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A  finite  element  model  of  an  unheated  museum  store  has  been  developed  for  simulating  the  influence  of
the  building  envelope,  the  wall thickness  and  the  thermal  interaction  with  the  surrounding  ground  on
indoor temperature  of the  store.
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The question  of  whether  to build  the  store  with  high  thermal  mass  or with  well-insulated  walls  with  no
thermal  mass  is addressed.  The  influence  from  excess  humidity  entering  the  store  through  cracks  in the
building  envelope  is also  discussed.  Finally,  ways  to  stabilize  the  store  temperature  by  improved  design,
such  as  additional  insulation  of  the  foundation,  will  be analysed.

The  simulations  are  compared  with  measurements  in  a museum  store  in  Ribe,  Denmark.
© 2011  Elsevier  B.V.  All rights  reserved.
. Introduction

There is a worldwide awareness that energy consumption for
omfort heating of buildings must be reduced to save energy
nd reduce CO2-emissions. Within the EU, national building codes
re gradually becoming stricter. For museum stores, energy con-
umption is usually of less significance relative to the demands
f maintaining proper indoor climate for the artifacts. However, if
ossible, energy consumption should be as low as possible. Fortu-
ately, the stores are unoccupied most of the time and therefore can
e maintained at moderate temperatures so that heating or cool-

ng is only necessary to a limited extent in the temperate climate of
orthern Europe. While museum stores attract less public attention

han exhibitions galleries, they nevertheless comprise an important
art of a museums property, with requirements of a high quality
f the indoor environment. In the typical museum only about 10%
f the collection items will be on display, while the rest is kept in
torage.

For preservation reasons the relative humidity in the store must
e kept at a moderate level. Typically, museum environments are
onditioned to a set point between 40 and 60% relative humid-
ty (RH). However, it should be pointed out that the strict limits

or temperature and humidity control in a store previously recom-

ended by museum standards today has been looked upon in a
ore differentiated and qualified way [1–3].

∗ Corresponding author. Tel.: +45 3347 3502.
E-mail addresses: Benny.Boehm@natmus.dk (B. Bøhm),

orten.Ryhl-Svendsen@natmus.dk (M.  Ryhl-Svendsen).

378-7788/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
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Museum stores should be built as air tight as possible, and the
excess humidity in the small amount of outside air inevitably enter-
ing the store should be removed by dehumidification, or the RH
should be modified by heating or cooling.

We will consider a typical store of approximately 6000 m3, with-
out windows, and with an un-insulated floor placed directly on the
ground. The importance of the thermal interaction of the store and
the surrounding soil has so far not been documented properly. The
goal of the present article is further to evaluate the significance of
using different building materials and wall thicknesses of the build-
ing envelope with regard to the storage temperature, and indirectly,
the relative humidity.

Of further interest is the role of air infiltration through cracks
in the building envelope, the effect of heat capacity of the stored
items on the temperature variations, and the significance of heat
supplied by equipment (heaters, dehumidificators, and lighting).

To this end, a finite element method (FEM) will be used to model
a store placed on the top of an infinite ground volume, in this case
by Comsol [4].  The store is modeled as a typical storage building
with regard to the physical dimensions of existing storage build-
ings in Denmark. It is not the intention to model any specific store
in greater details and simplified conditions will be assumed with
regard to the construction of the building envelope and to the uni-
formity of the surrounding ground. This means that the thermal
resistance of the sandwich wall construction commonly used today
in museum stores must be compared with a wall of homogeneous

materials with equal thermal properties. A typical wall construc-
tion in a modern Danish museum store has a U-value in the order
of 0.12 W/(m2 K), while the 0.50 m mineral wool wall has a U-value
of 0.08 W/(m2 K).

dx.doi.org/10.1016/j.enbuild.2011.08.028
http://www.sciencedirect.com/science/journal/03787788
http://www.elsevier.com/locate/enbuild
mailto:Benny.Boehm@natmus.dk
mailto:Morten.Ryhl-Svendsen@natmus.dk
dx.doi.org/10.1016/j.enbuild.2011.08.028
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Nomenclature

cp specific heat capacity at constant pressure, J/(kg K)
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� density, kg/m3

The simulations will be compared with measurements carried
ut by the National Museum of Denmark (NATMUS) on museum
tores.

. The finite element model

The two-dimensional finite element model is shown in Fig. 1.
alf of an infinitely long building is placed on a ground volume

ufficiently large, so that the sides and the bottom of the ground
olume can be assumed to be adiabatic (perfect insulators). Due to
ymmetry, only half of the store needs to be modeled. The store is
2 m wide and 6.25 m high. The walls and the roof are 0.5 m thick
nd the floor is made of 0.3 m concrete. The ground volume is 32 m
ide and 20 m deep.

The FEM model has 4000 triangular elements with a minimum
lement quality from 0.68 to 0.07 in the different subdomains. It
akes approximately 300 s to simulate one year on a Pentium Dual-
ore E5300 2.6 GHz PC with 12 GB RAM, 64 bit Windows 7.

The outdoor climate is based on the Danish design reference
ear, DRY [5]. It provides air temperature and short-wave and long-
ave thermal radiation for every hour of a non-existing but typical

ear, compiled from meteorological measurements. Hourly values
or the air temperature vary from −21 ◦C in January to 32 ◦C in
ugust, with a mean value of 7.8 ◦C. The heat transfer at the exterior
urfaces (ground and building envelope) is given a convective heat
ransfer coefficient of 15 W/(m2 K) and an emissivity coefficient of
.9.
The air volume of the store is modeled as a solid with high ther-
al  conductivity in order to ensure a uniform store temperature.

he heat capacity of the air volume and the heat fluxes entering
he air volume are used to obtain the energy balance for the store

ig. 1. The basic Finite Element Model. It consists of a store 12 m wide and 6.25 m
igh. The walls are 0.5 m thick and the floor is made of 0.3 m concrete. The store is
laced on a ground volume 32 m wide and 20 m deep with perfect insulators on the
ide  and the bottom.
Fig. 2. Annual temperature variations for different material properties for the build-
ing  envelope. Air tight and empty store.

and thus the new store temperature. Alternatively a Computational
Fluid Dynamics model could have been used, however, it is not the
purpose of the present work to analyse temperature gradients in
the store and it is much simpler to model the air volume as a solid.
A convective heat transfer coefficient at the internal boundaries
of 5 W/(m2 K) is modeled as a solid having a thickness of 0.01 m,
with thermal conductivity 0.05 W/(m K) and with no heat capacity.
The simulations are repeated for several years to obtain periodic
behavior.

It is known that the thermal properties of soils can vary to
a great extent, for example depending on soil composition and
moisture content. Therefore it was investigated how much the air
temperature in the store would change by varying the soil thermal
properties by ±25%. However, this influence was small.

Another factor influencing the results comes from the climate
data used in the simulations. By removing the contribution from
solar and long wave radiation in the thermal exposure of the ground
and store we found that the air temperature in the store was
reduced by 2.5 ◦C in the summer period. This is an extreme example
and although the climate will vary from year to year, the climate
in general does not appear to have a big influence on the store
temperature.

2.1. Influence of the materials of wall and ceiling

In the following we will investigate the influence of different
material properties of the walls and ceiling in the store on inter-
nal air temperature. Four different materials are modeled: mineral
wool insulation, lightweight concrete, brick and concrete, all at
0.5 m thickness. In all cases the floor is 0.3 m concrete. The material
properties are listed in Appendix A, with values for the thermal
inertia (��cp)1/2 and the thermal diffusivity �/�cp. The thermal
inertia is a measure for the surface temperature response of a wall
exposed to a heat flux in the initial phase of the temperature rise.
The thermal diffusivity is a parameter for the attenuation of cyclic
temperature variations through the wall [6].  It appears from the
table that mineral wool and concrete are the most different mate-
rials in this respect, so in the following only the mineral wool store
and the concrete store are considered in detail.

By considering a homogeneous enclosure the difference
between the material properties are more clearly seen than by
using a real sandwich construction typically used today.

Fig. 2 shows the annual variation of the temperature in the store
for the four different materials. A store built of 0.5 m concrete shows
a temperature variation from −4 ◦C in January to 25 ◦C in June, while

for a store built of mineral wool the variation is much smaller, from
7 ◦C in the winter to 13 ◦C in the summer.

The effect of varying the wall thickness is shown in Fig. 3 for
mineral wool insulation. Wall thicknesses of 0.25, 0.5 and 1 m are
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Fig. 3. Annual temperature variations for different wall thicknesses (0.25, 0.5 and
1  m)  of mineral wool insulation. Air tight and empty store.
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volume has been advocated for some time by NATMUS. A store with
direct contact to the ground below the store, without insulation in
the floor, will result in a stable indoor climate compared with a store
influenced only by heat flow through the above ground envelope.
ig. 4. Annual temperature variations for an empty store, a store with artifacts and a
tore with a daily air infiltration rate of 2 volumes per day. Mineral wool insulation,
.5 m thick.

hown in the figure and as expected a bigger wall thickness will
ive less temperature variation. The yearly min–max temperature
pan is 5–15 ◦C, and 8–11 ◦C, for 0.25 and 1 m wall thickness, respec-
ively.

So far an empty store has been considered. For comparison,
ig. 4 shows the temperature in a store with artifacts equivalent
f 400 kg wood per m2. This figure accounts for a full storage room.
he loading is derived from the design maximum load of storage
acks in the facilities of NATMUS, and reflects a common situation
or museum stores. By increasing the heat capacity of air by a fac-
or of 1331, the combined heat capacity of air and artifacts was
imulated, assuming a uniform temperature of air and artifacts in
he store. The figure shows that the artifacts slightly diminish the
emperature variations.

However, the infiltration of outdoor air into the store through
racks and leakages has a greater effect. In practice, one air change
er day is attainable with the present building technology. An infil-
ration rate of two times per day is illustrated in Fig. 4. When cold
ir enters the store during winter a lower indoor air temperature
ill result. During summer, the indoor temperature is raised but to

 lower extent.

.2. Influence of the thermal properties of the floor

In the basic case, the floor is made of 0.3 m thick concrete. The

ffect of applying a higher or lower value for the thermal conductiv-
ty of the floor on the store temperature was investigated, assuming
he theoretical situations of the floor made by either steel (thermal

1 75 m3 air and 4800 kg wood correspond to a heat capacity of 91 + 12,000 kJ/K.
atio 12,091/91 = 133.
Fig. 5. Isotherms (in ◦C) in February.

conductivity 60 W/(m K) or mineral wool. The result depends on
the heat resistance of the floor compared with that of the build-
ing envelope. For adiabatic walls the influence is not big. For the
mineral wool compartment the outdoor climate plays a bigger role
if the floor is made of mineral wool insulation (store temperature
variation −2–22 ◦C) than if it is made of steel (store temperature
variation 6–14 ◦C). Thus, the heat resistance between the air in the
store and the ground volume should be as small as possible.

2.3. Thermal interaction of climate, store and surrounding soil

The store and the outdoor climate exchange heat two ways: a
heat flow from the outside air through the storage walls and ceiling,
and a heat flow from the outside air through the surrounding soil to
the store. The first heat flow follows the annual temperature cycle
of the outdoor air, with a small attenuation and delay (dependent
on the thermal diffusivity). The second heat flow exhibit a much
greater attenuation and delay, as the heat flow is modified by the
thermal capacity of the ground volume.

The idea to utilize the effect of the thermal capacity of the ground
Fig. 6. Isotherms (in ◦C) in August.
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ig. 7. Annual variation of the integral of heat flux through the floor and building
nvelope. Air tight and empty store, mineral wool insulation, 0.5 m thick.

The temperature distribution in the ground (i.e. under the floor)
s simulated in Figs. 5 and 6 for February and August, respectively.
he store strongly modifies the vertical thermal gradient seen in
he undisturbed soil beside the building.

The flux distribution at the floor is rather complicated. In some
ases, for instance, heat can enter the store near the wall (through
he floor) while at the same time heat is leaving the store in the
entral part of the floor. Comsol can calculate the integral of the
eat flux across a boundary but the integral value conceals the just
entioned flux distribution along the floor.
Fig. 7 shows the integrals of the flux coming through walls and

eiling, and the flux coming through the floor. The two  integrals
re nearly of equal size but with a small difference in magnitude
nd exhibit a small time delay. This difference in the two heat flows
etermines the change of store temperature in time. It appears from
ig. 7 that heat enters the store through the floor in winter and
eaves the store in summer.

.4. Improved storage design, cf. Fig. 8

In Fig. 9, a comparison of two cases of improved design is made
egarding the store temperature with the basic case of 0.5 m min-
ral wool wall thickness. These are compared with the case of
diabatic walls and ceiling, i.e. the case where no heat flow is com-

ng through the building envelope. When the heat flow only comes
hrough the floor the seasonal variations are also smaller than in
he basic case.

ig. 8. Improved store design. Three cases shown: 2 × 0.4 m mineral wool apron,
.3 × 0.5 m mineral wool foundation, 2 × 6.25 m bank of soil to the top of the store
Not  to scale).
Fig. 9. Annual temperature variations for improved store design (apron, bank, adi-
abatic envelope, cf. Fig. 8). Air tight and empty store, 0.5 m mineral wool insulation.

A design with less influence from the outdoor climate is advan-
tageous, as the yearly temperature variation is diminished. This is
partly achieved by the improved designs: extra insulation in the
form of an apron, or as an insulation of the foundation. Because the
two designs are very similar the result is shown in Fig. 9 as “apron”.
Finally, the influence from a soil bank on the sides of the store was
also simulated (indicated with “bank”).

Both the apron and the bank reduce the annual and daily tem-
perature variations compared with the basic case.

2.5. Superposition of internal heat gain

So far internal heat gains have not been considered. These may
come from heat inflow from the end walls of the store, personal
loads, electrical lighting or from mechanical equipment. The equip-
ment can be radiators for heating or dehumidifiers for the control of
the relative humidity. The associated heat load can be superposed
on the previous FEM model by adding the heat load in the store air
volume and setting the boundary temperatures to 0 ◦C.

The additional temperature rise in the store is proportional to
the internal heat gain. The results are shown in Table 1 for heat
sources of 0.1 and 0.3 W/m3, respectively. These figures correspond
to the heat gain from a ventilation system with and without a dehu-
midifier in operation, cf. Section 3.

It appears from the table that the temperature rise is approx-
imately 10 times higher for the mineral wool store than for the
concrete store.

3. Comparison with measurements

NATMUS has carried out measurements of indoor climate
in museum stores and exhibitions over several years. Recently,
measurements of the temperature distribution in the soil inside
and outside of the stores have been added [7].  In this work a store in
Ribe, Denmark, will be used as an example (Sydvestjyske Museer’s
storage building, architect Bo Christensen ApS). The dimensions of
this store correspond to the FEM model shown in Fig. 1.
The store was  built in 2005–2006 and taken in operation in the
spring of 2007. The basic store is approximately 6000 m3. The store
is without windows and well insulated with a U-value of approxi-
mately 0.12 W/(m2 K) for the walls. The real sandwich construction

Table 1
Store temperature rise in K from internal heat gain.

Heat source
[W/m3]

Adiabatic
envelope [K]

Mineral wool
envelope [K]

Concrete
envelope [K]

0.1 3.3 2.0 0.2
0.3  10.0 6.1 0.6
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ig. 10. Simulated and measured indoor temperature for the Ribe store. 0.10 and
.27 W/m3, respectively, heat supply from the ventilation system and the dehumid-

fier is included in the FEM model.

s treated as a homogeneous wall with a thermal conductivity of
.06 W/(m K). The air exchange rate was measured to approxi-
ately 0.7 volumes per day by a tracer gas method. The store is not

eliberately heated but takes advantage of the heat exchange with
he ground through the concrete floor. Some heat is added from the
an and the dehumidifier in the ventilation system. A small amount
f heat is transferred from neighbour rooms heated to comfort level
hrough the two end walls of the store. The humidity in the store is
ontrolled by a dehumidifier, keeping the RH at approximately 50%.
ighting will be limited to periods when artifacts are being taken
n or out of the store.

Two kinds of verifications were made: the first one used mea-
ured outdoor climate, i.e. air temperature and radiation as the
oundary condition. The second one used measured undisturbed
oil temperatures close to the ground surface as the driving force.
he influence of the building walls on the ground surface tem-
erature distribution is only noticeable close to the wall, so the
easured undisturbed surface temperature could be used for the

ntire ground surface as a good approximation. As the result of
hese two sets of boundary conditions gave almost the same result,
nly the first set of boundary conditions will be described in the
ollowing.

Unfortunately, a complete set of climate data is not available at
he Ribe site. Therefore, climate data for 2009 were collected from

eteorological stations nearby Ribe. The soil temperature mea-
urements at Ribe started in September 2009 and consequently a
ear of data had to be constructed from data covering 2009 and
010.

Firstly, the measurements in undisturbed soil were used to esti-
ate the thermal properties �, � and cp of the soil. By nature the

eat conduction problem is inverse so the soil properties cannot
e determined exactly from these transient measurements. How-
ver, we found that a thermal conductivity of 2 W/(m K) gave the
est agreement between measurements and simulations in the
ne-dimensional case.

Subsequently two-dimensional simulations were carried out.
he result for the Ribe store is shown in Fig. 10.  A correction was
ade for temperature measurements at the attic and in the neigh-

our rooms to account for the small heat flows entering the real
tore from the attic and the end walls. This did not significantly
nfluence the calculated store temperature. In addition to this heat
ource terms of 0.10 and 0.27 W/m3, respectively, were included.
hese values correspond to the heat generated by the ventilation

ystem (0.10 W/m3) and the dehumidifier (0.27 W/m3) based on
easurements during 5 months in 2010. It appears from Fig. 10 that

he measured store temperature lies in between the two  simulated
emperatures.
 Buildings 43 (2011) 3337–3342 3341

4.  Discussion and future work

In this work FEM simulations have been carried out for a given
museum store with an un-insulated floor placed directly on the top
of a ground volume. The thermal interaction of climate, store and
surrounding soil has been investigated. In future work the effect of
store width should be investigated to clarify how much the outdoor
climate will influence store temperature when the store width gets
smaller. A 3-dimensional analysis would also be interesting to see
the effect of the end walls.

This work utilizes meteorological data from Danish observations
(North Temperate Zone). It would be interesting to repeat the sim-
ulations for other climates, for instance for much warmer, or colder
climates.

Our FEM model has been validated to a certain extent, but due
to the lack of a good and complete data set it would be interesting
to repeat the exercise for a suitable real museum store.

The present work has not included a moisture balance for infil-
trating outside air. However, this balance can be made separately,
and the necessary modification to relative humidity by dehumidi-
fication or heating/cooling can be calculated afterwards.

It is desirable to build a store which only needs dehumidification
in the summer period, i.e. when the indoor temperature is below
ambient. In the winter period, there is a risk of low relative humid-
ity because the indoor temperature is above ambient. The optimal
performance is when one can manage without winter humidifica-
tion, and in this respect a gently varying indoor temperature gives
a naturally less extreme indoor relative humidity.

5. Conclusions

Simulations by a Finite Element Model have shown how the
indoor temperature in a museum store varies with material prop-
erties of the building envelope. A store built of 0.5 m concrete shows
a temperature variation from −4 ◦C in January to 25 ◦C in June while
the variation is much smaller for a store built of mineral wool insu-
lation, from 7 ◦C in the winter to 13 ◦C in the summer. This result
is significant because it is generally believed that museum stores
should be heavy constructions to ensure a stable indoor climate.
However, for the building envelope above ground good insulation
is more important than thermal mass. The floor, on the other hand,
should be un-insulated. The store should be built as air-tight as
possible so that the relative humidity can be controlled by dehu-
midification in the summer period with a minimal energy use.

The influence of outdoor climate can be reduced by improv-
ing the design, i.e. adding extra insulation at the periphery of the
building or covering the sides of the store with soil. However, these
improved designs do not have a significant effect on the indoor
temperature.

Finally, we  have validated the FEM model applying it to a real
museum storage using its measured indoor store temperature
and meteorological data. This validation shows that more precise
information is needed for the internal heat gains (dehumidifier,
ventilation system, lighting, etc.), but nevertheless there is a fair
agreement between measured and simulated store temperature.
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ppendix A.

Material properties used in the simulations.

� (W/(m K)) � (kg/m3) cp (J/(kg K)) A = (��cp)1/2 (J/(m2 K s1/2) B = �/(�cp) (m2/s)

Soil 1.6 2200 1000 1876 7.27 E-7
Mineral wool 0.039 32 875 33 1.39 E-6
Lightweight concrete 0.14 535 1000 274 2.62 E-7
Brick  0.5 1550 800 787 4.03 E-7
Concrete 1.7 2300 1000 1977 7.39 E-7
Air  volume 100,000 1.205 1007 – –
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