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Abstract. In general, a building survey includes geometry, structure, construction, material
and history. In historical buildings over the time the building structure and usage can vary
greatly. If a room offers good conditions, it will be used accordingly. The usage criteria are not
limited to geometric and visual design features but also include thermal comfort. When
determining the use of historical rooms and buildings, it makes sense to combine the results of
the construction survey and literature research with a reconstruction of the indoor climate.
Constructive adjustments, spatial extensions and social developments lead to a deviation from
the originally planned and implemented situation over time.

Which parameters have to be known in order to reconstruct the indoor climate of a historic

building? This paper uses three examples to describe the requirements and procedure for
determining the use of rooms that are no longer in their original state. The reconstructed spaces
are an office in a former tobacco factory in Krems (Austria) [1], an art gallery in Yogyakarta
(Indonesia) [2] and a traditional residential building is in Jeddah (Saudi Arabia) [3]. Dynamic
thermal and hygrothermal simulations of building elements show the ability of materials to
influence the indoor climate and the interaction between construction and indoor climate. By
monitoring or defining the user’s presence and activities in a room the thermal interaction
between construction and indoor climate is calculated. The detection of the airflow around and
through the building provides important parameters for the assessment of thermal indoor
comfort. The results were compared with the use of space as described in the literature or
expected from the building survey.
The method of reconstructing the indoor climate in historical buildings works. The results
provide information for evaluating the original situation. With these findings, the potential
inherent in a building can be better exploited for the adaptation of historical buildings to
changing user requirements or climatic conditions.

1 INTRODUCTION

The thermal conditions of a room have a great influence on its practical use. The choice for
material, construction, geometry, orientation and size of the building and its openings is
determined in the design process. The quality of construction is limited to the availability of
resources and to the state of building techniques. Over the time, parts of the historic construction
were adapted to the change of usage or technologies. Such modifications may or may not
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improve the quality of the building and user comfort. During the life cycle of a building, there
are periods, in which the interaction between construction, user comfort and environment are
in a good balance. The circumstances in which such precious phases occur are of particular
interest for the reconstruction and adaptation of historic buildings. The results provide
inspiration or individual solutions for adapting a room or building to another purpose without
the need to add new construction technologies or equipment.

This paper describes a method of reconstructing a user’s thermal comfort in a room or
building, which is no longer available in its original state.

2 MATERIALS AND METHOD

In addition to a conventional building survey specific material characteristic and the air flow
around and through the building need to be determined. Temperature, humidity, air velocity in
a room, activity and clothing of the user are the main parameters to assess the thermal comfort
at a specific usage scenario as it can be expected from the architectural design, the description
in literature or explanation from former user. A high thermal comfort confirms the supposed
use of space.

Steps to reconstruct the indoor climate to proof a room’s usage:

1. use information provided by a regular building survey: plans with detailed
measurements of rooms, construction, openings, materials, history, its purpose and way
of use, description of the surrounding neighborhood, environment, landscape,
find the way of air streaming through the building,
determine key values of air velocity in the room or its air change rate,
get the outdoor climate data from a database or by monitoring the microclimate on site,
determine specific characteristics of construction and surface materials,
calculate the indoor temperature and humidity,
assess the thermal comfort,
discuss and compare the results with its assumed purpose of use.
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2.1 Three buildings

The method to reconstruct the indoor climate of a historic building was developed and
proved on three buildings. They differ in shape, size, usage, materials, location, respectively
climate zone and the data available. All testimonials use natural ventilation for the reduction of
overheating. In the current situation, only Gallery 1 in Yogyakarta operates a chiller, but only
during the museum’s opening hours.

2.1.1. Meeting room at Danube University Krems, Austria

Krems is located in the Austrian province Lower Austria, north of the Eastern Alps at the
River Danube. Hot summer and cold winter are significant for the prevailing continental
climate. The former tobacco factory in Krems was designed by architect Paul Hoppe (1869-
1933) and built in 1918-1922. Since 1994, it has become the main building of Danube
University Krems Campus, housing office rooms and lecture halls. The building with its typical
facades is a listed monument (figure 1, left).

Between June and September, indoor temperature in the examined meeting room rise up to
32 degrees Celsius. Due to the development of cooling strategies, a system of numerous sensors
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has been monitoring the thermal behavior of one exemplary room without inner heat gains and
its adjacent spaces since May 2018. The dataset includes the outdoor air temperature, indoor
air temperatures and surface temperatures of the meeting room and all adjacent rooms, the use
of the room, door, window wings and shading system (figure 1, right).

The facade construction consists of a reinforced concrete skeleton with massive brick in
between, covered with whitewashed cement plaster with structural facade elements and
whitewashed lime cement plaster on the inner wall side. Two layers of eight slim wooden wing
frames with single glass form one big box window. A textile roller blind between the two
window layers protects the room from solar radiation. A metal stud wall planked with gypsum
boards detaches the room from the northern office, other walls are made of massive brick,
covered with whitewashed lime cement plaster. The reinforced concrete ceiling construction is
based on the Hennebique System. Mineral wool, screed and a wooden floor form the floor
construction. The bottom view of the ceiling shows suspended gypsum boards. The originally
dedicated use of this room was an office using night ventilation. Due to fire restrictions and for
the protection from wind, rain and uninvited guests it is not possible respectively not allowed
to keep windows open at night.

Figure 1: Danube University Krems, former tobacco factory (2019, [4]). The examined meeting room in the
second floor, left of the risalit (2019, [4]).

2.1.2. Gallery 1 in Museum Affandi, Yogyakarta, Indonesia

The city of Yogyakarta is located on the Indonesian island Java. The climate is hot and humid
with a permanent smooth wind breeze.

The Gallery building was designed by the painter and sculptor Affandi (1907-1990, figure
2, left), built in 1962 and officially opened in the year 1974. The lenticular gallery is defined
by two curved massive brick walls covered with cement plaster. In the west wall, a bend of
slide windows provides fresh air for the gallery. Air enters the building through large doors at
the ends of the east wall. Ceramic tiles cover the floor slab made of reinforced concrete. Banana
leaves gave inspiration for the shape and construction of the roof. Teak shingles on wooden
roof battens are the original roof materials. Due to leakages, the roof was insulated with an
additional layer of bituminous shingles. Natural light enters the building through a small glass
slit among the longitudinal axes in the middle of the ceiling. A canvas underneath the
transparent roof area protects the paintings from direct light (figure 2, right).

After an earthquake in 2010 and due to significant changes in the surrounding area (more
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traffic, noise, dust, insects, neighboring buildings, reduced airflow, change of microclimate)
ventilation openings in the upper area of the east facade were closed [2]. This measure led to
uncomfortable room climate for art and visitors. Therefore, two chillers were installed in 2016
to support ventilative cooling. Every morning wardens open doors and windows to exchange
the humid, warm air with fresh air from outside. Chillers operate during opening hours only.
During night, doors and windows are closed, cooler, but more humid outdoor air enters the
gallery through gaps between windows and roof and through gaps in the door fillings.
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Figure 2: The design sketch for Gallery 1 with an implied ventilation concept (right, sketch 65 in Sketchbook of
Affandi, 1950). Gallery 1 in Yogyakarta (W. Stumpf, 2019).

2.1.3. Al Nawar House in Jeddah, Saudi Arabia

Al Nawar House is a traditional residential building in Al Ballad, the old town of Jeddah,
Saudi Arabia. The climate in the port city on the Red Sea is very hot and humid all year round.
A smooth breeze permanently blows alternately from the Red Sea or from the desert of Arabian
Peninsula. Outdoor temperatures are between 32 and 49 degrees Celsius, at night about 15
degrees lower. Coral stone was the only construction material for historic buildings in this area.
Wooden window boxes, so called roshan or rawasheen, are the typical elements on these lime-
plastered, mostly whitewashed facades. They protect the rooms from direct sunlight and
unwanted glances. Their main function is the control of airflow in the building.

In 2012, a team of scientists from University of Technology Vienna and King Abdulaziz
University Jeddah performed a comprehensive building survey of the about 350-year old Al
Nawar House in Al Ballad [3]. As a result, there are detailed plans, a description of building,
construction, material and its history (figure 3).

The people in such buildings knew how to create a tolerable indoor climate by opening and
closing the shutters at certain times. The room function could change over a day. Depending on
the air temperature, humidity and air velocity the indoor climate was suitable for sleeping,
sitting down for a chat or doing manual work. There was no support from mechanical air
conditioning systems.

Nowadays, most of such historic buildings are abandoned, or only the ground floor is used
as a department store or as storage space. Since 2014 the old town of Jeddah has been listed as
UNESCO World Heritage. The municipality plans to revitalize this historic urban area.
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2.2 Building survey

The three chosen examples differ in the data availability of its initial situation and in the
access to the building.

Which information was available, what was needed?

The meeting room at Danube University Krems, Austria, provides all necessary information.
Geometry of the actual situation, construction and material characteristics are given. The author
has personal access to the room at all times. Microclimate (outdoor air temperature, wind,
precipitation), air and surface temperature in the examined and adjacent rooms have been
monitored under several usage scenarios since 2018 [4].

The author visited Gallery 1 in Yogyakarta, Indonesia, in August 2018 and August 2019.
Documents and plans about the current state of the building, geometry of the actual and historic
situation, construction and material characteristics are given [2]. The original state of the
building has changed in some parts, but the usage is still as it has been from the beginning.
Microclimate (outdoor air temperature, humidity, wind and precipitation), indoor air
temperature, humidity and even COz-concentration have been monitored since January 2019.
Data are permanently accessible via WLAN connected sensors and internet cloud. Surface
temperatures, operation hours of chillers, air velocity at different areas in and around the
building, thermal comfort were measured and experienced personally on site over two periods
of two weeks. Air velocity in the initial situation with numerous small openings in the fagade
and no buildings around Gallery 1 have to be determined.

Information about Al Nawar House in Jeddah obtain from several sources like construction
plans, literature and interviews. The author had no direct contact to this building nor to the
region. The state of geometry and construction in the year 2012 when the building already was
abandoned, construction and the material characteristics are given [3] (figure 3). A meteonorm
climate data set [5] describes the outdoor climate in the area of Jeddah. The microclimate
around the building site has to be derived from meteonorm data. The building owner and
scientists performing the building survey described the indoor climate and the former use of the
building. Literature and material database MASEA [6] provided further information.

B % A

Figure 3: Floor plan of Al Nawar House in Jeddah, second floor (left), north direction points to the right. The
examined room 101 (right) is situated on the top right of the floor plan (building survey in 2012, TU Wien [7]).
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2.3 Airflow around and in the building

The determination of air velocity is based on calculations with characteristic values and the
consideration of influencing factors. In addition to classic results of a building survey, this step
provides further information.

The interaction between indoor and outdoor climate is influenced by heat transmission
through the building envelope, by solar radiation entering a room through openings or
transparent areas and by convection from air streaming into or out of a building. This paper
focuses on buildings with small or well-shaded openings, so that the indoor climate is only
slightly affected by sunlight. The described method of reconstructing the indoor climate is
aimed at buildings such as Affandi Gallery 1 and Al Nawar House, where convection has the
greatest influence on the heat and moisture transport. For the reconstruction of indoor climate,
it is necessary to determine the hourly air change rate (ACH) of a room. In a qualitative building
and site analysis the way of airflow around, into and through a building can be identified with
curved lines and arrows on the plans. Alternatively, a CFD simulation (Computational Fluid
Dynamics) based on Navier-Stokes equations offers more specific information [3].

Air movement is stimulated by wind (air flows from areas with high pressure to areas with
low pressure) and buoyancy (vertical differences in air temperature respectively density).
Numerous circumstances reduce the flow of ambient air into a building. Main parameters are
vegetation and constructions in the surrounding, building shape, position of the building to the
wind direction, size of an opening and the resistance of fillings like lattice are. The airstream in
a room depends on the number, size and position of openings, size and proportion of the room,
surface finish and temperatures, objects and heat sources in the room, and especially on the
spatial distribution of temperature and pressure differences. Flow reduction also can be
calculated by an exact analysis of each influence parameter according the established laws of
aerodynamics in a quite complex way. If the examined space is still in its original structure and
surrounding a tracer gas measurement delivers realistic numbers for ACH. For an early stage
analysis as described in this paper, the reduction factor is estimated from the effects of the
parameters written above.

The number of air changes per hour (ACH) is calculated using equation 1 and 2. Direction-
dependent values for the wind velocity come from a climate database or a microclimate
monitoring system on site.

v=S-s-R 1)

ACH=V/V @)

v [m3/h] stands for air volume per hour, S [m2] is the value for open cross-sectional area of
a room or an opening, s [m/h] stands for the average wind or air velocity over an investigated
period, R [-] is an estimated reduction factor in the range from 1 to 0, V [m3] describes the
room volume, ACH [1/h] is the air change rate per hour.

Realistic key values for air velocity in a room range from 0.05 to 2.0 m/s. The air change
rate per hour during operation (person in the room) ranges from 0.1 (windows or shutters closed,
but just for a few hours) to 3.0 and is usually controlled by the user. ACH values between 1.5
and 10 per hour can be assumed during night ventilation (no person in the room, all windows
opened).

The envelope of the three examined buildings is not particularly airtight or even fully closed.
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The box windows in Krems comply with the current technical standard for existing buildings.
In Gallery 1 the air gap between the wall and roof above the windows in the eastern facade is
eight centimeter wide. The windows in Al Nawar House have no glass panes, but wooden
shutters and wooden lattice, so called Mashrabiya. Leakages in the building envelope are taken
in account in ACH with 0.1 to 0.3 per hour.

2.4 Calculation of indoor climate

Why calculating the indoor climate? A building survey gives us the opportunity to
reconstruct the geometry, construction, material, use and history of buildings in their previous
and original state. Similar, still existing constructions or material samples offer a comparison
option for creating virtual models. We can agree that no thermometer or hygrometer was
normally installed in historic buildings and that no profiles from measured indoor temperature
and humidity were documented. Historical scenes on paintings, traditional clothing, typical
widespread diseases etc. indirectly provide hints about temperatures, humidity, air drafts in
buildings.

The indoor climate is mainly perceived by temperature, humidity and movement of air.
Chapter 2.3 describes the determination of airflow and ACH. Equation (3) and (4) give indoor
air temperature and humidity [7].

(c_wall - A_wall + c_ceiling - A_ceiling + c_floor - A_floor + c_air -V - p) - AT i/ ot ©)

=(c_air-ACH -V -p+ U wall - A wall + U_win - A win) - (T_e(t) - T_i(t))

C hyg-4u i/ot=ACH -V - (u_e(t) - u_i(t)) 4

c is the effective specific heat capacity of a building component reacting with the room air,
ISO DIN 13786 [8] describes the calculation method using thickness, bulk density, specific heat
capacity and thermal conductivity of a material layer. A denotes the room-side surface of a
component. V is the volume of ventilated space, p the air density. T_i and T_e are indoor and
outdoor air temperature over time step t. T_e comes from a climate database or a microclimate
monitoring on site. The examples described in chapter 3 did not consider any differences in the
climate data between the current time and the time before climate change. ACH describes the
air change per hour, see equation (2). The U-value or heat transfer coefficient of a building
component depends on the thickness and thermal conductivity of material layers. u is the
absolute air humidity, converted from the relative humidity, air pressure, saturation pressure
and the gas constant. The calculations of U and u follow common building physical procedures.
Values for equation (3) and (4) come from building survey, material databases or equation (1)
and (2).

The results show temperature and humidity profiles over time (figures 4 to 7). For the
validation of the indoor climate model, compare the calculations with the monitoring data
(chapter 3.1, figures 4 and 5). Mean values over a time period in which the room is occupied
are input data for the assessment of thermal comfort.

2.5 Assessment of thermal comfort

Usage criteria of a room are not limited to constructive, geometric and visual design features
but also include thermal comfort. A room is used according its purpose, if comfortable climate
conditions correspond to the activities and requirements of the user. If this premise is not met,
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the assumptions from building survey cannot be confirmed or the user satisfaction was quite
low.

The thermal comfort was assessed with the “CBE Thermal Comfort Tool” [9], an online
tool, in which one of the standardized assessment methods as described in EN I1SO 7730 [10],
EN 16798-1 [11] and ASHRAE 55 [12] can be chosen. Building history, calculations or
assumptions provide the input data for this tool. Air temperature and relative humidity result
from equation (3) and (4). Operative temperature is the average of air and surface temperature.
To do this, the area-weighted value of all surface temperatures must be defined, which were
calculated using dynamic simulation software like WUFI pro [13]. In climate zones where
outdoor air temperature lies in the range of indoor air temperature you may specify the surface
temperature plus/minus three degree Celsius of the indoor air temperature. Classify a person’s
activities and clothing as described in the building’s history. For the evaluation of air velocity
follow the procedure in chapter 2.3.

The adaptive method is based on an approach in which the acceptance of higher indoor
temperatures increases with higher outdoor temperatures.

The result of thermal assessment is indicated by the position of a point in a diagram and the
values for PMV and PPD (Predicted Mean Vote and Percentage of Person Dissatisfied [10],
figure 8). If results do not meet the standardized requirements, it should be taken into account
that the assessment methods were developed in accordance to the lifestyle of the so-called
western world in the second half of the 20" century. In this case, individual results are evaluated
based on their relative relationship to comparable situations.

3 RESULTS

One room of each described building was examined under different usage scenarios and
different climate conditions. The results show the quality of the thermal comfort and the
congruence of reconstructed and described or expected situations.

3.1 Meeting room in Krems, Austria

This building was used to test and calibrate the method. In 2019, several scenarios using
different control strategies for window and shading positions, could be investigated in real-time
and under personal appearance. These experiments were the base for checking the congruence
between monitored and calculated indoor climate.
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Figure 4: Monitored (Ti_mon) and calculated (Ti_calc) indoor temperature profiles over one day in the meeting
room in Krems, Austria. The calculated temperature profile overlaps the measured values.

The calculations proof that the indoor air temperature can be predicted if specific data about
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the outdoor air temperature and the room usage profile (window, shading and door position,
occupancy) are known.

Textile roller blinds and windows are always drawn. The curve indicating the calculated
indoor temperature overlaps the monitored temperature profile. The air change rate and heat
flow from solar radiation (Qsolar) through the shaded window had to be adjusted in the hourly
calculations according the usage and time profile (figure 4).

3.2 Gallery 1 of Museum Affandi in Yogyakarta, Indonesia

Museum Affandi gives an example for how to reconstruct the initial design concept’s indoor
climate.

In a first step, the calculated temperature and humidity profiles were adjusted to the
monitored data in an iterative way. The air change rates were determined taking into account
the reduction parameters described in chapter 2.3. The load profile “Qsolar - Qchiller” (solar
radiation through the roof glass minus cooling capacity of the chiller) results from the remaining
difference between monitored and calculated temperature profile (figure 5, left diagram). The
dehumidification performance of the chiller also results from the difference between monitored
and calculated humidity profiles (figure 5, right diagram).
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Figure 5: Indoor climate in Gallery 1 on August 16, 2019. The diagram on the left shows the approximation of
the calculated (Ti_calc) to the monitored (Ti_mon) indoor temperature, taking into account the influence of solar
radiation through the glass opening in the roof and the cooling capacity of the chiller. The right diagram shows
the humidity profiles under the influence of the chiller’s dehumidification capacity.

50 r 100
45 95
windows CLOSED

= 40 e 20
£ Gallery OCCUPIED ®
535 L8s e
ix Il e
s -] == ~ =
o= 75 E
s I N 2
® 20 S F70 e
215 . Les &
8 . ®
g 10 Y -7t 60
£ . = -
£s b} T AP 55

0 == 50

0 3 6 9 12 15 18 21 24

August 16" 1974 in hours
T e e——Tjcalc = - Qsolar relhum._ e = = relhum._j, calc

Figure 6: Reconstructed indoor climate of Gallery 1 in its original state in 1974, when there were numerous
small ventilation openings in the east facade and no chillers were in operation.

In a second step, the indoor climate of Gallery 1 was reconstructed in its initial state in 1974
(figure 6). The main differences to the current state are additional small ventilation openings in
the east wall construction, door wings with a wide-meshed, open metal grille, no neighboring
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buildings around the museum site and therefore stronger wind, no chillers in the gallery. These
features are reflected in higher air change rates. The windows in the west fagade were kept
closed during the day when outdoor temperature was higher than the temperature in the gallery.
Due to open windows and wind pressure, a slightly higher air exchange rate was assumed at
night. The same microclimate data as in 2019 was used for the calculations.

During opening hours in 2019 temperature is higher than in 1974, relative humidity is quite
the same. The chiller offers the advantage of its ability to dehumidify the air, increase the air
velocity in its streaming area and lower the airflow temperature well below the temperature of
surrounding areas. This provides cool areas for the visitors, but is not a healthy environment
for the art on display.

3.3 Al Nawar House in Jeddah, Saudi Arabia

The third example only usess information from a building survey in the year 2012, when it
already has been abandoned for many years. Literature and an interview with the owner and
former inhabitant of Al Nawar House were the sources to reconstruct the way of living under
extreme climatic circumstances. The author never had the opportunity to see the building in
reality. By organizing a climate data set and additional information about the construction, the
indoor climate was calculated according chapter 2.

The result shows that the thermal comfort in room 101 on a hot and humid day in October
the 8" between 9 and 14 hours is in an acceptable range (figures 7 and 8). The construction in
its original state fits to its use.
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Figure 7: Reconstructed indoor climate of room 101 in the originally inhabited Al Nawar House on a hot and
humid day.

During these hours the air temperature in the room is lower than the outdoor temperature,
outdoor absolute and relative humidity are lower than in the room. A smooth breeze streams
around and above the building. When the user enters the room, he opens the shutters of the
roshan, warm air enters the room from outside and flows through the building. Smooth wind
over the rooftop tries to suck air out of the building. The breeze in the lanes pushes warm air
through the opened roshan into the cooler room. Due to an open connection from room 101 to
the rooftop through adjacent rooms and the staircase warm air is driven by buoyancy and wind
pressure. For the calculation an air change rate ACH of 5 times per hour was determined.
Considering the rotating movement of air in the room the air velocity next to the floor of 0.25
meters per second was calculated by equation (2). Under the circumstances of 29 °C, 68%
relative humidity, air velocity of 0.25 m/s, seated activity, summer clothes the Berkeley
Thermal Comfort Tool assesses the situation as a second-class comfort (figure 8). This means,
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that this room in its construction, materials, shape, position of openings provides quite good
conditions for the users even on a very warm and humid day.
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Figure 8: The Berkeley Thermal Comfort Tool [9] confirms a proper indoor climate in room 101 between 9 and
14 hours on a very hot and humid day in October.

4 CONCLUSIONS

The described method of reconstructing the indoor climate in historical buildings works. The
application of this method requires a little extra effort to collect and document additional data
for dynamic thermal simulations of construction components and buildings.

A closer cooperation between archaeologists, architects, historians and building physicists
provides new perspectives on the results of a conventional building survey and supports the
proof of concepts based on the investigations of individual groups. With these findings, the
potential inherent in a building can be better exploited for the adaptation of historical buildings
to changing user requirements or climatic conditions.

The results of this paper describe a first step in the holistic reconstruction of the thermal
behavior of buildings that are no longer in their original state. Additional parameters for the
determination of airflow around, into, in and through building, parameters for the reconstruction
of solar impact through building envelope’s transparent openings shall be the motive for further
research.

New technologies enable a more in depth building analysis but such approaches require
interdisciplinary collaboration between different branches of science.
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