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Abstract

Any historically significant interior require speti attention in connection with
indoor climate and air quality control, especialydro — thermal microclimate is
essential. Air temperature and relative humiditpdain particular their sudden
fluctuation over the time, have a wide implicatfonpreservation. Unfortunately, in
many historical interiors these parameters lie ffi@yond the tolerated range. In this
case it is necessary to carry out measures leattingnprovement conditions and, at
the same time, take into account economic aspetttenrequest for more and more
decreasing energy consumption. Any interventiomestoration action should be
preceded by a thorough analysis of current situatidhis statement applies to all
building, but for historical objects this is espaty true. In order to proper
determinate of initial conditions, monitoring in @Eppriate time period has to be
done.

This paper presents a study performed on the Rilgge Chapel of Holy Stair in
Rumburk, Czech Republic, that proposes the useatuds of preservation risk as
tools for indoor environmental assessment. Monirdata, which are basis of
examining initial condition in the Chapel, allows @alibration of numerical
simplified model in the software Design Builder Guith calculation core Energy+.
The 3D model assesses improvement of indoor eme@ntal quality in the chapel
depending on various measures leading to bettedition and the building plant
system characteristic. The analysis highlightstte telationship between level of
quality of the internal microclimate a requiremefus potential HVAC systems.

Keywords — indoor environmental quality, historichlilding, condensation risk

1. Introduction

Most of historic interior contends with problemsrétation of high moisture
value, which lead to cultural heritage deterionatiaip to destruction.
Leaving aside the structural faults, one of thetreosimon problems occur



due to the high level of air temperature stabilitythe interior, which is
caused by massive structures. Especially in thengprwhen the
temperature of walls is still low, the condensatidratmospheric humidity
outside warmer air begins to appear on their sagfacThis results
irreversible damages to historical frescoes inipaer. The ideal solution
for maintaining an appropriate conditions and thgrperfect preservation
of artefact could represents the installation df ¢entrol air system with
active monitoring. Nevertheless, this solution mag unacceptable
expensive. For this reason, this variant is unsgalfor most of historical
building.

This study is aimed at outlining possible solutideading to
improvement Indoor Environmental Quality (IEQ) aimestigation the
relationship between indoor environment quality @meérgy consumption,
considering associated cost on the operation o€tiapel as well.

2. Casestudy

Pilgrimage chapel of Holy Stairs is a part of impat cultural
monument Loreto in Rumburk on the north of CzecpuRdic. It has been
included among the significant place on pilgrimhpdatvia Sacra” since
2014. The Chapel was built in the year 1767-17i0 #s staircase is
surrounded by unique sculptural decoration andiicstl ceiling frescoes,
which underwent a complete renovation in the yé72— 2012. However
shortly after reconstruction the fresco painting artefacts began to show a
sign of damage [5].The reason of these damageseiigh value of air
moisture which leads to the condensation of wadpour on cold surfaces of
wall. Moreover, air temperature during the winteripd falls below freezing
level. This means that condensed water vapour foans into hoarfrost
(Fig. 1).

Fig. 1: Pilgrimage Chapel of Holy Stairs [4], frozeondensation on the walls during the
winter



3. Method

The study was carried out at two levels. Both paiperimental and
numerical campaign, were evaluated by indicatorspafservation risk
assessment.

Firstly, IEQ assessment was based on Performandex inPI)
determination, defined as the percentage of timghich the parameters lies
within the required (tolerance) parameters [2].sTdBsessment approach can
quickly analyze indoor parameters and thereby dartr overall
understanding hydro-thermal conditions. In thisecéPI is evaluated based
on two microclimatic parameters at the same timeoor air temperature (T)
and indoor relative humidity (RH). The thresholdenval of T and RH
considering acceptable, were determined accordingtandard ASHRAE
Application Handbook [1].

Secondly, another criterion evaluating condensatish has been
applied. This indicator, called a safety index (&Iyhlight how often comes
the condensation on the surface of walls. It isnéef as a percentage of time
in which indoor dew point temperature achieves lowaue than surface
temperature of the walls.

3.1 Experimental campaign

In order to understand hygrothermal conditions lie finterior, the
monitoring of air temperature and relative humidifyinterior and exterior
was carried out in a sufficiently long time perifg]. Measured data were
evaluated by performance index assessment. Dueetdatt, that surfaces
temperature measures were not included in the oramit S| determination
was not subject of experimental campaign. This tnang has enabled a
calibration of the 3D numerical model, thereforéas become the basis for
numerical campaign.

3.2 Numerical simulation

Simplified 3D numerical model was created in thdtveare Design
Builder GUI with calculation core Energy+. This ibahted model made
possible to implement a criterion SI. The modeleasss improvement of
indoor environmental quality (IEQ) in the chaptexpdnding on various
measures leading to better condition and the Mgldplant system
characteristic. The IEQ was initially evaluated ¢ime basis prevent
condensation, which has an essential impact to hik®rical frescoes.
Subsequent the improvement of Pl value was evalusenell. One of the
issues of the analysis is provided the relationshgtween indoor
environmental quality and energy consumption argb@ated cost on the
operation of building as well as.



4. Monitoring data assessment

The sensors for monitoring air temperature andiveldhumidity were
located in 15 sites in the chapel and adjacensteloin the period from 8
November 2012 to 20 June 2013 (Fig. 2) [5].

Fig. 2: Position of sensors in the Chapel and ®&ois

Sensors No. 14 and No.16 shows only inconsidenifferences during
measured period. The same is true for sensors ldod2No. 12. The sensor
No. 17 shows higher fluctuation of measured vathes other sensors. This
fact is due to the open windows during the monitpriSubsequent analysis
has focused on sensor No. 1, which is located enatlea of reconstructed
frescos and sculptures.

Interesting determination indicates comparison cfasured values
located in the individual corridors and area ofrstéFig. 3, 4). Although
values of air temperature do not indicate significdifference, values of the
relative humidity show considerable dissimilariti@ased on these results,
additional source of moisture (for example in fooh rising damp) is
expected in some parts of the object. From the @litois obvious a higher
value of specific humidity in the north oriented rridor. There is
presumption of solar radiation effect in the sowotiented corridor and
thereby overall favourable impact to the moistugnditions. Whereas
accumulation of the moisture in cold north orientedidor is evident.
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Fig. 3: Monitoring indoor air temperature (red: Fig. 4: Monitoring indoor relative humidity
south oriented corridor, blue: norht oriented  (red: south oriented corridor, blue: norht
corridor, green: area of stairs) oriented corridor, green: area of stairs)



The entire measured period was allocated to theetlseasons and
subjected to investigation (winter: 8 November 204231 May 2013;
middle: 1 April 2013 — 15 March 2013; summer: 16r8f82013 — 19 June
2013)

Results of analysis confirmed the assumption abooinpletely
inconvenient conditions in the Chapel. During thenitoring period could
not be reached (in any of evaluated period) bypéreentage representation
within the acceptable zone (see in Fig. 5, 6 andwhere all values lie
beyond the pale of 60% RH for any time measuretb@geOn the basis of
previous results, it is possible to estimate thkab®ur of hydro-thermal
parameters in combination with additional instélatof HVAC system.
Due to the fact of not exceeding temperature a&7€ and extremely high
value of RH, the following measures will focus ohetheating and
dehumidification.
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Fig. 5: Performance index of T  Fig. 6: Performance index of Fig. 7: Performance index
and RH in the tolerance matrix T and RH in the tolerance of T and RH in the
during winter period matrix during middle period  tolerance matrix during
summer period

5. Numerical model and calibration

To investigate the subsequent measures leading etterbindoor
conditions in the Chapel was necessary to createerical 3D model.
DesignBuilder GUI software and the ENERGY+ caldolatcore, which is
based on a dynamic one-dimensional model of haasfer by conduction in
multilayer structures, was used for simplified moafeChapel.

In order to simplify, the model geometry was lirditenly to area of
Chapel, which considers chapel energy independeheaorridor. Actually,
similar effect could be achieved by installatiordigéidnal construction (for
example glassed wall). The model works as a faonres model: two for no
occupancy basement and loft, last two zones fa aefehapel and staircase,
which interact each other by holes in walls.

To ensure the relevance of the results is imperaticalibration of the
3D model. This validation of the numerical model was allowbg
application of measured data (T and RH in the @defrom the monitoring



to the software. For this reason, it was necessargreate a new epw
(Energy Plus Weather) file, which is able to in@ua climatic conditions
occurring during the monitoring. Air temperaturaatew point temperature
was applied from monitoring data. On the other hdrwind speed and
wind direction values, where are important for miag natural ventilation
and infiltration, were not involved by monitorint this case, the database
NOAA from National Climatic Data Centre [3] was dseThis database
allows download the weather data history for theesagime period as the
monitoring was carried out

The numerical 3D model took into account no heaiinthe building.
Two small windows in the chapel were set to opeaughout year on 15%.
It is the typical configuration that was checkediniy the actual operation of
the space. Infiltration of air was calculated faop construction and model
considered constantly operation of natural vempitat

The calibration of the numerical model confirmedamsumption about
occurrence some added source of moisture (Figig8,9Fand 10), which is
probably caused by poor waterproofing of buildimg. this case it was
necessary to include further added source of meistuthe model. Ground
moisture is replaced by the added process witmid#etion set to 1, which
causes an increasing of relative humidity in theemowith minimal heat
gains.

From Fig. 8 are noticeable differences of indootenperature between
results from numerical model and monitoring. Higheslues of air
temperature obtained from BPS can be attributeatidachanging operation.
In case of opening of windows in the numerical nhipodke software
generates lower value of indoor air temperature.
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6. Condensation risk

Condensation on the cold surfaces of walls in theerior has a
catastrophic impact to the historical frescoes. thi reason, assessment of
condensation incidence during model year has bedbmenain subject of
evaluation IEQ. In this case, indicator “safetylarn” was used, which
highlight how often the condensation appears orsthiéaces of walls. That
occurs when dew point temperature in the interédir down below surface
temperature of walls.

Surface temperature history of selected structwedments was
calculated by using Design Builder GUI software aBtNERGY+
calculation core. One of the parts of the energgriz calculation in this
software is performing a calculation of heat transhrough structures. It is
possible to acquire the development of the surfangeratures of selected
structures of the wall as a partial result of trakulation.

NCE (Tsurf - Tdewpoint)

TEMPERATURE DIFFERENCE (Tsurf - Tdewpoint)

LEVEL OF WATER VAPOR CONDENSATION LEVEL OF WATER VAPOR CONDENSATION
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Fig. 11: Sl during model year in current  Fig. 12: Sl during model year after removing
situation the reasing damp

Critical conditions for historical frescoes repmesgraphs below, which
are addressed S| assessment. Graph in fig. 11 sbondensation risk in



current situation. On the other hand, graph in fg.shows Sl evaluation in
case of elimination rising damp (for example addaterproofing).

Although structural invention removing rising dangads to better
parameters of Sl, condensation on the walls iscoatpletely eliminated.
Critical conditions for preservation of historicéscoes occur during the
winter period and spring time in particular. Insthime, the development of
indoor T and RH is fully depended only on extertlahatic conditions and
material characteristic of the structure. Graph fig. 13 shows the
relationship between value of specific humidityhe exterior (expressing by
dew point temperature) and condensation risk inikexior (expressing as
differences between surface temperature and dewt pgemperature of
interior air). It is possible to see a clear clatien between both values.
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Fig. 13: Correlation between outdoor conditions emddensation risk in the interior

Interesting findings demonstrates analysis, whieblgl with the rate of
natural ventilation in the chapel. In case the wins are fully closed during
all year, the condensation risk will be reducednrs% to 3% of time. On
the contrary, RH, and thus the specific humidityva#i, value will increases.

7. Measuresleading to stop condensation on walls

From the above statements, it is obvious the nigest additional
HVAC system installation in order to stop condeimgaibn the frescoes.
Increase surfaces temperature of cold walls wittsdoes is only one
possibilities lead to elimination condensation risk

In order to increase indicator Sl (values clos&Q0 %), installation of
additional heating system was evaluated in the nigalenodel. This system
can easily guarantee the stop condensation andus$e, improvement the
value of PI. Despite the possibility of increasiAgvalue up to 56 %, the
most of values related to RH still falls outsidketance range.

It is generally known, the control system settilag la directly impact to
the level of IEQ and related to energy consumptisnwell. In this case,
temperature control for 15 °C during winter perid® °C during middle
period and no heating during summer is able toalgli eliminated
condensation on the walls. The most significanblenm with condensation
occurs during winter and especially middle peribid)( 12), for this reason it



is not necessary to heat during summer time. On atiher hand, PI
evaluation can achieve only 30 % (Fig. 14). In céeeheating throughout
year, Pl value can reach 56 % (Fig. 15). Of coutisis, increase will be

reflected in energy consumption.

Subsequent improvement of Pl and related to inereast operation can
be acquired by air control system. Whereas the malsivant problem
represents a high value of RH, heating with dehifitédion was assessed.
This system is able to achieve 89 % of PI (Fig.. 16)order to prevent
overdrying of interior during very cold days, aif @ontrol system was
investigated as well. In this system, Pl is ablesch almost 100 %. In both

cases, values of Si fall
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Constantly increasing requirement on IEQ and rdld®e is naturally
reflected in energy consumption for HVAC systemisTimprovement will
have a directly impact for occupant in terms of rgpecost for system

operation.
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8. Discussion

Generally looking for additional funds for HVAC $gm operation is
obviously difficult. Presented study tries to miaiime operation cost as
much as possible. Nevertheless, in order to elitisina condensation risk,
installation of additional HVAC system is essenti@n the other hand, the
acceptable level of IEQ, which guarantee discoation condensation on
the frescoes, can be keep by relatively low co861{¥/year). Moreover,
these costs would be more decreased by subseqeennstruction
eliminating rising damp.

9. Conclusion

In this paper, the procedure leading to improveniEQt was assessed.
Especially the condensation on historical fresaoesb artefact was essential.
Hydro-thermal parameters in chapel were investijdt@sed on results of
experimental campaign. These monitoring data wagpliegp during
experimental campaign as well, as an important tinparameters for
calibration numerical 3D model in software Desiguil@er with calculation
core Energy+. The aim of the numerical study isappsal leading to stop a
degradation of interior due to the unsuitable ofapeeters of indoor
environment. For this reason various options wgeergned in the context of
relationship between microclimate lever requiremeand energy
consumption. In order to evaluation condensatiek & criterion SI was
introduced.
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