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Introduction

This article is an exploratfion of the consequen-
ces, in energy use and in conservation quality,
of allowing museum temperature to vary more
than many standards presently allow, while
maintaining a nearly constant relative humidity.
An analysis of three storage buildings in Den-
mark shows that a great energy saving is possi-
ble if the requirement for constant temperature
is relaxed. There is no scientific evidence that
slow temperature variation within the historic
indoor range for dwellings causes any detec-
table damage.

There are three ways of controlling the climao-
te in a museum which must maintain a mode-
rate winter relative humidity to avoid physical
damage fo artifacts through embritflement or
shear stresses in laminated materials. Air con-
ditioning is the most energy hungry method. It
also brings great complexity and a considerao-
ble volume of ducting. The cooling requirement
forces the use of pumped air as the conftrolling
medium, because summer cooling requires
also dehumidification. The energy used by air
conditioning cannot be calculated from basic
physical properties of air and of materials, be-
cause it depends on the strictness of the speci-
fication. If the specification is very fight, the en-
gineer will design a system which fransports air
through the ducts which is too cool and too dry.
This air sfream is warmed and humidified close
to the injection point in each room or zone, thus
compensating for variation in the heat and air
loss from different places in the building. This
means that the air is being cooled and heated
at the same time. Even if this refinement is not
included, the alternation between heating and
cooling, to maintain a constant room tempera-
ture, is wasteful of energy.

The second method of controlling humidity
is conservation heating. In northern Europe the
relative humidity indoors will attain roughly 50%
if the room airis heated about 6°C above ambi-
ent temperature. This will result in an annual vo-
riation between about 6°C and 28°C. However,
if the interior is reasonably airtight and well buf-
fered against humidity change, it is possible to
reduce the annual temperature cycle to about
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15°-25°C, providing a temperature acceptable
to humans while maintaining a constant RH for
the benefit of the objects (Padfield et al, 2007).
We call this "buffered conservation heating'.

The third method of humidity control is dehu-
midification. The temperature must be allowed
to drift down in winter, otherwise the relative
humidity will drop below the dehumidifier’s set
point, so control is lost. However, as with con-
servation heating, relative humidity buffering
can be used to compensate for a reduced an-
nual temperature cycle. In the oceanic climate
of north-west Europe the temperature will not
need to go below 10°C.

THE IMPLICATIONS FOR HUMAN COMFORT
Full air conditioning allows a museum to keep
within the human comfort zone all through the
year. The relatively high annual temperature
is not advantageous to the durability of the
objects, which is generally improved by lower
temperature. In museum stores and archives
the temperature can be allowed to drift down
in winter with benefit to the chemical durability
of the objects and without significant inconve-
nience to the staff. We show evidence that mu-
seum storage is most economically achieved
with dehumidification of a tightly sealed build-
ing. However, optimising energy use in exhibi-
tion areas is not so easy.

A COMPARISON OF THE PERFORMANCE OF
THREE BUILDINGS

1. DANISH ROYAL LIBRARY

There is a standard for archive climate that is
widely used around the world, though it was
developed for use in the United Kingdom. BS
5454:2000 specifies, for frequently accessed sto-
res, a constant temperature between 17°C and
18°C with an extra permitted variation of +/-
1°C (BS 5454 2000). This is plotted on Fig. 2 over
a background diagram which is based on Don
Sebera’s concept of the isoperm: a set of lines
of equal reaction rate, based on an activation
energy of 100kJ/mole and a proportional influ-
ence of relative humidity (Sebera 1994, Pad-
field 2004). This could, for example, be a typical
hydrolytic degradation process of paper. In the
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Figure 1. A storage building of the Royal Library in Copenhagen, about 6,000 m? completed in 2000. It is permanently air-conditio-

ned to a set point at 18°C and 50% RH. Photo: Lars Aasbjerg Jensen.
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Figure 2. Sebera type diagram (see text for explanation) with BS 5454:2000 and

Royal Library (RL) climate limits superimposed.

diagram we set the isoperm passing through
the normal room conditions of 20°C and 50% RH

to one. As one moves to a colder or drier region,
the reaction rate diminishes.
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The actual performance of the Da-
nish Royal Library is superimposed on this
diagram. The specification set for the air-
conditioning is close to BS 5454 but the
summer temperature cannot be held to

the standard. The annual energy con-
sumption is 30 kWh/mé.

2. ARNAMAGNZAAN ARCHIVE
The much smaller archive of the Arnamag-
noean archive in Copenhagen University
has buffered conservation heating. The
climate is displayed in Fig. 4. The winter
temperature is held up above ambient
by heat leaking from the inhabited part
of the building through an insulated wall.
Relatively thin insulation fo the outside
ensures that the archive temperature
is about half way between the building
temperature and the outside. This, com-
bined with the humidity buffering by the
room walls and by its contents, ensures
a steady RH, even though the water va-
pour concentration is different from that
outside over long periods. Fine tuning of
the RH is achieved through pumping in
outside air when, by chance, it has the
right water vapour concentration to cor-
rect the inside RH.
The Arnamagncean archive has no
direct heat input but one can calculate
the heat flow to the outside from the de-

tails of construction. The heat loss is about

13 kWh/m? per year. This seems large, but the

room s small, 10 x 4 x 3 m, so the ratio of volume
to surface area is quite small.
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Figure 3. A building of Copenhagen University. The Arnamagncean archive is behind the portion of wall without windows.

It has no internal heating but gains heat from the core of the building, which is kept within the human comfort zone. Heat
loss to the outside through thin insulation on the two exterior walls keeps the archive temperature about midway between
indoor and outdoor temperatures. Photo: Morten Ryhl-Svendsen.
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Figure 4. The climate within the Arnamagncean archive. The lowest trace is the difference between the water vapour con-
centrations inside and out. When the shaded area is below zero, there is excess water vapour within the archive.
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Figure 5. The
museum
store in Ribe,
southern
Denmark.
The building
is heavily in-
sulated and
nearly qir-
tight.

Photo: Lars
Aasbjerg
Jensen.
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Figure 6. The climate in the Ribe store generally has a constant RH with an annual temperature cycle between 10°C and 15°C.
However, when the equipment fails, particularly in summer, the RH rises quite quickly, indicating inadequate humidity buffering
for fail-safe operation.

3. MUSEUM STORAGE BUILDING IN RIBE

The museum storage in Ribe, in south west Den-
mark, is much larger: about 6,500 m?3. It is de-
humidified. The temperature is allowed to fol-
low the running average outside temperature,
though, as with the Arnamagncean archive,
there is some heating by leakage from inhabi-
ted regions of the building.

The climate is shown in Fig. 6. The temperatu-
re cycle isimpressively gentle, considering there
is no direct control. The RH is normally constant
but rises quite rapidly when the dehumidifier is
turned off, as happened on two occasions in

March-April 2008 and in July-August 2008. In
spring, the humidity rise is gentle but in summer
the RH rises to a dangerous degree within two
weeks. The building would benefit from better
humidity buffering to make it more tolerant of
equipment failure. The energy used for dehumi-
dification is 0.7 kWh/m?3 per year. The total ener-
gy use is a bit larger because a fan is used to
distribute the dehumidified air and there is some
leakage from heated parts of the building. Even
these sources will scarcely bring the usage abo-
ve 1.1 kWh/m?3 per year. The minimum tempera-
ture in Ribe is 10°C.
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DISCUSSION

The climate ranges of the three build-
ings are plotted on Fig. 7. One should
not over-interpret these findings from
a small sample but there is no doubt
that dehumidification with tempe-
rafure following the outside climate
gives the slowest rate of chemical
degradation in a cool climate.

These three buildings illustrate
the three broad categories of cli-
mate confrol applicable to northern
Europe, leaving no doubt that full
air-condifioning is very much more
expensive than the alternatives of
conservation heating or dehumidifi-
cation. The balance between ener-
gy use by these last two methods is
shown in Fig. 8.

If the air exchange rate is zero, de-
humidification costs nothing, after the
initial drying of the building and con-
tents. In practice, it is possible to get
the air exchange rate in a storage
building down to less than once per
day. Ribe has about 0.7 air changes
per day, The Arnamagncean archive
has about 5 air changes per day.

Itis not possible to bring the heating
energy down to match that of dehu-
midification. The Ribe building is insu-
lated with 250 mm of mineral wool
and has a large rafio of volume fo
surface area. The heat loss without
any air exchange corresponds fo five
air changes per day. For a new store,
dehumidification is clearly a better
choice, giving better durability fo the
objects due to the overall lower tem-
peratures. However, hybrid opero-
tion is possible, with waste heat from
the dehumidifier and from adjacent
heated spaces giving a measure of
conservation heating.

For exhibitions the choice of cli-
mate conftrol principle is not so clear
cut. Buffered conservation heating
will probably give better human
comfort. With current building fech-
nology, the daily peak in temperatu-
re can be largely eliminated, evenin
exhibition spaces with many visitors.
Humidity buffering remains an im-
mature technology. We suggest that
improving humidity buffering of inha-
bited spaces is an important step to-
wards saving energy in museums.
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Figure 7. The British Standard
for archives, BS 5454:2000,
and the climate ranges of the
three studied buildings are
superimposed on the Sebera
type diagram introduced in
fig. 2. RL: Royal Library, AM:
Arnamagncean archive.

Figure 8. A compairison of the
energy use predicted for the
Ribe store by conservation
heating, compared with dehu-
midification. The RH is set at 60%,
the store has a surface area of
0.5 m? per m® and the U-value
(thermal conductance of the
building envelope) is set to 0.3
W/m?3K, which is a good insulati-
on quality. The air change must
exceed 6 times per day before
conservation heating becomes
cheaper than dehumidification.
The graph is consfructed using
the latent heat of condensation
of water and therefore assumes
perfect efficiency in the dehu-
midifier. In reality, the dehumidi-
fication line will be steeper.

Figure 9. The indoor pollution
concentration depends on the
air exchange rate. For chemicals
generated indoors, the starting
point is the steady-state concen-
tration at near-zero ventilation
(100%). For compounds such as
acetic acid this may be several
hundred ppb. Outdoor polluta-
nts decrease in concentration
(from an ambient level of 100%)
as they are absorbed by depo-
sition on surfaces on their route
into a building and within the
room. A low air exchange rate
retards ingress from outdoors,
but at the same time blocks the
escape of internally generated
pollutants. The model is based
on a room comparable to the
Arnamagncean archive, and
assumes steady state conditions
for outdoor and indoor genera-
tion of pollutants (Ryhl-Svendsen
2006).



VENTILATION
The two low energy stores we have described
rely on a very low air exchange rate with out-
side, and they have also a fairly low re-circu-
lation rate within the store. Archive standard
BS5454:2000 advocates ‘good ventilation’ in
several passages. This advice may be based
on an unsubstantiated belief that ventilation in-
hibits mould growth and ignores the role of air
movement in spreading dust, spores and vo-
latile chemicals. Inhibition of mould growth by
air movement is due to the indirect influence
of air movement in equalizing the temperature
throughout a room, thus preventing the high
RH that develops in cold corners of a warm
room. Inhabited rooms usually have a higher
water vapour concentration than outside be-
cause of human metabolism and other water
vapour generatfing activities, so the RH in cold
places, behind furniture set against the outer
wall for example, can reach 100% even when
the outside RH is moderate. In a purpose built
museum store the human presence is minimal,
the temperature difference between inside
and outside is small and the building can be
designed notf to have cold corners. For these
buildings, the standard advice is not relevant.
A low air exchange rate minimises entry of
pollutants formed outside but fails to flush out
pollutants generated inside. Fig. ? shows how the
inside concentration of ozone, as modeled for a
room the size of the Arnamagncean archive, de-
pends on the air exchange rate. To reduce the
indoor ozone concentration below 10% of that
outdoors, the air exchange rate must be 0.2 per
hour' or less. The typical outdoor concenfrati-
on is 20-40 ppb for northern Europe. However,
peak values can reach beyond 100 ppb.
In confrast to this is the increase in concen-
tfration of pollutants generated indoors as the
air exchange rate diminishes. If indoor sources
of pollutant are present, from interior furnish-
ing or from the stored objects themselves, the
concenfration in the air will build up until the
rate of reaction equals the rate of production.
Organic acids are known to be corrosive to
some metals and to damage organic mate-
rials such as paper. Recirculation of the inside
air through an air filter will imitate the action of
ventilation to the outside, so a circulation rate
of twice per hour will greatly reduce the con-
centration of internally generated pollutants.
Decidingthe optimumrate ofrecirculationde-
pends on estimating how much of the pollutant
will react within the immediate enclosure, such
as an acetate film container, an archival box, or
abook, and how much willescape into the room
air to react with other objects in the collection.

MEDDELELSER 1 -2010 -

CONCLUSIONS

The energy saving that comes from allowing a
slow annual cycle of temperature in museums
and museum stores in northern climates is so
large that passive acceptance of the authority
of inflexible standards is no longer sustainable,
neither on scientific nor on energy efficiency
considerations. The guardians of our standards
must now justify them scientifically, on the ba-
sis of existing knowledge, or allow relaxation of
the tfemperature limits. There is no case for delay
while we continue to establish damage func-
tions for very slow reactions. It is not always true
that environmental quality for preservation has
to be sacrificed for energy saving: we know of
no evidence that allowing a drift to lower winter
temperature does harm. The period of summer
temperature above the standard specification
can be reduced by careful attention to the
thermal and humidity capacity of the building
envelope and inferior structures. Our research
effort should be directed towards highly buffe-
red building design, design of buildings and sites
which optimise solar gain, and efficient use of
light, both natural and artificial.
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ABSTRACT

Three methods of confrolling relative humidity
(RH) in museum stores are compared for ener-
gy use, based on data from three buildings in
northern Europe (Denmark). Full air-conditioning
is by far the most expensive. Next is conservation
heating. Dehumidification without temperature
confrol is by far the cheapest solution. Thermal
and humidity buffers allow both conservation
heating and dehumidification to operate within
a safe annual temperature cycle: 15°C - 25°C
for conservation heating, 10°C - 15°C for de-
humidification. The saving in energy by using
dehumidification rather than air conditioning is
so large that the requirement for constant tem-
perature expressed in many museum standards
should be abandoned in favour of a permitted
annual cycle within the range 10°C to 25°C. This
will also give better chemical durability to orga-
nic materials than standards based on condi-
tions for human comfort.
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DANSK RESUME

Tre metoder for kontrol af relativ luftfugtighed
i museumsmagasiner er sammenlignet med
hensyn fil energiforbrug, baseret pd data fra
fre nordeuropceiske bygninger (Danmark). Fuld
luftkonditionering er den absolut dyreste me-
tode. Herefter kommer konserveringsopvarm-
ning., mens affugtning uden temperaturkontrol
er den mindst energiforbrugende Igsning. Brug
af termisk- og fugtbufferering tillader b&de kon-
serveringsopvarmning og affugtning at virke
indenfor en sikker arlig temperaturcyklus: 15°C -
25°C for konserveringsopvarmning, 10°C - 15°C
for affugtning. Energibesparelsen ved brug af
affugtning i stedet for fuld luftkonditionering er
s& stor, at kravet om en konstant temperatur,
som udtrykt i mange museumsstandarder, ber
opgives til fordel for en tilladt arlig temperatur-
cyklus indenfor 10°C il 25°C. Dette vil i tilgift give
en lcengere kemisk stabilitet af organiske mate-
rialer, end der kan opnds ved at fglge standar-
der der oprindeligt er baseret p&d menneskelige
komfortkrav.

EMNEORD

British Standard BS5454, konserveringsopvarm-
ning, affugtning, energiforbrug, museumsmao-
gasiner.

YHTEENVETO

Ty6ss@ vertailtin energiankulutuksen kannalta
kolmea tapaa valvoa suhteellista iimankoste-
utta (RH) museovarastoissa. Vertailu perustui
Pohjois-Euroopassa  (Tanskassa)  sijaitfsevasta
kolmesta eri rakennuksesta kerdttyihin mittau-
stuloksiin. Taysi koneellinen iimastointi oli kaikk-
ein kallein, seuraavaksi kallein oli konservoin-
filimmitys. Kosteudenpoisto iiman |admpdtilan
ohjausta osoittautui kaikkein edullisimmaksi rat-
kaisuksi. Ldmpd&tila- ja kosteuspuskurointi sallivat
sekd konservointilmmityksen, ettd kosteuden-
poiston furvallisen toiminnan vuotuisten [Gmpo-
tilavaihteluiden rajoissa, 15-25 °C konservoin-
tildmmitykselle ja 10-15 °C kosteudenpoistolle.
Energiansadstd kaytettdessd kosteudenpoistoa
koneellisen iimastoinnin sijaan on niin suuri, ettd
useissa museostandardeissa vaadittu tasainen
iimastointi pitdisi hylatd, ja sen sijaan sallia vu-
otuinen l&dmpdtilavaihtelu 10-25 °C:n rajoissa.
Kosteudenpoisto antaisi my&s paremman kemi-
allisen kestdvyyden eloperdisile materiaaleille
kuin mitd ihmisten mukavuuteen perustuvat
olosuhdestandardit antavat.
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British Standard BS5454, konservointildmmitys,
kosteudenpoisto, energiankulutus, museovao-
rastot.
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