exp(-0.1241T ) ,

(5)

determine the safe conditions against the mould growth. As an obvious mitigation measure
against mould growth is dehumidification; let us consider that the relative humidity is to be
controlled taking into consideration the objective to stay with the microclimate conditions in
the safe region of Fig. 1. Considering Equation (4), this goal can be achieved by adjusting the
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set-point value of the dehumidifier  set based on the current (measured) temperature Tm as
follows

 set (Tm )  f (Tm )  70 + 20 exp(-0.1241Tm ) - b ,

(6)

where b is a bias, b  0 that should guarantee that we stay safely below the line given in
Fig. 1. The overall control scheme implementing the given control objective is in Fig. 2. As
can be seen, the dehumidifier is controlled by a relay (on/off control) based on the current
value of control error
e   set (Tm )   m ,

(6)

where  set (Tm ) is given by Equation (6) and  m is actual value of the measured relative
humidity. In assessing the parameter b one needs to consider the hysteresis of the relay h
(usually 1-5% RH), such that b  h . Notice that temperature measurement readings are filtered

by a low pass-filter (e.g. Butterworth 2nd order filter with cut-off frequency c 0.2, 1h1 )
with the objective to decrease the effect of projecting the short time fluctuations of
temperature to the generated RH set-point value.

Fig. 2 Control scheme to keep the microclimate in a safe region against mould growth using
dehumidification

Simulation example
The designed microclimate control method is demonstrated by simulation tests with the model
of the Protestant Church in Bergeijk described in Appendix I. In Fig. 1, simulated hourly [
T ,  ] indoor data points of one year are shown in the subject to the given mould growth
damage function. As can be seen, a large number of data points lie above the boundary line.
Thus, according to the model and given climate conditions, the risk of mould growth in the
church is relatively high. Implementing the control algorithm described above with hysteresis
h  2 % and bias b  2 % into the model of the church, the microclimate simulation data
shown in Fig. 3 are obtained. In Figure 4, the estimated power consumption by
dehumidification is shown. As can be seen in Fig. 5, almost all the data points are now
located below the boundary of the risky region. Thus, implementing the humidity control
specified above, the microclimate is protected against mould growth.
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Fig. 3 Results of RH control according to scheme in Fig. 2 with h  2% b  2 %

Power consumption [kWh]

350
300
250
200
150
100
50
0

0

1

2

3

4

5

6
7
Time [Months]

8

9

10

Fig. 4 Estimated energy consumption for dehumidification

Conclusions and further directions
A concept for using damage functions for determining the safe set-points for the microclimate
control has been introduced. As an application example, damage function in a form of Lowest
Isopleth for Mould was considered. The next stage of research will be performed in close
collaboration with WP4, where new damage functions are to be proposed in the framework of
deliverable D 4.2 - Report on the set up of a range of new damage functions in relation to
climate change scenarios and microclimatic responses due in month 48.
Next, available damage functions in the literature will be considered, e.g. with respect to
fungal growth or salt crystallization. In this research direction, the Simulation tools WUFI+
and Matlab-Hambase will extensively be used. Next, laboratory and Case study tests will be
performed as well.
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Fig. 5 Simulated hourly [ T ,  ] data points of one year time period in the subject to mould
growth damage function under the humidity control according to Fig. 3
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RH moving set‐point according to
natural climate fluctuations ‐ Natural
climate fluctuations control (NCfC)
Contributed by: Tomas Vyhlidal, Pavel Zitek (CTU in Prague), Dario
Camuffo (CNR‐ISAC)
List of symbols

T


Y
 min , max

30


temperature [ C ]
relative humidity (RH) [%]
yearly average of RH
yearly minima and maxima of RH
30 day simple moving average value applied to RH [%]
RH difference from 30 [%]

7

7th percentile of cumulative distribution function of 

93

93rd percentile of cumulative distribution function of 
hysteresis [%]

h
BL , BH

control bias [%]

DL , DH

feedback parameter [%]

p10

percentage of yearly  data in [-10, 10]%RH region
power consumption [kWh]

Q

In this chapter, we describe a completely original microclimate control method, which has
been proposed based on microclimate specifications defined in the EUROPEAN
STANDARD EN 15757 (2010). More specifically, algorithms for controlling relative
humidity are proposed taking into consideration characteristics of both the historical and
actual natural climate oscillations. Thus, the set-point RH values for the dehumidifiers (and
humidifiers if they are available) are not constant as is usual, but they are automatically
adapted to meet the control requirements. In this way, considerable energy savings can be
achieved.

Control objective according to EN 15757
According to the Standard EN 15757 (2010), see also (Bratazs, et al. 2007, Bratazs 2010), the
target range of relative humidity is determined based on the fluctuation from the 30 day
central moving average given by

72

 30 ( k ) 

N
1
  (k  j )
2 N  1 j  N

(1)

where  ( j ), j   N ,...,  1, 0,1,..., N are the measured values of RH centred at the current time
sample k  floor(t / t ) , where t  1 [hour] is a time sampling period, and
 360 
N  round 

 t  .

(2)

Consequently, the acceptable range of relative humidity is determined as

30 (k )  L   (k )  30 (k )  H ,

(3)

where  L and  H are the limits of maximum allowable relative humidity fluctuations

from 30 (k ) given as the 7th and 93rd percentiles of the fluctuations recorded in the
monitoring period, which is at least one year. If the relative humidity records are not
available,  L and  H are to be considered as 10% RH.

Critical remark on filtering issues, simple 30 day moving average
In the EN 15757 standard, the 30 day central moving average is used to filter the data and to
set up the central line for determining the natural RH fluctuation. However, due to causality
reasons, it is not possible to use this type of filter directly for the real time control purposes.
Once the data need to be filtered in real time, the calculation according to Equation (1) cannot
be performed as the future data are not known. Instead, a natural possibility is to use 30 day
simple moving average (30dSMA), which uses only past data values as follows

 30 ( k ) 

1 2N
  (k  j ) .
2 N j 0

(4)

Moreover, since only the previous microclimate conditions may influence the distribution of
moisture in the material layers, using a simple 30 day average Equation (4) instead of central
average Equation (1) is more appropriate in any case. We recommend this aspect to be taken
into consideration in the future updates of the standard EN 15757.
For implementation purposes, the filter Equation (4) can be transformed into the following
incremental form

 30 (k )   30 (k  1) 

1
 (k )   (k  2 N )
2N

(5)

Considering the data are sampled with one hour interval, the formula is given as follows

 30 (k )   30 (k  1) 

1
 (k )   (k  720)  .
720
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(6)

Low pass filter alternative
If the filter is to be implemented on a low-cost programmable device, the implementation
requires memory buffer of 2N (30 day) past values. Naturally, this buffer needs to be
initialised by existing or estimated past data whenever the control method with the filter is to
be set into operation. As we need relatively large number of data values for that (e.g. 720 if
the sampling interval is one hour), this aspect can cause some practical difficulties.
Much better features in this aspect can be achieved, if a filter with infinite impulse response is
used. Based on the preliminary analysis, the Butterworth filter of the following structure

B (k )  a1 B (k  1)  a2B (k  2)  b2 (k )  b1 (k  1)  b0 (k  2) ,

(7)

where  B is the filter output and a1, a2 , b2 , b1, b0 are parameters of the filter, can serve well
for the given filtering purposes. As can be seen from Equation (7) only five data values are
needed for initialization.
The comparison of frequency characteristics of 30dSMA filter Equation (4) and the
Butterworth filter Equation (7) with the cut-off frequency   1.3e  3 h -1 is shown. As can
be seen, the second order Butterworth filter approximates the 30dSMA fairly well, especially
at the low frequency range (up the cut off frequency), which is the most important frequency
range for the given filtering task.
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Fig.1 Frequency responses of the 30 day simple moving average and 2nd order Butterworth
filter
In Fig. 1, the characteristics of the central moving average are also shown. As can be seen, the
30dSMA and 30dCMA have identical amplitude responses. However, the symmetrical
30dCMA filter has zero phase shift, which is not the case for the 30dSMA filter, where the
phase shift has constantly decreasing characteristics by the factor  N . If projected to the
time domain, see Fig. 4, the only difference is that the results of the 30dSMA is shifted
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backward compared to the results of 30dCMA. As a direct consequence of this shifting, using
30dSMA instead of 30dCMA will result in slightly higher levels of fluctuations.

Control algorithm design
The normative EN 15757 determines the allowable ranges of relative humidity with respect to
the central value of RH which is moving in time. The objective is to cut off all the changes
which are above or below these values. In order to perform this task, we consider that both the
humidifiers and dehumidifiers are available to perform the control task. As a rule, the
commercial (de)humidifiers use relay based (on/off) control with respect to a fixed RH setpoint value  SET , considering a certain hysteresis, usually from 1 to 5% RH. In the case of
implementing the RH control according to the given norm EN 15757, the RH set-point value
cannot be constant, but it needs to be adjusted with respect to the moving average or filtered
measurements. Consider  is the filtered value of measured relative humidity  , the setpoints for dehumidifier  H ,SET and humidifier  L,SET can be considered as follows

 H ,SET (k )   (k )  BH ,
 L,SET (k )   ( k )  BL ,

(8)
(9)

where BH , BL determine the desired allowable fluctuations of relative humidity from  . In
determining BH , BL , the value of hysteresis needs to be taken into consideration, as will be
demonstrated in the example below. In an ideal case, BH  BL , which precludes equal use of
humidification and dehumidification. However, this can be undesirable due to rather extensive
needs for humidification. This can be relatively risky for the historical objects, due to risk of
condensation, especially at thermal bridges. The use of a dehumidifier can be decreased by
introducing asymmetry between BH , BL , specifically by selecting BH  BL . Obviously the
sum of BH , BL should remain unchanged. However, once the asymmetry is introduced,
obviously, the whole range of relative humidity as well as its yearly average is shifted down,
which can be undesirable as well. In order to compensate this negative aspect, the active
feedback is introduced as follows. Consider BH  BL , if dehumidification is active over a
certain time period, the measured value entering the filter is artificially increased by a certain
increment D H . This will result in faster growth of the moving average value, and if tuned
well, it may result in compensation of undesirable RH decrease addressed above. In fact, this
active feedback may have positive aspect on control even if BH  BL . When the control is
active over a certain time period, the natural increase (in case of dehumidification) or decrease
(in case of humidification) of  is slowed down as the deflections of RH from  are kept
within a limit [0, BH ], ( [ BH ,0]) . When this aspect is partially compensated for by the active
feedback, i.e. the growth rate is increased/decreased, considerable energy savings can be
achieved. Due to this reason, the feedback is used also when humidification takes place. The
role of the described feedbacks and overall functionality will be demonstrated in detail in the
simulation example below.
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Fig. 2 Control algorithm for implementation with both dehumidifier and humidifier
The scheme of the overall control algorithm is shown in Fig. 2. As can be seen, the
feedbacks are implemented using S-R Flip-Flop circuits. Consider  I   and neither
humidification nor humidification is active. The feedback is activated, i.e. the output of FlipFlop circuit is set to 1 and the input to the filter  I is increased (decreased) by D H ( D L ), if
the dehumidifier (humidifier) is switched on by the particular relay (thus,  I    D H
( I    D L )) whenever the dehumidifier (humidifier) is switched on). The output of the
Flip-Flop circuit is set to 0 whenever    , (   ) , which causes the return of value  I
back to  .
If only a dehumidifier is available to control relative humidity, which is the more likely
solution in practice, the control algorithm derived above can be applied as well. The
simplified control scheme is shown in Fig. 3. Naturally, the control objective cannot be so
well achieved as in the previous case as we cannot directly compensate humidity
fluctuations below the moving average. However, as will be demonstrated in the following
simulation example, if the parameters D and B are well tuned, the overall humidity
fluctuations can be considerably reduced.
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Fig. 3 Control algorithm for implementation with dehumidifier

Simulations example
The designed microclimate control method is demonstrated on the model of the Protestant
Church in Bergeijk described in Appendix I. Applying the 30 day simple moving average
filter in the form of (4) on the available one year RH hourly data readings (N=360) , we
obtain the results shown in Fig. 4 and Fig. 5. Let us remark that as only one year of data is
available in this case, the filter initial conditions (i.e. monthly RH data) are set to k  65% ,
k   1,...  2 N . Before we analyse the data with respect to moving average, let us remark
that the yearly average of RH data shown in Fig. 4 is  Y  68 .2% and the readings of
relative humidity stay within the RH range  [33.6, 97.1] %. As regards the evaluated
30dSMA, its yearly average is Y , MA  68.4% and it stays within the region

 [54.3, 83.0] %. Let us remark that the overall fluctuations with respect to simple moving
average are within the range  [31, 28] .
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Fig. 4 Simple and central 30 day moving averages applied to the RH data
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Fig. 5 Empirical cumulative distribution function of fluctuations from the moving average for
one year monitoring period for the cases N, d1..d3 in Table 1
In Fig. 5 the empirical estimate of the cumulative distribution function (Kaplan, Meier, 1958)
of fluctuations from the 30dSMA obtained from the one year monitoring period are shown by
the dashed black line. According to the standard EN 15757, we are interested in the
fluctuations      corresponding to 7th and 93rd percentiles of observation data, which
are 7  13.3% and 93  14.2% . According to EN 15757, the fluctuations lying above
or below these limits should be cut out by the control action. The standard also refers to the
limit   10% , which can be used if the data analysis cannot be performed or if the
fluctuations lie below 10% limit.I n order to keep within the required safety margin we set the
desired fluctuation value to   10% . Notice in Fig. 5 that only 70% of RH readings are
likely to be located within this target region.

Microclimate control using both humidifier and dehumidifier
Consider that both dehumidifier and humidifier are available for microclimate control. Taking
into consideration the above defined microclimate control method in Fig.2, we consider first
that the feedback adjustments of MA are not used (i.e., DL  DH  0% ). The hysteresis in
both humidifier and dehumidifier is considered h  2% . Thus, according to the requirement
on the fluctuation limits   10% , the parameters are considered BL  BH  8% (

B    h ). The simulation results for this setting are shown in Fig. 6.
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Fig. 6 Results of RH control according to scheme in Fig. 2 (i.e. with use of both humidifier
and dehumidifier), h  2% , DL  DH  0% , BL  BH  8% (i.e.   10% ).
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Fig. 7 Results of RH control according to scheme in Fig. 2 (i.e. with use of both humidifier
and dehumidifier), h  2% , DL  DH  0% , BL  12%, BH  4%
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Fig. 8 Results of RH control according to scheme in Fig. 2 (i.e. with use of both humidifier
and dehumidifier), h  2% , DL  0, DH  10% , BL  12%, BH  4%
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Fig. 9 Estimate of the energy consumption of dehumidification and humidification for the
following settings 1) DL  DH  0, BL  BH  8% shown in Fig. 6 (solid), 2) DL  DH  0,

BL  12%, BH  4% shown in Fig. 7

(dash-dotted), 3) DL  0, DH  10%, BL  12%,

BH  4% shown in Fig. 8 (dashed)
As can be seen, the controlled relative humidity now stays within the required limits(solid
black lines). The perfect performance is also demonstrated in Fig. 5, where it is shown that
100% of RH fluctuations (red) are likely to stay within the desired limits. The values
corresponding to 7th and 93rd percentiles of observation data are now 7  8.2% and

93  9% . As can be seen from estimated performance needed for humidification and
dehumidification in Fig. 9, the humidification has been used more extensively than
dehumidification. This corresponds to the slightly increased yearly average of RH
 Y  70 .3 % . The yearly limits of RH and MA are  [46.9, 92.6] %,  MA  [56.3, 84.2] %.
In order to reduce the need for humidification, let us shift the desired limits down to
 [14, 6] % by setting BL  12%, BH  4% (while DL  DH  0% ). The results of this
setting, which can be seen in Fig. 7, provide

 Y  63 .8 % ,  [41.1, 80.6]%

 MA  [52.3, 77.3]% . As can be seen in Fig. 5, p10  95.7 % of data stay in the desired
region   [10,10] % (4.3% of data are below the limit   10 ), with the values

7  8.2% and 93  5.6% . As can be seen from the power consumption estimate in
Fig. 9, the need for humidification has been considerably reduced. However, as can be seen,
overall power consumption has been considerably increased due to the extensive need for
dehumidification. Furthermore, the drop of yearly average values by 4.5% is not negligible
and may be considered as a negative effect of the control action.
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Table 1 Characteristics of control with various settings, N – no RH control, dh1..dh3 – use of
both humidifier and dehumidifier, d1..d3 – use of dehumidifier only
RH char. [%]

Control setting

MA related char. [%]

P. cons. [kWh]

BL

BH DL DH

Fig

Y

 min

 max

  min

  max

N

-

-

-

-

4

68.2

33.6

97.1

-31

28

70

-13.3 14.2

dh1

8

8

0

0

6

70.3

46.9

92.6

-10

10

100

-8.2

dh2

12

4

0

0

7

63.8

41.1

80.6

-14

6

95.7

dh3

12

4

0

10

8

68.0

43.3

89.6

-15

12.1

d1

-

4

-

0

10

62.4

33.4

79.6

-25.3

d2

-

4

-

5

11

64.2

33.4

85.7

d3

-

4

-

10

12

65.1

33.6

87.7

p  10

7
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QH

QD

Q

9

206

144

350

-8.2

5.6

50

484

534

94.8

-8.8

8.3

128

224

351

6

93

-9.9

5.6

-

510

510

-26.7

9.5

91.8

-10.8 7.3

-

340

340

-27.2

12.3

86.5

-11.2 8.6

-

264

264

Comparing Fig. 6 and Fig.7, it can be seen that the value of parameters BL , BH influence the
growth rate if control is active over a certain time period. For example, in May,
dehumidification was extensively used in both control alternatives. As can be seen, the setting
with BH  8% (Fig. 6) resulted in growth of MA from   56.8 % at the beginning of
May to   66.2 at the end of May , i.e. by 9.4%, while the setting with BH  4% (Fig. 7)
resulted in growth of MA from   52.9 % at the beginning of May to   58 % at the end
of May, i.e. by 5.1% only. This phenomenon, which can be easily explained when inspecting
the formula Equation (6) working on the control limit (i.e.  ( k )   ( k  1)  B H ) ), is
generally valid, i.e. the smaller value of B H is, the slower growth rate of MA can be
expected. Obviously, as can be seen in Fig. 9, this small growth rate is responsible for higher
energy consumption. In order to compensate this aspect, i.e. to speed up the MA growth over
the periods when the control is active, the feedback as defined in Fig. 2 can be used. Setting
DH  10% (whereas the remaining parameters remain the same, i.e. BL  12%, BH  4% )
and

D L  0% ,

we obtain the control results shown in Fig. 8 with  Y  68 .0 % ,

 [43.3, 89.6]  MA  [53.8, 81.0] %. As regards the MA growth rate under the control
action, it has truly been speeded up, which can again be seen on the growth rate in May,
where the value of MA changes from   54.1% at the beginning of May to   63.8 % at
the end of May, i.e. by 9.7%. This growth rate is almost identical as the one shown in Fig. 6
with BH  8%, DH  0 . Thus, the objective was achieved using the given feedback setting.
As can be seen in Fig. 9, the overall energy consumption is almost identical with the one with
the setting B  8%, D  0 . However, the need for humidification has been considerably
reduced. As regards the control objective of keeping RH fluctuations within the desired band
  [10,10] %, it can be seen in Fig. 5 that it is likely to be fulfilled only for p10  94.8 %
81

of data (4.2% of data lies below   10% and 1% of data lies above   10% ). The
overall fluctuation region is now  [15, 12.1]% , 7  8.8% and

93  8.3% .

Balancing all the characteristics of the three considered control settings, which are
summarized in Table 1, the last setting provides the best results and would be most suitable
for practical implementation.

Microclimate control using dehumidifier only
The simulation tests have been performed also for the case when only the dehumidifier is
available, i.e., the control scheme according to Fig. 3 is considered with the following setting:
h  2 % , B  4 % . Regarding the feedback parameter D , three alternatives have been tested
with the feedback values D  0 , D  5% and D  10 % . The simulated control results are
shown in Figs. 10-12. The estimated performance of dehumidification and cumulative
distribution functions for these three cases are shown in Fig. 13. and Fig. 14, respectively. The
quantification of control performance is given in Table 1. Naturally, the control performance
is not so good as in the previous case when a humidifier was also used, especially regarding
the negative fluctuations of MA. As can be seen in Table 1, all the settings d1..d3 provide
lower yearly averages compared to the case N with no RH control, which can be considered
as a negative aspect of the control. Notice however, that the feedback in h2 and h3 has
partially compensated this natural consequence of the given control approach. Further
reduction of the yearly average drop could be achieved by increasing value of the parameter
B.
As can be seen from the analysis, even though the control objective has not been achieved in
any of the attempts, considerable reduction of fluctuations has been achieved anyway. As can
be seen in Table 1, the percentage of data located within the target limits (quantity p10 ) has
been considerably increased compared to the case with no RH control. Regarding the power
consumption, the results are slightly better compared to the control cases with humidification
dh1..dh3. Only the setting d3 provides considerable energy savings, but its performance
according to control objectives is relatively poor. Balancing all the aspects of the three control
cases, the one with d2 setting would be the most suitable for control implementation in
practice.
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Fig. 10 Results of RH control according to scheme in Fig. 3 (i.e. with use of dehumidifier
only), h  2% , D  0 , BH  4%
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Fig. 11 Results of RH control according to scheme in Fig. 3 (i.e. with use of dehumidifier
only), h  2% , D  5% , BH  4%
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Fig. 12 Results of RH control according to scheme in Fig. 3 (i.e. with use of dehumidifier
only), h  2% , D  10 % , BH  4%
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Fig. 13 Estimate of the energy consumption of dehumidification for the setting h1..h3 in
Table 1
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Fig. 14 Empirical cumulative distribution function of fluctuations from the moving average
for one year monitoring period for the cases N, d1..d3 in Table 1

Conclusions and future steps
The original method for controlling relative humidity has been proposed taking into
consideration the microclimate specifications for relative humidity stated in the European
standard EN15757. For determining the seasonal cycle of RH, 30 day simple moving average
was considered. In this respect, we differ from the Standard which recommends 30 day
central moving average for this task. The main reason for not using the central moving
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average is that it is non-causal. This type of central filter can be used for evaluation of
existing past data over given time interval, but cannot be used for real time control purposes.
Two alternatives of RH control were proposed. The first considers the availability of both
dehumidifier and humidifier, while the second considers using a dehumidifier only. The setpoint values for these RH control options are generated based on the fluctuations from 30 day
simple moving average. Biases from the moving average and an active feedback are used to
tune the performance of control with respect to the goals, particularly, with respect to the
fluctuation characteristics and power consumption.
Regarding the future steps, the proposed algorithms will be implemented on a programmable
device and will be tested in a laboratory as well as in a selected case study. Furthermore ,
possibility of automatic adaptation of the control parameters will be studied.
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Appendix I – Model of testing Case
study ‐ Protestant Church in Bergeijk
For testing purposes of proposed microclimate control techniques, the model of Protestant
Church in Bergeijk shown in Fig. A1 has been used. Hygrothermal characteristics of the
church can be found in the report M1 | 7SS15(2011). The model of the church implemented in
software Hambase-Matlab (Schijndel, 2007) was developed by TUE. It consists of four zones
with the following volumes:
Sanctuary,
Attic above sanctuary,
Consistory,
Attic above consistory,

757.5 m3
193.2 m3
24.8 m3
32.6 m3

In the model, regular Sunday morning services are considered with 80 people, with electrical
lighting and heating radiators on. Next, we consider that in winter months, temperature in
Sanctuary is kept at 5 C by an automatic on/off heater. For the simulation purposes,
meteorological data for 2010 measured at the weatherstation located in Prague Ruzyne were
used. Motivation for using Prague meteorological data instead of data from Bergeijk comes
from the possibility to compare results of control methods with analogous results obtained
from model of Karlstejn Castle located close to Prague, which is provided in the report by
Simeunovic and Vyhlidal (2012). The objective of the proposed microclimate control
methods is to control relative humidity in the Sanctuary (i.e. zone No. 1). The modelled
indoor conditions in this zone are given in Fig. A2 for temperature and in Fig. A3 for relative
humidity. For RH control purposes, simplified models of control units for humidification and
humidification were included in the model.

Fig. A1 Protestant Church in Bergeijk
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Fig. A2 Modelled indoor temperature in the Sanctuary of the church
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Fig. A3 Modelled indoor relative humidity in the Sanctuary of the church
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Introduction
This report provides a model based analysis and cross-evaluation of selected active microclimate
control strategies. Several classical and newly designed microclimate and particularly RH control
methods are tested on a simulation model of Great Tower of Karlstejn Castle, which is one of the
Case studies of the Climate for Culture project. First, some information on Karlstejn Castle are
provided, including information on building structure needed to build the model of the object.
Next, some comments on the model are given together with model validation results. In the
following section, the considered algorithms of microclimate control are briefly outlined. As the
main contribution, simulation results are provided in a form of various graphs with comments. In
the last part of the report, energy consumption estimates resulting from the simulation results are
discussed.

Karlstejn castle
Karlstejn castle was founded in 1348, by Czech King and Roman Emperor Charles IV. This
castle is one of the most visited historical sites in Czech Republic. The castle is located about
30 km southwest of Prague above the village of Karlstejn. Geographic coordinates and altitude
of Karlstejn castle are
Latitude: 49°56.373′N
Longitude: 14°11.276′E
Altitude: 288 m

Fig. A Karlstejn Castle
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Dominating the Karlstejn castle is the 60 meter high and separately fortified Great Tower, see
Fig. A. One of the most beautiful and most valuable parts of the castle and the central point of
our interest is Holy Cross Chapel in the Great Tower of Karlstejn castle, see Fig. B. This chapel
has a very valuable collection of 129 panel paintings by Master Theodoric. Since the foundation
of the castle, it has undergone three large reconstructions. The first one, in late Gothic style,
started in 1480. The second reconstruction in Renaissance style was performed in the last quarter
of the 16th century and the final one was at the end of the 19th century, after which the Karlstejn
Castle acquired its the present form.

Building structure
As it was mentioned above the central point of our analysis is the Great Tower and its most
important properties for modelling, will be given in this section. The Great Tower has six floors
and there are two rooms on the first and second floors. The first floor can be considered as one
room because the door between the rooms is removed. The last four floors have only one room
on each floor. The Holy Cross Chapel is located on the third floor.

Fig. B The interior of The Holy Cross Chapel
All room side walls have similar structure but different thickness, which depends on the wall
orientation and the room it is situated in. In general, each wall has three layers. The limestone
wall is covered with two lime plaster layers on both sides of the wall. The exception is the north
wall, which due to the fortification purpose of the castle is the thickest and has five layers. This
wall has a sandwich structure with a cavity filled with soil between two limestone layers. Both
sides of this sandwich wall are covered with lime plaster. Due to extreme wall thickness the
structure of this wall can be simplified and the wall is considered as a limestone wall with three
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layers as described above. The wall thickness varies from 1.1 m to 6.3 m. Due to the very thick
walls, there are massive corners which may be considered as thermal bridges. It is not necessary
to take these corners into account in building the model, because the heat transferred by these
thermal bridges is very small and can be neglected. With regards to the large thickness of the
walls of Great Tower, the glazing area has a significant impact on the heat transfer from outside.
Due to this fact, it is necessary to provide the exact dimension and structure of the windows. It
should be noted that painted windows have a significant influence to the solar gain factor. The
ceilings of the first three floors have the form of the Gothic ribbed vault. For this investigation
the vault on the second and third floor is the most important, because there are cavities, in which
the stagnant air is between the vault and floor above it. These cavities isolate Holy Cross Chapel
and lower part of Great Tower very well from upper part which has less stable indoor
microclimate and may have a negative influence on microclimate in Holy Cross Chapel. The last
three floors are divided by pine wood beams only. The thickness of the beams is approximately
0.2 m. The last (sixth) floor is very specific; it has very thin wooden walls with large number of
narrow windows on the each side of the tower and the volume of this floor is extremely large due
to the high roof construction. The roof construction is made of pine wood beams and is covered
with the shale slates.

Fig. C Model of the Great tower in Matlab-Simulink and HAMBASE tool
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HAMBASE model of the Great Tower
In this analysis, the lumped parameter model of Karlstejn Castle Great Tower is worked out in
Matlab using the HAMBASE tools (Schijndel, 2007). This model consists of seven zones. Each
room of Great Tower is represented with one zone. It should be emphasized that the two rooms
on the first floor are represented with one zone, because the door between these rooms has been
removed. In order to obtain exact room geometrical characteristics, a 3D model has been worked
out. Selected 3D room interiors are shown in Fig. 1. According to the Great Tower structure
descriptions given above, the mathematical model of the Karlstejn castle is derived.
Taking into account the large number of visitors, their influence on indoor microclimate must be
considered. Holy Cross Chapel is open for visitors from May to November. Every day except
Monday, four groups of 16 people visit the chapel a day and the tour lasts 15 min. Given that the
Holy Cross Chapel is not open for visitors for a full year and the HAMBASE model has no
ability to define the different day profiles in different part of year, a separate function block is
defined in Simulink, see Fig. C.

Fig. 1 3D interior model of the selected floor

Indoor microclimate data
The indoor microclimate data are measured by several sensors installed in Holy Cross Chapel.
The indoor temperature and relative humidity are measured by means of two sensors which are
installed on the input (exhaust duct) of the air conditioning unit [8] from the chapel. It is assumed
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that these values represent the air temperature and relative humidity (RH) in Holy Cross Chapel.
The locations of these sensors are given in the SCADA scheme of the microclimate control
systems in Fig. 2. The temperature sensor is signed with T4 and RH sensor is signed with RH4.
The measured indoor temperature and RH are given in Fig. 3. From Fig. 3. several measurement
interruptions can be seen. The average value of the measurements (temperature or relative
humidity) before and after interruption is taken as the value for this period.

Fig.2. SCADA scheme of the microclimate control systems - temperature and RH sensors
installed in Holy Cross Chapel.

Model validation
Comparing the simulated and measured data given in Fig. 4, it can be concluded that the
maximum temperature deviation between the simulated and measured data is approximately 3
during the most part of the year. The deviation of the RH is up to 5%. One detail is very
important here concerning the period from the beginning of February to the end of March. In this
period, there was an unexpected drop in temperature in the chapel. It causes 10% deviation
between the simulated and measured data in RH in this period. As it can be seen from Fig. 4, the
very good agreement of the measured data and output of the HAMBASE model of Holy Cross
Chapel is achieved.
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Fig. 3. Measured temperature and RH in Holy Cross Chapel
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Fig. 4. Measured and simulated temperature and relative RH in Holy Cross Chapel
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Comparative analysis of different control algorithms
In this analysis, eight different control algorithms are compared. The main goal of this research
is cross-evaluate of the microclimate control approaches with respect to the various objective
functions and energy consumption. The following control strategies are considered
‐
‐
‐
‐
‐
‐
‐
‐

Simple heating,
Equal-Sorption Control (ESC),
Humidistat-controlled heating,
HVAC (Heated Ventilation and Air Conditioning),
Quasi Equal-Sorption Control (QESC), designed in chapter 2 of [10]
Mould growth control (MGC), designed in chapter 3 of [10]
Natural climate fluctuations control (NCfC), designed in chapter 2 of [10]
Simplified HVAC

All of these methods mentioned above are designed in MATLAB and applied to the HAMBASE
model of the chosen case study. The simulation period was one year and in this case we consider
the measured climate data for the year 2010. In this analysis, the energy consumption is
considered for all implemented control systems. The energy consumption is calculated separately
for all devices that are used in the considered control systems. It should be emphasized that the
heating, cooling, humidifying and dehumidifying processes are assumed as ideal. In all systems,
electrical heating is used and it is assumed that all electrical energy is converted to heat. The
same applies for the cooling process. The power needed for the humidifying and dehumidifying
process is calculated by means of the following formula
/

(1)

/

2.256 ∙ 106

/
is the evaporation/condensation energy of the water and
/ is the evaporation/condensation flow rate. Since, as it has been already noted that
the ideal humidification/dehumidification process is considered, it is also assumed that all energy
is used for the evaporation/condensation process without any losses and gains. A maximum
evaporation/condensation flow rate
1.15 ∙ 10
/ is assumed in this analysis.
_

where

/

One of the most important parameters for the assessment of the achieved quality of preservation
conditions is equilibrium moisture content (EMC) in materials. Given that wood is mainly used
as the material in the interior constructions, panel paintings and furniture, the changes in EMC in
this material are analysed. In this analysis, the logarithmic Henderson model, which is given in
[1], is used. Its three parameter version has a form
(2)
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where
∈ 〈0,1〉 is the relative air humidity expressed as a dimensionless ratio, T is air
temperature in K and u is equilibrium moisture content (EMC), expressed as the ratio of moisture
mass content to the mass of anhydrous material. The parameters of the model are specific for
each material, the additive temperature constant B is in K, C is a positive dimensionless exponent
less than one and the sensitivity coefficient A is in
. The model is clearly not suitable for air
humidity approaching the state of saturation, i.e. for → 1, since then the logarithm is not
defined. However, any state that is approaching saturation, brings about condensation, and thus
such a state is quite inadmissible for the interiors that we are considering here. The model
parameter values for the pine wood are given in [3]. In the next sections, all the analysed control
strategies will be specified briefly.

Simple heating
In winter season, the combination of low air temperature with high RH level can occur. This can
cause the condensation that leads to wall surface damage and increasing EMC in the material. In
order to avoid this undesirable effect, it is necessary to keep the temperature above 10 .
Therefore, the main goal of the system, which is described in this section, is keeping the
temperature in the Holy Cross Chapel above 10 . The simple heating system is considered as a
subsystem of all systems considered here except the Heated Ventilation and Air Conditioning
(HVAC) system, where more advanced temperature control is used. The system uses only a 5kW
heater and it is only operated in the heating season and has only one function. If the temperature
drops below 10 , the heater is switched on by a relay with hysteresis 0.5 . This control
algorithm, which is designed in Simulink, is shown in Fig. 5.

Fig. 5. The control scheme of the simple heating system in Simulink
From the above consideration, it is clear that this system has no ability to control RH level,
because the humidifier and dehumidifier are not the parts of the system.

Equal sorption control (ESC)
An air humidity control technique, proposed in [3], for preventing the moisture sensitive
materials from varying their equilibrium moisture content is applied here. In this way, more
desirable environment conditions for preventive conservation of cultural heritage are provided.
The moisture content in the material is stabilized by means of a specific adjustment of the
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interior air humidity while the annual temperature variations in the interior are left almost
unaffected except during the heating season. The proposed humidity control compensating for
the impact of temperature changes on EMC variations is based on the application of Henderson
model of sorption phenomena is applied to determine the so-called equal-sorption humidity
control. This model is given by (2). Model (2) was designed to assess the moisture content in
particular materials. However, it also contains an intuitive suggestion for forming microclimate
conditions that will keep this moisture content constant. It is apparent from (2) that for a
temperature change from
to
such a specific humidity change from the initial
to a new
can keep the EMC value constant i.e.
. Since the change in moisture content is the
crucial harmful impact originating from the air humidity, this is the main factor in preventive
conservation. Using (2), the requirement
leads to the following relationship dependent
only on parameter B (while A, C cancel each other out)
(3)
Our idea for preventing variations in moisture sorption is the following. The control stabilising
the moisture content in the preserved exhibits is conceived as a reference tracking humidity
control, where the moderately variable reference humidity value , i.e. the desired air humidity,
is assessed from the temperature and humidity measurements by means of relationship (3) as
follows
1

ln 1

,

(4)

is a selected reference air state satisfying the preventive conservation criteria and
where ,
is the actual (measured) interior temperature. This desired
is applied as the reference setting
by means of
for humidity control adjusting the actual (measured) interior humidity towards
an air handling device. As noted above, during the heating season the temperature is kept above
10
by a control unit that is used in the simple heating system. The block scheme of ESC
control system in Simulink is shown in Fig. 6.
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Fig. 6. Scheme of the equal-sorption control in Simulink
The equal-sorption humidity controller works on the following principle. On the basis of the
actual temperature in the chapel, referent temperature T0 and relative humidity level Rh0, the
actual RH set point value is calculated in each simulation step. Comparing the calculated RH set
point value with actual RH level in chapel, the control action is generated by a PID controller
which controls the (de)humidification unit.

Humidistat‐controlled heating (Conservation heating)
In historic building it is not possible in many cases to install any complex air conditioning
system without considerable reconstruction. One of the systems that can overcome the above
mentioned problem is conservation heating described in [2]. The principle of conservation
heating is based on the controlling the heating system by a humidistat device. The humidistat
control heating is mainly used to maintain basic temperature in the heating season and to prevent
high RH levels in the humid season. In other words, when the temperature drops below 10 the
heater must be turned on regardless of the RH level. Low RH level which can occur in winter
season can be prevented by setting the set point lower but in this analysis it is not considered. If
the temperature is above 10 , the humidistat device can be used for humidity control. If the RH
is above 55 %, the heater is on and it can operate in order to decrease the RH level until the
temperature is below the upper temperature limit. In this case, the upper limit is set to 25 .
Therefore, this function is possible if the temperature is above 10 and at the same time below
25 . If the temperature is outside of this limit the heater must be turned off regardless of the
RH level, i.e., the heater cannot be used for decreasing the RH level. On the basis of the previous
consideration, it is clear that in the summer it may be necessary to start heating and during the
heating season to limit heating. This can cause some discomfort for the visitors.
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HVAC system
HVAC system considered here is a modification of the system currently installed in Holy Cross
Chapel. The temperature set-point is defined by the sine function that is given by the following
equation; for more details see [8]. The temperature set-point follows the natural climate
oscillation of the averaged historical fluctuations as follows
∆ sin

106.5

(5)

where
is the serial day number in the current year day,
15 is the long-term mean
temperature in the Chapel and ∆
4 is the temperature amplitude. Temperature is given in
.
The RH set-point depends on the temperature and is defined by the following function
1.2

26.4

(6)

The control scheme of the HVAC system is given in Fig. 7.

Fig. 7. Temperature and RH control scheme for HVAC system in Simulink
As it can be seen from Fig. 7, the PID controller is used for control of both systems
(heating/cooling and humidifying/dehumidifying system). In each calculation step the new
desired temperature and RH are calculated and sent to PID controller. If the heating/cooling and
humidifying/dehumidifying devices have enough capacity, a stable and quality preservation
condition should be achieved.
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Quasi‐Equal sorption control
The ESC system described above maintains a constant EMC in material. In order to make the
energy demand lower, the modified ESC system is proposed in [10] chapter 1, see also [4]. From
(2), the desired RH level that keeps the moisture content in the material constant considering the
actual value of temperature can be defined as follows
1

exp

(7)

In the paper [4], the safe range of moisture content
9.4 1.25 % is derived. This safe range
can be projected into the safe range of RH. The control scheme for humidifier/dehumidifier
control is given in Fig. 8. Both the humidifier and humidifier are controlled using relay based
controllers, see chapter 2 of [10] for more details.

Fig. 8. Control scheme for the humidifying/dehumidifying system for QESC.
The heating system control in the heating season is same as in the case of the simple heating
system. It can be expected that the some energy saving should be achieved unlike the ESC
system.

Natural climate fluctuations control (NCfC)
Next, the original method for controlling relative humidity according to natural climate
fluctuations proposed in chapter four of [10] is considered. The method is based on microclimate
specifications for relative humidity stated in the European standard EN15757 [11]. The RH setpoints for a humidifier and a dehumidifier, which are controlled by a relay controller, are
determined based on a 30 day simple moving average of measured RH used to approximate the
natural climate fluctuations. The overall control scheme is shown in Fig. 8b; see chapter four of
[10] for more details. During the heating season the heating system that maintains the
temperature above 10 is used here as well.
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Fig. 8b Control algorithm according to Natural climate fluctuations control (NCfC)

Mould growth control
The main objective of this control strategy proposed in chapter three of [10] is to use a damage
function to define microclimate set-points in order to prevent mould growth. The damage
function that is used here is worked out in [7]. Thus, the air state conditions that can cause the
mould growth should be avoided. Any combination of the temperature and relative humidity
should be lying below the following exponential function
70

20exp

0.1241

,

(4)

In order to achieve this goal, the following set-point for the humidifier based on the actual
(measured) temperature
is defined as follows
70

20 exp

0.1241

(5)

where is the bias,
0 that should guarantee that the relative humidity will be below the line
defined by (4). The control scheme, which keeps the air state parameter in a safe region against
mould growth, is given in Fig. 9. In this analysis the bias
3% and hysteresis
2% is
applied. During the heating season the heating system that maintains the temperature above 10
is used here, too.
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Fig. 9. Control scheme for the mould growth control using dehumidifier

Simple HVAC
The control algorithm described here is relatively simple. In the same way as in simple heating
system the temperature must be kept above 10 . On the other hand RH level should be in a
predefined range. The lower RH level limit is
40% and upper limit is
75%.
This control scheme for the humidifying/dehumidifying system is very similar to the case of the
QECS system. In this case fix set-points for lower and upper RH level limits are used. The
humidifier and dehumidifier are controlled using relay based controllers.

Simulation results
All the control systems described above have been implemented in Matlab-Simulink and applied
to control the HAMBASE model of Holy Cross Chapel. Next follows the simulation based
analysis of all the considered methods. First of all it should be emphasized that the length of the
simulation period is one year. All simulations are performed using the measured data presented
above. The reference year for this investigation is 2010. Initially, the air temperatures obtained
by the simulations are shown in Fig. 10. At present , it is very interesting to analyze two systems:
the humidistat heating and HVAC. From Fig. 10, it can be seen that the heating system is
activated out of the heating seasons in order to decrease RH level. This can cause some
discomfort for the visitors particularly during hot summer days. From Fig. 10 is clear that the
heating system was operated in August. A very interesting moment is in November when the
heating system, in order to decrease RH level, causes a very high interior air temperature for this
part of the year. A comparison of the HVAC system with the uncontrolled case is shown in the
lower graph in Fig. 10. It is clear that very intensive cooling is necessary on hot summer days. In
both cases it leads to increased energy consumption that is undesirable. Note that the analysis of
the energy consumption is given later on in the report. The wall surface temperatures obtained by
these simulations are shown in Fig. 11.
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Fig. 10. The air temperatures in Holy Cross Chapel

106

Fig. 11. The wall surface temperatures in the chapel
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In the next step, the RH level in Holy Cross Chapel is analysed. The relative humidity levels in
the chapel for all control systems are shown in Fig.12-Fig.16 with central and simple moving 30
day averages. RH levels in the chapel for the simple heating and ESC system are shown in Fig.
12. In the case of simple heating system, as it was expected that the high RH would occur out of
the winter season and relatively large fluctuations of RH level from both moving averages appear
during the whole annual cycle.
The simulation results for humidistat controlled heating are given in Fig. 13. If we analyze the
temperature and RH together, it can be concluded that this system has no ability to reduce the
RH in July and August, because the temperature has achieved the upper temperature limit. On
the other hand, very low RH occurred in the heating season. This problem can be solved by
setting a lower value for the lower temperature limit. Since the Holy Cross Chapel is closed for
visitors during the heating season it is possible to do that. Some deviations from the set point of
RH in the case of HVAC system occurred, because the assumed dehumidifier capacity is not
sufficient. In Fig. 14, the simulation results for QESC system and measurement data are shown.
The RH values lie within the predefined limits for the whole year. In this way, the primary goal
of this system is achieved.
From Fig. 15 is clear that the MGC system has the same problem with low RH but this system
prevents mould growth. The RH fluctuations from the central 30 day moving average are large
and similar to the simple heating. The NCfC system is based on the international standard, which
is cited above, and its RH fluctuations satisfy the requirement in accordance with this standard.
The last control system analyzed here is the simple HVAC. Analyzing the RH level from Fig.
16, it is clear that in this case the large fluctuations from the central 30 day moving average
could not be avoided.
According to the above consideration the best results are obtained with the equal sorption control
system that has the smallest fluctuation from both of the central and simple 30 day moving
averages. The fluctuations of the considered systems with respect to the simple and central 30
day moving average are given in Fig. 17 and Fig. 18, respectively. If we take that the lower and
upper limits of the RH fluctuation target range as defined in the EU standard 1575, the empirical
cumulative distribution functions (Fig. 17and Fig. 18) show that the ESC system give the best
result, i.e. it has a smallest fluctuations with respect to the 30 day moving averages. However,
this is mainly due to the fact that continuous time PID control to a given strict set-point value is
considered. As will be shown later in the report, this type of control result in considerable power
consumption.
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Relative humidity

Relative humidity

Fig. 12. Relative humidity in Holy Cross Chapel
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Relative humidity

Relative humidity

Fig. 13. Relative humidity in Holy Cross Chapel
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Relative humidity

Relative humidity

Fig. 14. Relative humidity in Holy Cross Chapel
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Relative humidity

Relative humidity

Fig. 15. Relative humidity in Holy Cross Chapel
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Fig. 16. Relative humidity in Holy Cross Chapel
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Fig. 17. Empirical cumulative distribution function of fluctuation from 30 day simple moving average
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Fig. 18. Empirical cumulative distribution function of fluctuation from 30 day moving average
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Next, the quality of the preservation conditions in each applied control system are assessed by
comparing the EMC changes in material according to (2). The EMC changes in material during
the year are given in Fig. 19. As noted above the EMC changes in the wood are considered here.
The largest deviations in EMC in material are in the case of simple heating system as might be
expected, because the RH is not controlled in this system. On the other hand, there are no EMC
deviations in ESC system, because the main objective of this method is keeping EMC in
materials constant. According to this criterion the ESC system has the best preservation
conditions for the considered material. Given that some deviations in EMC are allowed, the
QESC system has shown very good simulation results as well. As will be shown below, relaxing
the desired level of moisture content will result in considerable energy saving.
In addition to the EMC in a material, a very important factor is assessing the risk of mould
growth. The mould growth risk according to (4) for all considered systems is given in Fig. 20 Fig. 24. The proposed simple heating, NCfC system and simple HVAC, given in Fig. 20, Fig. 23
and Fig. 24 respectively, may bring about some risk of mould growth, because all simulated
combinations of temperatures and RH do not lie below the damage function that is defined
above.
The climate evaluation charts obtained by Graph generator by TU/e [12] for all considered
control systems are given in Fig. 25 –Fig.33. From Fig.25 it is clear that the simple heating
system has a combination of temperature and RH in autumn behind the fungal growth curve in
the risk zone. According to this criterion, this system is the worst one. Another system that has
temperature and RH values suitable for fungal growth in autumn is the NCFC system based on
the EU standard. The best results are shown by the ESC system in Fig. 26.
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Fig. 19. EMC in wood
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Fig.20. Mould growth risk for simple heating and ESC system
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Fig. 21. Mould growth risk for humidistat controlled heating and HVAC system
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Fig. 22. Mould growth risk for ESC and current control system in chapel
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Fig.23. Mould growth risk for MGC and NCfC control system
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Fig. 24. Mould growth risk for simple HVAC system and without control
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Fig. 25 Climate evaluation chart for simple heating
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Fig. 26 Climate evaluation chart for ESC
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Fig. 27 Climate evaluation chart for humidistat heating
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Fig. 28 Climate evaluation chart for HVAC
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Fig. 29 Climate evaluation chart for QESC
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Fig. 30 Climate evaluation chart for current control
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Fig. 31 Climate evaluation chart for MGC
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Fig. 32 Climate evaluation chart for NCfC (EU standard)
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Fig. 33 Climate evaluation chart for simple HVAC
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Energy saving considerations
Given that all systems maintain basic temperature in the heating season, the lower energy
consumption limits is the energy needed to heat the chapel to achieve this temperature. The
monthly energy consumption for each control system is separately shown in Fig. 35. As it can be
seen from Fig. 35, the HVAC system has the largest energy consumption. In Fig. 36, the annual
energy consumption is shown for each device separately. The humidifiers and dehumidifiers that
are installed in the HVAC and ESC system have the largest energy consumption, because these
controls tend to achieve the specified and very strict set-point values. As can be seen from
Fig. 37, the energy consumption values of the systems that do not use the heating system outside
of the heating season are very close to each other and the energy demands are the lowest in these
cases.
To sum up, it is very complex task to decide which system is the best one. Primarily, it is
important to achieve good preservation conditions and after that to compare the energy
consumptions of the selected systems. The NCfC system has the lowest energy consumption, but
it can be seen from Fig. 23 that there is some mould growth risk and from Fig. 32 it is clear that
there is also fungal growth risk in the autumn. According to the considerations above the best
solution for the control system may be the quasi-equal-sorption control system. This system
achieves a very good compromise between the energy consumption and quality of the
preservation conditions.
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Fig. 35 Monthly energy consumptions for different systems
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Fig. 36 Energy consumptions divided per using devices for each considered control system
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Fig. 37 Total annual energy consumptions for applied systems
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Commonly used methods
To discuss the different approaches of microclimate control it is necessary to describe the
different methods one can find on the market. Before selecting the technical solution one
should discuss what you have to control and how to do it. Generally, indoor climate, mainly
considering temperature and relative humidity, can be controlled through heating, cooling,
ventilation, humidification and dehumidification. The following systems are commonly found
in museums, stores, churches or historic buildings:
1. Natural ventilation through openings in the building envelope, especially through
windows. The argument has been that ‘natural’ air exchange provides good air quality
and avoids mould, as it is proven in buildings of the last century (mostly with box
windows without air tightened window gaps).
2. A very common and simple temperature control in museums is the use of thermostat
valves for all kinds of heat distribution systems such as radiators, floor heating, ceiling
heating, convectors, fan coils and air heating. Thermostats can be mounted on each
radiator, one for each room. For best results, the thermostat sensors should be placed
in the wall, covered with plaster. Consequently, room temperature will not be
controlled but the temperature of walls, which defines the room temperature. This
solution is better for wall paintings and delicate objects, hanging in front of the wall.
With this simple control system cold walls can be avoided as a source of mould. In
this case, ventilation can be controlled by room thermostats, activating fans and/or
warming up incoming air.
3. The activation of ventilation should be controlled by air quality sensors, for example
CO2 sensors, with the consequence that the running time of air handling units is
reduced.1
4. Relative humidity can be reduced through conservation heating: the room temperature
is raised in order to reduce relative humidity. The limits of this method are the
accepted maximum room temperature in the showroom or museum.

1

Note, when activating controlled ventilation in museums it is of great importance to start all
mechanical ventilators at lowest possible speed increasing very slowly in order to avoid peaks in
temperature or in relative humidity.
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Climate specifications
Specifications for room conditions are defined in several standards; one of them is the
American ASHRAE standard for museums, galleries, archives and libraries (ASHRAE,
2003). In addition to the ranges specified in the document, the rate of change also has to be
controlled. All changes of temperature and relative humidity have to be as slow as possible
and all sudden peaks or dips should be avoided.
Temperature changes are not critical as long as +5°C is not exceed. Generally cooler
conditions for artefacts are better up to a temperature of about 5°C, because higher
temperatures are a catalyst for decay or deterioration.
Often requirements for conservation have to be balanced with requirements for comfort. Not
only people working in the buildings but also visitors expect room temperatures of about 18 to
20°C, depending on the kind of heat distribution in a room. All convective heating systems
which create cold walls need higher room temperature in order to achieve a comfortable
environment. Visitors can generally accept lower temperatures due to their relatively short
visit to the building and most visitors wear coats in winter.
For employees there are regulations for temperature which may cause low levels of RH and
the need for additional humidification in winter. This means a risk of condensation on cold
surfaces for all poorly insulated parts of the building, such as windows, cold walls, thermal
bridges, etc.

Wall heating
To overcome the problems with cold walls and cold surfaces the only solution is to produce
warm walls and a warm building shell which radiates warm and is comfortable to visitors,
guards and is especially beneficial for artefacts, hanging in front of outside walls.
A wall heating system such as the ‘Temperierung’ system, for instance with two linear copper
tubes embedded in a slit in a cold wall, covered with plaster (similar to electric cables in a
wall) provides a stable indoor climate due to the warm thermal mass of the walls.
Furthermore, this heating system creates warm walls with pure radiative heat and
consequently transports less dust than conventional convective heating systems. Finally this
kind of wall heating can be controlled very easily by thermostat valves and remote sensors in
the plaster of the wall for instance – as explained above – or with the simple means of room
control units or thermostats activating a small motor driven valve on the heat distributor.
At first glance the quick reaction of convective heating and ventilation systems and their
control systems, may seem favourable to room climate and artefacts (and human beings) but
convective heating in museums (and also in other buildings) is hazardous for artefacts (and
uncomfortable for users of the building) because of transport of dust and the condensation risk
at cold walls and the rapid change of moisture content of objects.
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Human beings grew up with radiative heat as it has been used for centuries. Sun rays, open
fire places and tile stoves create the best possible climate in a room, avoiding cold walls and
discomfort.
One of the simplest, cheapest and easiest ways to create pure radiative heat is to create warm
walls with two thin copper tubes (15/18mm diameter), parallel to the floor in a height of about
15cm above the floor for income heating water and about 90cm for the return heating water –
as explained above.

Recommendations for non‐invasive micro climate approaches and for
energy efficiency in historic buildings
















The envelop of the building should be air tight
The thermal quality should be – if possible – improved (insulation of the roof,
improvements of windows)
Buffer rooms should be organised
The windows should be improved, especially the shading, which is most important
UV protection is necessary
Heat should be distributed in the house only by means of radiation, never through
convection
Heat should be distributed in walls in order to avoid mould
Ventilation air should be activated isothermally and never used for heating purpose.
Otherwise dust will be transported and moisture transferred to outside due to
artificially produce high indoor vapour pressure with convective heating.
Air exchange rate should be as low as possible (i.e. activated by CO2 sensors).
Control of heating, ventilation and cooling should be provided as simply as possible
Outside air ventilation should be activated only by comparison of absolute humidity
inside and outside in order to avoid hazardous ventilation
Room temperature in winter should be as low as possible to keep humidification as
small as possible.
Humidification should always be activated by means of decentralised systems, never
through central units in order not to pollute ventilations ducts with dust and mould
Always choose building services which are very simple and economical in order to
keep running costs and maintenance costs as low as possible
If possible use alternative sources of energy
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Case studies
Painting gallery of old masterpieces in the Academy of Fine Arts, Vienna

Figure 1: view to the Academy of Fine Arts, Vienna, and a floor plan
In the second floor of the old building, established in 1877 by architect Theophil Hansen, the
existing gallery, comprising the old gallery (about 800m²) and the modern gallery (about
300m²), was refurbished during the last 3 years and opened again in autumn 2010. Existing
box windows were improved by better glazing and shading, which is ventilated in summer,
and air tightness measures. Internal and external loads were minimised and pure radiative
heating by wall heating was installed. The old radiators were removed. With agreed
microclimate ranges of 45 to 60% RH and temperatures from 18 to 24°C (up to a maximum
of 26°C in very hot summers) in combination with simple and sophisticated planned building
services with simple control systems a very reasonable base for climate stability was created.
Climate data recorded by thermo-hygrographs and data loggers are very good proof that
simple control systems and simple housing services could result in the best climate stability
with low investment costs, very low running costs and an energy consumption of less than
70kWh/m²/a.
For cooling and dehumidification an air handling unit of about 6,000m³/h, which means an air
change rate (ACH) of about two, was installed. Since changes in RH and temperature should
occur as slowly as possible, the activation of ventilation and cooling should occur as gradually
as possible.
The control methods in the gallery of fine arts were as follows:
For heating, thermostat valves were mounted in small boxes in walls with their remote sensors
inserted into the plaster of outside walls. The valves set points were about 18 to 20°C. With
these very cheap and simple control units, very gradual changes in temperature were
guaranteed.
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Figure 2: Thermostat valve in the wall with sensor in the plaster of the outside wall
Generally ventilation is activated only when the air quality sensors measure CO2 exceeding
about 1.200 ppm, so very rarely does the ventilation operate due to the large volumes of the
showrooms. Unfortunately only very few visitors come to the gallery, because of the lack of
effective promotion of this unique painting gallery.
Generally ventilation in the gallery is activated, through comparison of absolute inside and
outside humidity. Only when there is no risk of drawing harmful climate from outside (with
too dry, too humid, or too warm conditions) into the gallery, is the air handling unit activated.
To control ventilation a “normal” but rather complex building management control system is
used with inside and outside sensors. The outside sensor is mounted in a subterranean tunnel,
which surrounds the historic building in order to keep basement free of humidity, as was often
done in the past. The outside air is drawn through this tunnel. Therefore it is “pre-heated” in
winter and “pre-cooled” in summer through the constant temperature of earth, which
surrounds the tunnel. The tunnel, itself, is made of clay stones.
It is important to note that in winter, ventilation never should be used for heating in
showrooms. Heating should only be provided by radiation, mostly in the form of wall heating.
Ventilation air should only be blown into a showroom isothermally. The reason for not using
convective heating is because of transport of dust through ventilation. An artificial
humidification system has higher costs including energy and conservation for restoration
because of soiling of the artefacts.
At present, activation of the chiller has hardly ever been necessary – neither for cooling nor
for dehumidifying. This result is the consequence of perfect planning of an airtight building
envelope in combination with buffer rooms when entering the galleries.
Winter dryness will be overcome by decentralised humidifiers which were used also in the
past with good results. There is no risk of damage to artefacts or mould in air ducts which
often happens in centralised humidification systems.
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Consequence of this planning is a very stable microclimate and almost no running costs for
ventilation and cooling, except for heating with an energy consumption of about 70kWh/m²/a
which is about half that of the old radiator system. These old convectors were taken away and
leaky windows which were made more air tight. As a positive consequence there is almost no
dust pollution in the gallery which means less restoration work.
Considering the development of this kind of control system, the microclimate curves found in
the database of the University of Eindhoven and in the thermo-hygrographs indicate very
stable temperature and RH records without peaks in the art gallery in Vienna as well as in the
storeroom of the same building.
The Temperierung wall heating system is feasible if an intervention by making slits in the
wall to install the heating tubes is allowed in a historic building, as is often the case when it is
necessary to mount electric cables in walls under plaster. In historic buildings this system of
wall heating is preferable in order to heat the building mass to prevent cold walls which could
be hazardous for displaying paintings with risk of mould and moisture.
The described service and control system of the art gallery could be even simpler without a
chiller unit, where the rooms face north as described below for the new “xhibit” gallery of
modern art in the Academy of Fine Arts, Vienna.
The building services and control systems for the storeroom in the Academy was planned in a
similar way to the underground storeroom for historic books in the Einsiedeln monastery,
Switzerland, described later in this report.
Since the described building services and control systems are very simple, invest costs have
been very low. To control a wall heating system, which generally costs as much as a radiator
heating system, by thermostat valves, the cost of such a thermostat control unit with remote
sensor in the plaster of a wall costs about 50 € per unit. One unit per room is required, which
normally controls one bank of heating tubes.
Ventilation systems for air quality improvements and not for heating are also cheap because
of the smaller units required. Normally in a museum an air exchange rate (ACH) of about 0.5
is needed, provided an air conditioning system is not used for heating, which is counterproductive as described above due to dust pollution. The investment costs for a smaller
ventilation unit is lower than for a larger one. Ventilation systems with heat and humidity
recovery systems with summer bypasses offer at least about 85 to 90% heat recovery.
Therefore an additional heating coil is not needed for the ventilation unit. For the whole
ventilation system with control units, ducts and nozzles the cost is about 10 € per m³ air.
Nozzles should always be air displacement systems in order to minimise dust transport and
dust pollution.
A chilling unit as a compact unit on top of the roof for dehumidification and cooling will cost
in Austria, as a ready to use, about 200 €/kW chilling power to feed an existing air handling
unit.
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Reliability of the quoted systems is high since they are very simple. The heating system (heat
distribution system) needs no maintenance. The air handling unit and control units need an
annual service. An annual changing of the air handling unit’s filters is also necessary.
The aesthetic aspects of the heating system are ideal because the system is hidden behind the
plaster of outside walls as was done with the electric cabling.
Concerning aesthetic aspects of ventilation systems, visible ducts should be avoided in
historic buildings, however existing chimneys or historic air ducts, often available in historic
buildings, may be used – for example, the Academy of Fine Arts in Vienna.

New ”xhibit” gallery of modern art in the Academy of Fine Arts, Vienna
The new gallery in the Academy of Fine Arts is also on the 2nd floor, and has been refurbished
in a similar way to the old gallery with very low internal loads (LED for lighting) and low
external loads the rooms of the gallery are north facing. Wall heating with thermostat valves
and sensors were installed. The air tightness of the windows was improved and optimum
shading applied. Each room has its own air handling unit of about 2,000m³/h for about 300m²
floor area providing a potential ACH of about 2, which is only used for overnight pre-cooling
of the showrooms during summer. If ventilation is necessary it is provided with an air
exchange rate of 0.5 when the CO2 level exceeds 1200 ppm. There is no installation of a
chilling system, because the analysis of old temperature data have proven that summer room
temperature in this area of the building never exceeds 24° to 26°C.
The air handling unit has heat recovery using an enthalpy wheel, which has its own control
system which can controlled or overruled by a standalone unit, developed by the author,
called “smart switch”. The control unit, which costs about 1000 €, has two sensors, one
outside and one in the room, activates the air handling unit only when no hazardous outside
conditions are brought into the gallery while comparing absolute humidity and temperature
inside with those outside. An important feature is a gradual start-up of the ventilator in order
to avoid micro climate peaks.
The micro climate conditions in these rooms are ideal, without any peaks and with smooth
changes in the given range, and with lowest possible investment and running costs.

Storeroom for old copper plate engravings
In the same building of the Academy of Fine Arts, Vienna, on the 1st floor in the western part
of the building, with two external walls, an existing former office room was transformed
without any changes to the building or building services into a storeroom for old copper plate
engravings: the room has a floor area of about 60m² and a height of about 3.5m. The windows
were not improved by better glass quality or air tightening measures.
Only the existing shading systems, old cloth roller blinds in the middle of the four box
windows were used. The existing radiators were not fitted with thermostatic valves and were
only controlled manually by the persons working in the depot. The room is continuously
occupied by one or two persons doing registration or restoration work.
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Only a humidity sensor and a water alert system was installed on the floor and connected to
an alarm system to protect the precious engravings from water in case of flooding by the
heating system or other leakages.
Two sensors (Swiss “Sensirion” brand), one at about 2m height on the outside wall and the
other near the inside wall, were connected to the microclimate measuring system which was
installed in the Art gallery, the exhibition room, the engraving storeroom and in the basement
storeroom.
To overcome winter dryness in the engraving storeroom two humidifiers (type: “Defensor”)
were activated which guaranteed a minimum of RH in winter of about 40 to 45%.
Most interesting are the measured results of these four totally differently equipped and
controlled showrooms and storerooms in one building with different orientation, which are
discussed at the end of this report.

Painting storeroom in basement in Academy of Fine Arts, Vienna
Since a storeroom was necessary to store all the precious paintings of Hieronymus Bosch,
Lucas Cranach and others during refurbishment of art gallery only a humid, unheated room
without concrete floor in the basement of the building was available to give the unique
paintings a shelter. Therefore this room was refurbished in order to serve as a store.
Room size is about 300m² with a volume of about 1000m³ with 2 windows on the north
elevation, partly under street level. A concrete foundation with screed was laid, which
introduced a lot of construction moisture in the room, and a hanging shelf system for the
paintings was installed. A wall heating system was installed to get rid of very humid wall and
room conditions and to create warm, dry walls for the paintings.
A low energy air handling unit with a capacity of about 500m³/h was installed, to provide
fresh air with an ACH of about 0.5 when indoor conditions required improvement. As
described earlier in this report, this ventilator will be activated only when the external climate
can improve indoor microclimate conditions by comparison of absolute humidity inside and
outside.
The “smart switch” control system, which controls heating and ventilation requires a
temperature sensor inside the storeroom and one outside located in an historic air duct
surrounding the old building. Outside air was taken from this tunnel, design to prevent
humidity in the basement walls, which acts as a “heat exchanger” due the stable temperature
of the ground. To heat the storeroom, the wall heating system was activated by opening a
valve to enable hot water to heat the copper tubes until an acceptable maximum room
temperature of 16 to 18°C in winter was reached. Normally a room temperature of about 18 to
20°C is set, with a maximum acceptable temperature of 24°C when heating is required in
summer to reduce relative humidity to acceptable agreed values of below 60 to 65%. The aim
of this “conservation heating” strategy is usually to maintain acceptable levels of relative
humidity and room temperatures within certain limits. As is known, a 1oC increase in room
temperature will lower RH in the room by about 3 to 4 %.
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Despite programmed heating in summer to a maximum of 24°C, it was sometimes necessary
during 1-2 weeks to activate a dehumidifier in order to remove excess moisture in the
storeroom. A reason for the increasing RH was probably moisture diffusing through basement
walls.
The result of such a simple control system was unique: with almost no machinery and only a
wall heating system, a “smart switch” control system and a simple air handling unit with a
high percentage of heat recovery with total investment costs of about 3000€ (without shelf
system, alarm, electricity and lighting), a microclimate stability was achieved in the storeroom
not usual found in such simple rooms – nor in more sophisticated storerooms with more airconditioning equipment. The running costs and maintenance costs are also very low as well as
costs for restoration, because the system also reduces the risk of dust pollution.
The following graphs show the climate stability in the depot:

Figure 3: Thermohygrographs of the storeroom in the Academy of Fine Arts, Vienna,
These examples show how with simplest building services and use of building mass, the
integrity of the building can be achieved in a world famous gallery and storeroom.
The building service installations are very simple: purely radiative wall heating avoids cold
walls and the risk of mould and a small and simple ventilation system helps to achieve an
acceptable air quality in the storeroom and an intelligent control unit activates the ventilation,
when outside conditions are suitable.
The following example shows how sustainable planning with the use of the waste heat from a
computer centre could be used for heating purpose in the underground storeroom of the
‘Einsiedeln’ Monastery.
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Book store room in Einsiedeln Monastery, Switzerland
The above examples from the Academy of Fine Arts, Vienna, showed simple but very
efficient control systems to achieve and reach very stable indoor climate by using building
mass, improving windows and shading in combination with very simple and cheap building
services. The following example of a similar, simple control system in a newly built
underground book storeroom in Einsiedeln Monastery in Switzerland is described.
The impressive Monastery of Einsiedeln in Switzerland, build between 1674 and 1735 by
Caspar Moosbrugger, needed a new storeroom for its extensive collection of precious
historical books. Furthermore the existing library was also renovated.

Figure 4: View to the Monastery in Einsiedeln, Switzerland
In order to achieve long term maximum stability in indoor climate, with minimal operating
costs, the “Viennese Model” was created by J. Kaeferhaus for underground storerooms and
used to plan a storeroom for the book collection of the monks.
Similar to the “Cologne Model” using minimum of housing services for longterm
underground storage buildings, the “Viennese Model”, developed for underground storage
rooms, utilises the constant temperature of the earth in order to avoid using cooling systems.
If there is no excessive heat source in an underground storeroom, which causes heat
accumulation, the indoor climate will be constant without a cooling system, if the insulation
requirements of the room are well determined by dynamic simulations. The thickness of the
outside insulation should ensure that there is a balance of heat gains and losses in the
underground storeroom.
Furthermore appropriate measures against water damages were taken in order to prevent, for
example, flooding.
Natural cooling was used in the past when winegrowers stored their wines in earth cellars,
which offer the optimum temperature and climate stability. In this context avoiding the “cold
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wall problem”2 is very important. This requires that the outside wall temperature must be
above dew point in order to avoid condensation on the interior of the walls, and conditions
which may result in mould growth.
In order to avoid the risk of cold walls in the book storeroom, a Temperierung wall heating
system was planned, with copper tubes in the clay plaster of the walls which were heated by
hot water. In addition to this heating system clay plaster on the walls was planned, which
gives a buffering effect to the humidity in the room to keep it stable throughout the year. A
minimum air exchange rate up to 0.5 ach is activated only, if a control unit (developed by the
Kaeferhaus company), which compares the absolute humidity inside and outside the
storeroom, signals that an improvement of microclimate can be achieved by drawing air into
the store at outside conditions.
The ventilation unit for the store, originally designed for low-energy buildings, has more than
90% heat recovery and humidity recuperation through a moisture recovering heat wheel.
For heating, an air to water heat exchanger uses the waste heat from the computer centre,
which is adjacent to the underground store room in the existing wine cellar of the winery of
the monastery, for heating up water for the book storeroom, so that in the long term there will
be hardly any energy costs. The wall heating is used to maintain “conservation heating” in the
storeroom.
In the old and not yet renovated houses without basements close to the underground book
depot a library was built, also with wall heating system in order to maintain the best
conditions for the users as well as for the precious historical books. In the library the existing
windows were renewed as box windows with shading devices. The ceiling of the attic also
was insulated to an optimum level.

Figure 5: Schematic diagram of planning principles in the underground book store of
Einsiedeln monastery
2

Maria Ranacher, Bilder an kalten Wänden, Restauratorenblätter 15, page 147-164, Vienna,
1995
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The underground book storeroom, floor area 300m² and height 2.5m, build of concrete with
internal clay plaster, should reach very stable indoor climate (16-20°C, 45-60%RH) with a
minimum of energy costs and no cooling system, because ground has a constant temperature
of about 13°C. The control systems should be very simple and reliable.

Figure 6: View to the place of the underground storeroom
To achieve minimum heating costs, waste heat from an adjacent data processing centre of the
monastery is used via heat pump.
Before planning and building this book storeroom into the earth, dynamic simulation was
used to optimise the thickness of the insulation of all six sides of the store in order to balance
heat losses and gains. A minimum level of wall heating was used to prevent cold walls and
avoid damp and mould problems. External gains of global radiation on the ground above the
storeroom were avoided by insulating its top surface.
In order to prevent mould in the store 18mm diameter copper heating tubes were installed in
the walls at three different heights above floor, 10cm, 100cm and 250cm, covered by clay to
add some hygroscopic material on the concrete walls, since concrete has no ability to absorb
or buffer the humidity of a room. The books, which will be stored in the depot later, will also
buffer humidity.
For ventilation, an air handling unit of 2000m³/h producing 0.5ACH is activated by the
criteria as described above: comparing the absolute humidity indoor and outdoor the
ventilator is activated only when the outdoor conditions are favourable.
As seen in Figure 7, in the beginning different control problems had to be overcome:




There was a huge amount of water in the concrete of the depot after building, which
had to be dried by heating and ventilating the depot, when it was dryer outside than
inside.
At the start of each operation of the ventilator of the air handling unit was an
unacceptable peak, despite very low start-up speed. To avoid these peaks, during this
testing period the air handling unit was activated continuously with very low ACH of
about 300m³/h, because in winter the outdoor conditions are always very dry in
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Einsiedeln with absolute humidity of about 1gr/kg air and inside the depot there was a
excess moisture which had to be removed. This mode of ventilation enabled the
removal of the construction moisture as quickly as possible.
Furthermore, during the testing period to dry concrete walls only by heating without
ventilation was a wrong decision, because the lack of ventilation did not help to
remove the excess construction moisture from the concrete.

Figure7: The measured data of book storeroom of Einsiedeln Monastery during
commissioning
One fundamental rule of preventive conservation is not to heat with convective systems
because of dust transport and loss of room humidity because of increase of inside vapour
pressure, but to ventilate the room when necessary only “isothermally”, which means with air
at room temperature.
As usually planned, the air handling unit had an optimised heat (and also humidity) recovery
system by means of an enthalpy wheel with a summer bypass, to avoid heat recovery in
summer.
Concerning the heat source of the system, an air to water heat pump was installed with two
means of operation, as follows. (1) Outside air is drawn through the warm data processing
centre, if the conditions are favourable (cooler, dryer, more humid) and the heat pump
supplies heat to the walls in the book storeroom. An indoor thermostat in the store controls a
3-way valve to supply, if necessary, hot water from the heat pump to the wall heating system,
to maintain a temperature of about 16-18°C. (2) If no heating is needed, the data centre is
ventilated directly by outside air for cooling. Figure 8 shows the principal of the ventilation
scheme.
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Figure 8: Ventilation scheme of book storeroom of Einsiedeln Monastery
Figure 9 shows the details in a flow chart of the programming algorithms to understand the
steps for activating the air handling unit by comparing absolute humidity and temperature
inside and outside.
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Figure 9: Flow chart of the control unit ‘smart switch’, activating fans for museums by
comparing absolute humidity (and temperature) inside and outside (courtesy of R. Frey,
www.freytec.com)

Schönbrunn Chapel, Vienna
In the course of the EU research project called “SMooHS”, wireless measuring devices were
developed to not only to measure temperature and RH in buildings, but also humidity in walls,
migration of salts in humid walls and air flow within rooms to investigate the movement of
dust and pollutants which can soil walls.
In order to prevent damage from rising humidity and migration of salt in the Chapel walls and
also hygroscopic humidity on cold walls, a temporary electric wall heating system was
installed. The radiative heating should also prevent soiling of the walls, which had occurred
due to convective bench heating, which is no longer activated in this chapel. Since all walls
are covered above the marble skirting board by “polish white” (Polierweiß), which is a
precious way of covering walls with plaster by a long polishing process, and since the chapel
153

is due to be refurbished, the aim of the EU project was to investigate the effectiveness of wall
heating with simple control systems and newly developed measuring devices.
A wall heating system was installed temporarily by means of a thin electric heating coil just at
the junction of the floor and wall with a capacity of about 50W/m, which was controlled by a
simple thermostat to maintain a temperature of about 35 to 40°C, in order





to heat the chapel to a temperature of about 10 to 15°C in winter to prevent damage
to avoid cold outside walls with possible condensation risk on the inside surface
to avoid dust pollution on walls which are covered with polish white
to avoid rising humidity

The results of the research project were promising. The simple heating with thermostatic
control were sufficient to maintain a stable room temperature (above 10oC), dry walls and
avoid potential problems including salt migration. The investment costs for the 40m of
electric heating coil were about 600€, including the control unit. Electricity consumption per
year was about 13,333 kWh for an area of about 600m² which costs about 2000€.

Schönbrunn Castle
The last example of a more sophisticated (electronic) control unit is that used for heating and
ventilating the showrooms on the ground floor (west) and on the first floor of Schönbrunn
Castle.

Figure 11: View to the “Grand Gallery” in Schönbrunn Castle, Vienna
Schönbrunn Castle is characterized as a world-famous cultural monument, but visitor
numbers of about 8-10 thousand per day in summer pose a threat to the environmental
conditions of the Castle and the artefacts. However, scientific studies have shown that the
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stability of the room climate becomes substantially more harmful by uncontrolled opening of
windows as a response to high visitor numbers. Consequently, it was important to minimise
the uncontrolled ventilation in the Castle through air leakage of the windows as well as
through doors. All the windows were sealed as best as possible and buffer rooms were built
after the main entrances in order to minimise the air leakage of the Castle.
To stabilize the indoor climate, controlled air ventilation through historic underground ducts
was introduced in order to achieve some cooling in summer and preheating in winter and to
improve the air quality in the Castle.
In the western part in the garden of the Castle a historic tunnel was found and used in very
sustainable way as an earth heat exchange system for the west tract of the Castle. This
underground tunnel was used as an air inlet for about 7000m³ air/h. This natural heat
exchange system produced about 54 kW heat in winter and about 65 kW cooling power in
summer without machinery, which was exactly predicted by the dynamic simulation, carried
out by the planning consultant Kaeferhaus.
For the controlled ventilation of the rest of the Castle, the central exhibition areas and the
eastern exhibition areas a new underground tunnel of about 300 m length, made of concrete
with inside barriers of brick walls was built in the ground beneath the “Lichte Allee east” in
order to cool or heat income air.
7000m³/h air were taken through the west tunnel and 7000m ³/h for the central showrooms
and again 7000m³ air/h for the air handling units of the eastern part of the Castle were drawn
through the eastern tunnels.
Wall heating systems (‘Temperierung’) were only installed in the western part of the Castle in
the ground floor, since the children’s museum in this part of the Castle has to heated in winter
to about 20°C for the comfort of the visitors. The “Bergl-rooms” and the “Crown Prince
Rudolf apartment” on the ground floor and the western “emperor yards” also have
Temperierung. A moderate temperature was maintained in the rooms and in the walls to
prevent moisture and salt migration caused by direct contact with the earth.
Since intensive research and measurement campaigns have been carried out in the Castle over
the last 20 years, sufficient evidence for all of the above mentioned. The air exchanges rates
of historical windows and the whole building were determined by tracer gas analysis. The
energy gains of the two underground tunnels were calculated by dynamic simulations in
advance and confirmed by measurements of the actual tunnels in every detail.
Scientific investigations of many years in the context of the European “Eurocare EU 1383
Prevent project” in the 1980s examined the problem of the ‘cold wall’ behind the Chinese
Vieux Lacquer boards and helped to solve this problem to find solutions for preventative
conservation.
Apart from the natural ventilation systems in the Castle which uses the natural shaft effect in a
very sophisticated way, the stable microclimate in the Castle is mainly provided by passive
methods through the large thermal mass of its building materials. With decentralised
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humidifiers, reduction in the humidity of the showrooms during winter can be provided on
demand.
This example shows, how a stable indoor microclimate, for both the artefacts and building
fabric, can be achieved with the simplest, but intelligent building services and the passive
building thermal mass, without compromising the integrity of a world famous castle with high
visitor numbers. A very sophisticated ‘risk assessment’ is also implemented in the castle. The
installations are very simple: wall heating avoids cold walls with mould and small ventilation
systems together with earth heat exchange systems help to maintain an acceptable air quality
in the castle and an intelligent control unit activates the ventilation, when the outdoor
conditions are favourable.
Since the western part of the ground floor of the castle has been transformed into a children’s
museum it was necessary to heat these rooms to about 18°C with wall heating to prevent
damage. Room temperature was controlled by simple room thermostats.
The ventilation system in the Castle was more sophisticated. Outside air was drawn through a
long historic tunnel in the earth (length about 250m, height 1.7m and width 0.6m) and brought
into the castle through a large ventilation unit of about 7000m³/h for one third of the castle.
The filtered air was blown into the Castle after comparing absolute humidity inside and
outside the Castle. Then above the ‘blaue Stiege’ (blue staircase), the main stair case to the
upper show rooms, next to a not very delicate painting, sensors of a sophisticated control
system compared temperature and RH of the income air and compared it to the demands of
temperature and RH in the Castle. The sensor near the painting measured the conditions of the
mixed inside and incoming air and controlled to a certain extent the decision to stop or
activate ventilation. The usual comparison of absolute humidity of the air inside and outside
did not work in this application because if air with very low humidity is drawn from outside
could over-compensate for humid conditions inside the Castle.
Air from the Castle was exhausted in a very sophisticated way. The castle has many natural
ventilation shafts, which had to be closed by fire protection flaps in the roof. Above these
flaps ventilators were mounted in the shafts which were spinning by natural draft effect, when
the shaft was open. The spin speed of each ventilators was measured for a control
management system, which calculated the amount of air which was transported only by shaft
effect. If more exhaust air was needed to keep the ventilation system in balance, exactly the
amount of electric power was supplied to each ventilator to transport the required amount of
air.
With the system of wall heating and natural ventilation in Schönbrunn Castle, installed about
15 years ago, a stable and smooth microclimate was achieved despite the mass of tourists who
‘siege’ the castle every day of the year.
All the room data before installation and after installation of the natural ventilation system in
Schönbrunn Castle can be seen and checked in the database stored in the ‘Climate for Culture’
database held by Eindhoven University.
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Evaluation of different approaches of micro climate controls
The Academy of Fine Arts, Vienna, is the best example to demonstrate simple systems of
non-invasive microclimate control approaches, and how they differ from each other in order
to learn from these experiences. There are 4 different control systems with 4 totally different
building service systems in the 4 different museums or stores in one building – one museum
of Fine Arts, 2nd floor west and south, one gallery in the museum of modern art, 2nd floor
north, one storeroom for engravings, 1st floor west, one storeroom for paintings in the
basement, partly underground surrounded by an historic tunnel of bricks to keep the
foundations walls free from moisture.
Within the “Art Gallery” are to be found the best possible improved, air tight historic
windows with optimal shading, a wall heating system, and a ventilation system activated by
CO2 sensors and controlled by a complex control system (by Siemens) which is activated
when bad air quality is measured. The second algorithm to activate ventilation is to compare
absolute humidity outside and inside – as it is done in all other museums or storerooms in this
historic building except in the copper engravings store room. The Siemens control system is a
complex one, which caused many problems to program by the contractor despite clear
specifications with very reasonable ranges of temperature and RH in summer and winter
through the restorers and planning partner Kaeferhaus.
The problems are known to all insiders since the individual programming of these air
conditioning machines is done by pre-programmed blocks. Programs for air conditioning
office buildings or schools, which are not appropriate for stable inside climate conditions in a
museum, have been implemented. A daily operating cycle may be suitable for a school but not
in a museum, where climate stability is required day and night. As the managing consultant
find programming bugs is rather difficult and only solvable by detailed analysis of the
monitored climate data.
The following graphs show that once the control system is working to the correct guidelines
the indoor microclimate conditions were excellent. Please find more details in the database of
the “Climate for Culture” project held by University of Eindhoven.
Since the visitor frequency in the Art Gallery in the Academy of Fine Arts, Vienna, is very
low (due to bad public relations) the ventilation due to bad air quality rarely was activated
which saved energy and reduced peaks when activating the ventilators despite low spinning
speed of the motors at the start.

Data
Figures 14 and 15 show the summer and winter conditions in the “xhibit” gallery in the
museum of modern art also situated in the 2nd floor of the Academy of Fine Arts, Vienna,
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orientated towards north. The gallery has improved box windows (air tightening, changing of
the glazing and very good shading system), wall heating and a simple ventilation system and
control system. Stable climate conditions have been achieved even without a complex control
system. Further details about the climate data are in the database of the project held by
University of Eindhoven.
Of the 2 museums on the 2nd floor of the Academy, the Art Gallery and the “xhibit” gallery,
the Art Gallery had the more complex control system because of the need to control the
chilling unit. All control units, also the one in the storeroom in the basement had an external,
overruling element (another control unit called “smart switch”) to activate the ventilation
system only when the outdoor climate conditions were favourable by comparing absolute
humidity (and temperature) inside and outside.
Note that outside air for the “Art Gallery” as well as for the storeroom in the basement is
taken from the historic surrounding tunnel in the basement of the Academy, which historically
was built to reduce moisture in the basement.
Only the ventilator of the “xhibit” gallery draws its outside air from the roof, since there was
no empty chimney or shaft in this part of the building to enable air transport from the
underground tunnel around the house.
As described above, the storeroom for engravings on the 1st floor of the building in the
western part, which has no ventilation at all and no wall heating but the existing radiators, has
no control system. Surprisingly, the climate data of this room were rather stable and were
satisfactory for a room without an air conditioning system but with only 2 humidifiers. The
result of the engraving store room could be seen in Figure 18 and 19 (see also in detail in the
database of the University of Eindhoven).
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Figure 12: Conditions in storeroom in basement of Academy of Fine Arts in summer (August)

Figure 13: Conditions in storeroom in basement of Academy of Fine Arts in winter (January)
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Figure 14: Conditions in ‘xhibit’ gallery in the Academy of Fine Arts in summer (August)

Figure 15: Conditions in ‘xhibit’ gallery in the Academy of Fine Arts in winter (January)
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Figure 16: Conditions in painting gallery in Academy of Fine Arts in summer (August)

Figure 17: Conditions in painting gallery in Academy of Fine Arts in winter (January)
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Figure 18: Conditions in storeroom of copper engravings in Academy of Fine Arts in summer
(August)

Figure 19: Conditions in storeroom of copper engravings in Academy of Fine Arts in winter
(January)

Short discussion of Figures
The climate data in the basement storeroom of the Art Gallery (Figures 12 and 13) are the
most stable ones, which is easily to understand because the storeroom is partly built in the
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ground which has an almost constant temperature. The problems of underground stores are
moisture and mould, which in this case was best solved best with a wall heating system.
The Figures show stable curves of the microclimate in the storeroom, although there are
almost no building services inside the room with wall heating and a cheap and simple small
ventilation unit, used in low energy houses. All 4 museums and depots in the Academy have
decentralised humidifiers. Very rarely in about 1 to 2 weeks in summer, in the basement
storeroom is a dehumidifier is necessary.
Also very stable room conditions are to be seen in the ‘xhibit’ gallery in summer (Figure 14),
whereas in the winter low humidity is due to the malfunction of the humidifier (Figure 15).
The cooled and ventilated painting gallery shows in summer (Figure 16) fairly stable indoor
temperatures and relative humidity as well as stable indoor conditions in winter (Figure 17).
Finally the storeroom for the copper engravings with no air conditioning machinery except
convectors shows in summer has a very stable indoor climate with temperatures up to 25°C
(Figure 18). In winter the activation of decentralised humidifiers are indicated by the saw
tooth curve (Figure 19).

Summary
Regarding investment costs for these four museums or storerooms in the Academy all systems
are available:
In the engravings storeroom on the 1st floor no additional building services except two
humidifiers were used with no control system.
In the ‘xhibit’ gallery, just wall heating, ventilation and simple control units we installed.
In the Gallery of Fine Arts the whole range of air conditioning, a chilling unit and a
sophisticated control system were installed. Due to small amount of visitors, ventilation and
cooling are rarely used with the consequence that running costs are low with smooth climate
curves.
It is surprising that climate data are not more stable with more air conditioning machinery. On
the contrary, it seems that less complex building services result in a more stable and smooth
micro climate.
The (specific) energy consumption of such an old building, which is normally used as a
university, is about 110 to 130 kWh/m²/a.
In the rooms with improved windows, wall heating and thermostatic valves with simple but
efficient temperature control, specific consumption is about 50 to 70 kWh/m²/a.
In the case of ventilation in the “xhibit” gallery or in the basement storeroom, about 800 kWh
electric energy per year has to be added for the ventilators because they do not need any heat
for ventilation because of their optimal heat recovery system.
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Objective
The main purpose was to develop a control system for general use in historic buildings (CS).
After a feasibility discussion, the main conditions to be satisfied are:
‐
‐
‐
‐
‐
‐
‐
‐
‐
‐
‐
‐
‐

Modern hardware (HW) concept (computing power)
Ethernet connectivity
Web interface for end customers
Software (SW) programming via IEC 61131-3 especially ST (structural text)
HW extensibility
Connectivity to supervisory control and data acquisition (SCADA) systems
Connectivity to internet (supporting internet protocols like ftp)
Connectivity to other control systems
Connectivity to Analytical SW like MATLAB
Satisfy security aspect (passwords, different access levels)
Ability for 100% Simulation of all programmable logic controller (PLC) functions on
PC including serial and Ethernet ports, Embedded WEB server and Web site
Connectivity to modern building control systems – intelligent buildings
Low cost system

Control system
After comparison between different products from SIEMENS, Schneider-Electric and other
small control systems producers it was decided to use a TECOMAT Foxtrot system (1015) as
a base for the building case-switchboard.

Img. Foxtrot Control System

The control system satisfies all the above conditions. In the following we give a summary of
the system’s functions:
 Built-in LCD 4×20 characters and 6 keys (usable for main overview about the actual
microclimate in the building). Available coding: ASCII, CP1250, CP1251 (Cyrillic),
CP1252, CP1253 (Greek). Code pages can satisfy all potential project partners.
 Programmable controller according to IEC EN 61131 (therefore there is the possibility
for future easy reprogramming of other control systems from different producers
meeting the same standard).
 Outstanding integration of controller together with the IT and telecommunication
technologies in one device (like Ethernet, SMS modem etc.).
 Powerful CPU with integrated binary inputs and relay outputs (e.g. for switching
humidifiers). Six inputs alternate binary inputs and analogue inputs (U, I, RTD) can be
configured individually (according to the type of microclimate sensors). Measuring
range is set by the user SW configuration.
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Img. Potential extension of CS






6 relay outputs in two groups on board. Optional slot can be inserted by additional
7×DI or 4×DI/ 3×DO on submodules PX-7811 or PX-7812. The number of I/O is
expandable up to 134 I/O and up to 10 modules respectively (sufficient for future
expandability) on high speed internal serial bus TCL2 (345 kbps) – enough for
dynamics in control processes for microclimate control. Other I/O can also be
expanded by 2 wire electrical installation bus CIB (19.2 kbps). Its software
capabilities can be described as follows:
Freely programmable according to IEC EN 61131-3, On-line programming (important
for testing), Programming and data communication (in LAN, Wi-Fi, WAN, Internet) is
available on Ethernet port (100 Mbps) with fixed IP address. 2 serial ports: one RS232, the second one with optional interface from the Profibus DP or configurable
UART. Built-in PROFIBUS DP Master on serial port or built-in BACnet (used in
many building systems) and MODBUS/TCP protocols on Ethernet (usable for
analytical SW like MATLAB, MATHEMATICA etc.). Built-in web server, free
creation of user internal web site stored on memory card (XML technology).
Memory expandable by SD/SDHC/MMC cards – this property is very important for
project purposes because on the SD cards we could save measured data from Case
studies and all implementations.

Monitoring system
As in the previous case, we made comparison between several SCADA systems and the
SCADA Reliance was chosen as best for usability and value for money. The main objectives
for selection were:
‐
‐
‐
‐
‐
‐
‐
‐

Independent of control systems
Full support for OPC standard. (Note that OPC is Object Linking and Embedding
(OLE) for Process Control).
Potential connectivity to SoftPLC system for algorithm simulations
Connectivity to maths SW like MATLAB, MATHEMATICA etc.
Full database, reports and graphs support
All properties have to be included in one package (no combination or additional costs)
Effective scripting part
Low cost system
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Img. SCADA for intelligent buildings

The SCADA Reliance system is designed to visualize and control building automation. The
advantages are:
‐ State-of-the-art and user-friendly development environment (RAD)
‐ Lower cost by reducing the development, testing and start-up time of applications
‐ No programming code needed for basic functions
‐ One version of an application can be configured for all workstations (computers)
‐ Centralized management for large applications
‐ Easy to export a final application to the Web format
‐ Easy to expand existing applications
‐ Comments can be added to all objects in an application
‐ Easy orientation in an application even for engineers unfamiliar with it
‐ Reliability of the system = lower costs for technical support
‐ Outstanding international support and services
One of most important functions for us is a very fast way to develop integrated application
with the Foxtrot system, in order to quickly develop a full application with all functionalities
like databases, graphs etc.

OPC server
The general connectivity for CS and SCADA for Climate control system can be satisfied
independently by producer of PLC or SCADA. OPC (OLE for Process Control) is a standard
for real-time data exchange between a SW application and process control devices such as
PLCs. OPC defines an interface independent of the device type. As a result, the end user is
almost not limited in the choice of hardware and software for his/her application. The only
requirement is OPC compatibility. There are two kinds of OPC components: OPC client and
OPC server. An OPC client is a program that gets (reads) the data from an OPC server for
further processing. The typical examples are MMI and SCADA/HMI systems. An OPC server
is a program that provides data to OPC clients. It is usually designed to read data from a
specific hardware device. An OPC client communicates with an OPC server through a strictly
defined interface. As a result, any OPC client can communicate to any OPC server regardless
of the type of device for which the server has been created. The OPC standard is developed by
the OPC Foundation organisation grouping hundreds of software companies and hardware
manufacturers worldwide.
For our purposes there are two important SWs:
1. Reliance OPC server - OPC DA 3.0 support Communication with Reliance data servers
through Web services, can be run on OPC client side with no need for using DCOM can
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be run as a Windows service, OPC Server only provides selected tags from a
visualization project, Monitoring tool for managing Reliance OPC Server.
2. OPC for Foxtrot - Teco OPC Server is a communication driver providing a data connection
between an OPC client (e.g. Reliance) and the Teco control systems. The server
implements the OPC Data Access 2.0 interface. In addition to all required functions, it
also supports the IOPCBrowseServerAdddressSpace method.

Img. OPC SW driver
All named functions are ready for link between CS in historical building and links between
SCADA and other systems – SW and HW.

Connection to the analytical SW
Analytical SW is an important part of the deliverables and it is written in MATLAB
environment. So there is several possible ways how Analytical SW can be connected to CS.
Direct alternative:
Matlab has add-ons like OPC Toolbox which can be used with OPC for Foxtrot described
above. The second way is to use an extension for Modbus or others protocol.
Indirect alternative:
Through SCADA we can use OPC functionalities, scripting language (data change can be
shared in text files for input and output files) or direct database connection. A variant with
direct connection via OPC Toolbox was tested and also a variant with SCADA.

Connection to Data storage system
A data storage system was developed with PHP and MySQL database. As for the previous
case there two ways to connect to data storage.
Direct alternative:
Because PLC Foxtrot has quite enough functionality, there is the possibility to exchange data
in a direct way, when PLC is Active and saving data on the internet and the Data Storage Web
system is downloading data from this place. Second way is to use an extension for the
Modbus protocol too, because PHP has extensions in these fields.
Indirect alternative:
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Through SCADA we can use OPC functionalities, and through scripting language or direct
DB connection we can share measured data with Data Storage systems.
The variant using SCADA – Data storage system was tested and other variants are under
development.

Img. Overview for integration between CS and Data Storage Web system

SW – description of main functionalities
SW for control systems need to have these main functionalities:
Measurement functions
Chosen PLC has HW interface for connecting humidity and temperatures sensors or others via
4-20mA loop or 0-10V or via RS-485 interface. Primarily we expect to use 4-20mA sensors
connection because of electrical interference stability. In the design for the first prototype we
expect
3 – T/Rh sensors
1 – switching heater
1 – switching humidifier
1 – switching dehumidifier
Any extension could be realised by Foxtrot extension modules and by changing the design of
the switchboard. The first prototype has space for additional connectors.
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Img. Prototype for CS for historical buildings

Data storage in PLC
PLC has a function named Databox, which can be used for storing measured values in CSV
(comma separated values) files. These CSV files can be stored on a SD Card which can be
used for downloading data. This functionality was successfully tested and ready for use.

Control algorithms
For preparing control algorithms Foxtrot has enough memory so it is not a problem to prepare
an alternative system to switch between several control approaches.
This is very important for testing as well as for operation. For a first approximation we
prepared a bang-bang control. Bang-bang control can satisfy basic functionality for
temperature control and humidity control via a defined hysteresis. Other approaches are now
under preparation, such as sorption isotherm control. All data for control can be stored on a
SD Card, so it is not a problems to have good overview about functionality after a long
operation time.

User interface
The user interface has two parts. First, on the front panel there is information about the status
of CS, measured systems and warnings. The second and main part is prepared via a Web
interface and supplies all information about measurement and control. Security is solved via
user rights and by entering an access code: an authorised user can change the control
approach, settings etc. A user without a password has no access to control, and can only see
actual measurement values.
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