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Abstract – Energy consumption modelling in historical buildings has been 
performed to estimate the cost of maintaining the desired indoor microclimate, 
with the emphasis put on the humidity stabilization for collections care. The 
chosen buildings represented various types of construction and interactions with 
the outside conditions. Performance of three methods of humidity stabilization 
was tested: portable humidifiers and dehumidifiers, a typical HVAC with cooling 
and heating coils, and an advanced HVAC system with a thermal and enthalpy 
recovery wheel. The results show that, using a recovery wheels based HVAC 
system, one can reduce energy consumption from 31 % up to 69 % depending 
on the building type when compared to portable devices and from 60 % to 85 % 
in comparison with an inefficient simple HVAC system.
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1. INTRODUCTION

In recent years, there has been growing attention towards reducing energy 
consumption and attaining sustainable management strategies in buildings. 
EU guidelines on energy efficiency [1, 2] point to this issue as the key-strategy. 
However, historic buildings do not have to comply with building energy require-
ments, since the energy retrofit operations may influence their heritage value. 
Nevertheless, significant energy savings can be achieved without altering the 
historic character of the buildings with the use of proper HVAC systems installed 
in the interiors. Although there is a lot of evidence in the literature showing the 
potential in taking such actions [3-7], their main focus is to maintain the desired 
temperature limits, mostly for human comfort.

This paper attempts to extend the analysis of HVAC systems also to the control 
of relative humidity (RH) levels, which are important from the perspective of 
protection of heritage collections, since they are very often housed in museums 
placed in historical buildings. Bellia et al. [8] studied one HVAC system and its 
variations in a museum building to find a suitable system for the conservation of 
artworks. In the present work, a step forward is being taken by investigating three 
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different types of HVAC control systems installed inside a museum gallery space 
placed in three distinct historical buildings. Attention is paid to both the thermal 
comfort of the visitors (temperature level limits) and the protection of collections 
containing hygroscopic materials stored in the museum gallery (RH level limits).

2. METHODOLOGY

2.1 GENERAL REMARKS

This section describes the characteristics of investigated historical buildings, such 
as construction materials used, operation schedules and assumptions behind 
the choice of particular spaces for simulations. Secondly, it gives information on 
the HVAC systems chosen to control indoor microclimate in the selected building 
spaces. The energy performance of the buildings has been analysed using the 
EnergyPlus software [9].

2.2 BULDINGS CHARACTERISTICS

Three historical buildings were chosen to represent various building constructions 
and interactions with the outside conditions. The Furniture Gallery of the Victoria 
and Albert Museum in London (the V&A), placed in a 19th century masonry 
building, is the first museum space analysed (Figure 1a). A glazed roof (skylights) 
is a characteristic feature of the gallery. Together with operable windows, located 
along one of the gallery’s walls, they provide significant solar gains. However, the 
internal shades covering the skylights, assumed in the modelling to be closed 
at all times, reduce the solar radiation. The Temple of Diana, in Nieborów close 

Figure 1. Analysed historical buildings. The Furniture Gallery in the Victoria and Albert 
Museum (a), the Temple of Diana (b), the Krasiński palace (c).
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to Warsaw, Poland an 18th century pavilion in the Greek Revival style (Figure 
1b) with solid brick walls and a wooden roof covered with metal panels was the 
second building analysed. It has almost no widows and is located in a park, which 
additionally minimizes the solar gains. The third building, the Krasiński Palace, in 
Warsaw is a typical baroque palace with massive masonry walls and a thermally 
isolated roof covered with metal sheets (Figure 1c).

As this work was focused on the calculation of energy performance while keeping 
the indoor temperature and relative humidity (RH) within limits minimizing the 
risk of damage to cultural heritage objects, a ‘gallery space’ open to visitors, 
where furniture collections were stored, was selected in each building. This 
space type was based on the actual Furniture Gallery located in the V&A and 
all parameters characterising the use of such gallery space are described in 
section 2.2. Physical parameters of construction materials that constitute the 
investigated structures are given in Table 1. One room placed between two 
towers is the gallery space in the V&A, creating the first zone in the model. The 
rest of the building, directly connected to the museum gallery, was represented 
by the cuboid below it, which constituted the second zone in the model. Four 
rooms on the ground floor formed the gallery space in the Temple of Diana, and 
four thermal zones in the model. Four smaller rooms constituted the rest of the 
modelled space, where energy usage was not determined. Since the Krasiński 
Palace is a very large building with multiple rooms, a small part of it was selected 
to represent the gallery. It was placed on the ground floor in the north wing and 
consisted of four rooms.

Table 1. Construction materials (from outside to inside) and features of the simulated museum 
spaces

Material/
Feature

The V&A Temple of Diana Krasiński palace

Interior walls gypsum plaster (0.013 m),  
solid brick (1 m)

plaster (0.015 m)

solid brick (0.32 m)

plaster (0.015m)

cement-lime plaster (0.02 m), 
solid brick Wienerberger (0.9m), 
cement-lime plaster (0.02 m)

Exterior walls gypsum plaster (0.013 m),  
solid brick (1 m)

plaster (0.08 m)

solid braick (0.9 m)

plaster (0.015 cm)

cement-lime plaster (0.02 m), 
solid brick, hand-formed (0.24 m), 
cement-lime plaster (0.02 m)

Floor reinforced concrete (0.375 m), 
woodblock parquet (0.025 m)

stone (0.5 m)

airgap

wood (0.04 m)

solid brick masonry (0.4 m), 
concrete (0.05 m), oak (0.03 m) 

Ceiling stone roofing tiles (0.01 m),  
asphalt roof felt, reinforced  
concrete (0.15 m), insulation, 
plasterboard (0.05 m) 

wood (0.04 m)

plaster (0.015 cm)

roof metal panel,  
wood (0.02 m)

linoleum (0.002 m), softwood 
(0.02 m), concrete (0.15 m), 
stucco (0.015 m) 

Windows walls: single glazing skylights: 
double glazing 

single glazing triple-glazing 
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2.3 MODELLING ASSUMPTIONS AND STUDIED HVAC SYSTEMS

In the computer simulations, the HVAC systems controlled the indoor micro-
climate only in the rooms belonging to the museum gallery space where the 
wooden objects were kept. All other rooms in each building were assumed to 
be offices, with working hours from 8:00 a.m. to 8:00 p.m. The energy usage in 
the offices was not determined. As the goal of the microclimate stabilization was 
to minimize the risk of damage to heritage wooden objects, the climate control 
scenario for the museum galleries followed the ASHRAE specifications for micro-
climate quality in museums, libraries and archives [10]. The ASHRAE AA and 
A class of climate control was chosen, where the relative humidity is allowed to 
stay within 45–55 % (AA class) and 40–60 % (A class without seasonal adjust-
ments of RH). As wooden objects are of hygroscopic nature, they will interact 
with the surrounding environment by absorption and desorption of water vapour, 
affecting in this way the indoor RH. However in the case of museum gallery, 
based on the previous work [11], the amount of stored objects is not sufficient to 
visibly influence the indoor microclimate. Although the buffering of moisture by 
the building including its content was taken into account using simple effective 
capacitance model [12]. To guarantee thermal comfort for visitors, the heating set 
point was set to a daily cycle, with 17 °C for night-time and 21 °C during the day. 
The cooling set point was set at 25 °C.

The analysed museum gallery space type was characterised by the following 
parameters defining its operation schedules. The human activity started at  
7:00 a.m. and ended at 8:00 p.m. The number of people inside the gallery varied 
and increased gradually reaching its maximum of 0.1 people/m2 just before 
lunchtime. The peak in activity started from 11:00 a.m. and ended at 4:00 p.m. 
and from this point on decreased gradually to one person at 8:00 p.m. The power 
released by a single visitor in the form of sensible heat was assumed to be 
130 W. All electrical equipment, continuously active, released 1 W/m2. Lighting 
operated from 7:00 a.m. to 8:00 p.m., and 600 lx LED lightbulbs were used, which 
gave 10 W/m2. Each of the analysed HVAC systems was set to maintain one air 
exchange per hour, a value that was more than sufficient to maintain fresh air for 
the visitors.

Statistical climatic data for London (the V&A case) and Warsaw (the cases of the 
Temple of Diana and the Krasiński Palace) were taken as outside weather condi-
tions in the simulations.

In each building, three microclimate control systems (Figure 2 depicts each 
system) were studied separately to estimate their energy performance. Their 
characteristics are described in the following paragraphs.

Dehumidification at room temperature involved cooling down air in order to 
condense the desired amount of water and reheating it afterwards. The main 
difference between the modelled HVAC systems was the approach to this 
process. In the system, called ‘simple’, the air was cooled by a cooling coil 
powered by a direct expansion chiller and reheated by an electric heating coil. 
In the system called ‘advanced’, the same cooling coil was placed between two 
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air-to-air heat exchangers. Their role was to aid the cooling and heating coils at 
no cost. The first one precooled the air entering the cooling coil and transported 
the heat to the exhaust air. The second heat exchanger reheated the air after the 
cooling coil, taking energy from the exhaust air. These heat exchangers, apart 
from aiding the dehumidification process, prevented the conditioned air from 
being blown out of the building while ventilating. The system called ‘portable 
devices’ used standalone dehumidifiers. In this case, thermodynamic transitions 
that the air underwent during dehumidification were not modelled. Instead, the 
performance curves, as a function of humidity and temperature, were used.

The approach to the heating and humidification in all the systems was very 
similar. A steam electric humidifier was used. Cooling and heating were done 
by the same devices as used for the dehumidification, with the exception of the 
‘advanced’ system, where radiant zone heaters were used to aid heating and 
‘portable devices’ where space was heated by an electric furnace.

3. RESULTS AND DISCUSSION

The annual energy spent on heating, cooling (as a sum of cooling energy for 
keeping thermal comfort and the dehumidification process) and humidification for 
three types of HVAC system in the investigated historical buildings is gathered in 
Table 2.

It can be seen from Table 2 that, for every studied building, the advanced HVAC 
system with thermal and enthalpy wheels was the most efficient among the tested 
systems in terms of the total energy consumption. Using this system, the total 
energy consumption, for ASHRAE AA class of climate control, could be reduced 
by 30 %, 54 % and 67 % when compared to the portable devices for the Temple 
of Diana, the V&A an the Krasiński palace, respectively. This reduction increases 
when the advanced system was compared to the typical HVAC system, spanning 
from 60 % for the Temple of Diana to 85 % in the Krasiński Palace. Loosening of 
the microclimate control boundaries from ASHRAE AA to ASHRAE A, reduces 

Figure 2. Three HVAC systems 
installed in the analysed historical 
buildings: frost – heating coil that 
preheats air; enthalpy – enthalpy 
wheel; cool – cooling coil; temp – 
thermal wheel; heat – heating coil; 
hum – steam electric humidifier; 
rad – radiator; deh – dehumidifier; 
rec – recirculation.
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the energy consumption on average by 7 % for Temple of Diana and V&A and 
by 8 % for the Krasiński Palace. However, additional observations can be drawn 
by looking at distinct processes. Heating demand for the advanced HVAC 
compared to other two systems, was low in the V&A and the Krasiński Palace, 
but increased in the Temple of Diana, due to poor insulation of its walls and the 
fact that it is a free-standing building with no attached buildings or constructions. 
Cooling demands showed an interesting feature of the advanced HVAC system. 
It was less energy efficient than the portable devices. The function of enthalpy 

Table 2. Annual energy consumption in kWh/m2 for different HVAC systems for ASHRAE AA 
(ASHRAE A) class of climate control

Heating Cooling Humidification Total

Victoria and Albert Museum

Portable devices 220 (225) 7 (3) 43 (26) 269 (254)

Simple HVAC 420 (402) 96 (87) 41 (28) 557 (518)

Advanced HVAC 100 (100) 16 (8) 8 (5) 125 (113)

Temple of Diana

Portable devices 301 (304) 8 (4) 69 (48) 378 (356)

Simple HVAC 471 (455) 130 (114) 59 (44) 660 (613)

Advanced HVAC 207 (206) 38 (24) 20 (14) 264 (244)

Krasiński Palace

Portable devices 187 (188) 4 (2) 52 (39) 242 (230)

Simple HVAC 328 (304) 165 (158) 45 (33) 538 (494)

Advanced HVAC 51 (51) 15 (11) 15 (10) 81 (71)

Figure 3. Comparison of temperature variations in the Krasiński Palace induced by two  
different systems. The advanced system trapped hot air in the zone, therefore, cooling was 
needed which otherwise would have not been necessary. Dashed line shows the cooling set 
point.
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and thermal wheels was to keep more heat indoors, so, as a consequence, the 
temperature rose and if during the night building did not cool down sufficiently, an 
additional cooling was needed (see Figure 3). Additionally, the portable devices 
used in calculations were very efficient when it came to dehumidification. It has 
to be noted however that such effect was strong only for Warsaw weather condi-
tions. It was not so pronounced for London mild weather, without very warm 
summers.

The advanced HVAC system showed an additional unusual behaviour. It led to 
severe summer humidity drops during hot weather periods (see Figure 4). The 
effect was caused by a heat exchanger located after the cooling coil, which 
reheated the processed air regardless of its condition. In this way, the air was 
only slightly cooled but very well dehumidified. In hot summer days, when 
demand for cooling was high, the system just pumped more air which was not so 
cold but very dry, causing the drops of indoor RH.

4. CONCLUSIONS

The control of indoor microclimate for collection care in museum galleries located 
in historical buildings requires stabilization of both temperature and relative 
humidity. Three types of HVAC systems were analysed in three types of buildings 
in terms of energy needed to maintain the desired limits of these parameters. The 
system equipped with thermal and enthalpy recovery wheels turned out to be 
the most energy efficient, consuming less total energy than other two systems. 

Figure 4. Temperature and humidity in the Temple of Diana during a hot summer period when 
the advanced HVAC was in operation. RH drops during hot days are shown, because the 
system was meant for the dehumidification rather than cooling.
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Additionally, the present study showed two interesting features of this system 
when used in climates with hot summer. It requires more energy for cooling than 
it would have in mild climates, since its design keeps the processed warm air 
indoors. And secondly, during hot days, it may induce significant drops of RH, so 
the microclimate has to be constantly monitored to avoid long over-dry episodes, 
which might be dangerous for hygroscopic heritage objects. Another observation 
can be drawn, that is by relaxing the RH allowable band, greater relative savings 
can be achieved in the case of more energy effective systems.
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