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The derivation of a model to evaluate the potential impact
of gaseous pollutants on paintings installed in microclimate frames (mc-frames), and some examples of modelling
results, is presented. The model can be used to study how
basic design properties of microclimate frames, such as
their air exchange rate, their volume and/or the inclusion of
absorbers can affect the pollution fluxes to paintings inside
the frames. The modelling indicated that a magnitude
increase in air exchange rate from a low level of ~1 d-1 can
significantly increase the impact of infiltrating pollutants,
but will give only a small reduction in the potential impact
of the small molecular weight organic acids (i.e. acetic and
formic acid) that are emitted inside the frames. The reason
for this is the small amount of pollutant removed by each
single air exchange, as compared to the large internal
emission and deposition fluxes of these gases.
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Introduction

Microclimate (mc) frames are increasingly used to protect paintings in
museums. The mc-frames protect against climate (RH and T) fluctuations and UV exposure. They also protect against external pollution
including dust and soiling, and against physical damage and theft.
The negative sides are added weight, difficulty of handling, risk of
breakage, trapping of internally generated pollutants and cost 1-4 . This
paper describes the development of a steady state mass balance
model to be used for calculating impact fluxes of gaseous air pollutants to paintings enclosed in microclimate (mc) frames. The paper
discusses the properties of the model in relation to the needed input
data and their uncertainty, and the interpretation of the model results
in terms of pollutant impact on paintings in mc-frames. Examples of
modelling results are presented for two paintings in mc-frames located in two different European museums. The input data for the two
frames were obtained from measurements made in the EU project
PROPAINT. 5 The modelling can be used to study the effect of the air
exchange rate, mc-frame geometry (volume and inside area) and
inclusion of absorbing materials on the impact fluxes of gaseous pol-
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lutants to paintings in mc-frames. The model is
presently a research model valid within the range
of conditions defined by the mc-frames used for its
testing. As such, one of the frames with an air
exchange of 14.9 d -1 and approaching the condition of free air exchange, was used as a limiting
case. The aim is to further develop the model to
make it more robust and to test it for a larger range
of microclimates, e.g. for showcases.This paper
describes the model derivation illustrated with
examples of modelling for two mc-frames. The
description of materials and methods and results
from the measurement of the pollutant gases is
reported in the PROPAINT Final Report. 5

2
2.1

1 the input data used for the modelling and some
additional information for two frames are reported.
1. EH, Kenwood
(EH K)

Frame

2. Krakow, Leonardo
(NMK1)

Microclimate frame characteristics
Type of mc-frame
Age of mc-frame
(years)
Air exchange rate
(day-1)
Net volume (m3)
Frame area (internal)
(m2)
Frame minus glass
area (internal) (m2)
Object inside mcframes
Painting area (m2)

Methodology
Experimental

Materials inside mcframe

The main characteristics of the two mc-frames and
the paintings for which pollutant impact modelling
and comparison of protection against gaseous pollutants were performed, are given in Table 1. The
mc-frame in Kenwood, English Heritage (no. 1,
Table 1) had a broken Al-barrier film. The
“Leonardo frame” no. 2 was a more open enclosure with a glass front positioned against an opening in a wall in where the painting was positioned.

Location*
with materials,
N = Naturally ventilated

New frame

Purpose built

20+

5

1.4

15

0.041

0.32

2.0

4.5

1.1

1.5

Oil on panel
1.8

Tempera on panel
0.6

Wood, glass, oil tem- Glass ~60% of this
pered Hardboard sili- enclosure, fibre board,
cone seal, aluminium tapestry, Velcro ®
foil, PVC coated cable,
brass screws
Public gallery (N),
Public gallery (N),
Waxed wood, tapestry,
Plaster, wood.
lime plaster and emulsion paint.
Pollutant measurements

I
NO2 conc.
O
(µg m-3)
St.dev.
I
O3 conc.
O
-3
(µg m )
St.dev.
I
Formic
St.dev.
acid conc.
O
-3
(µg m )
St.dev.
I
Acetic acid
St.dev.
conc.
O
-3
(µg m )
St.dev.

The modelling for the two mc-frames and paintings
was performed based on measurements of the
concentrations of the major gaseous pollutants
(NO 2 , O 3 , acetic and formic acid) known to be
potentially degrading to paintings and usually to
be present outside and inside of the mc-frames, 5
of the air exchange rates, net volumes and internal
areas of the mc-frames, and of the areas of the
paintings in the frames. Other pollutant gases are
known to have degradation effects on paintings
(e.g. SO 2 ) or to be present inside mc-frames in
considerable amounts (various higher molecular
weight VOCs), 6-10 but due to their very low reported concentrations 5 or the unknown degradation
risk for paintings (the VOCs) these were not
included in the modelling.

2.0
20.2
(0.70)
<1.0
9.0
(0.3)
511
(86)
11.1
(0.2)
1548
(146)
52.1
(1.2)

2.0
23
(0)
3.3
7.4
(0.9)
<0.5
10.3
(5.5)
317
(71)
23
(15)

* Glass is not included
Table 1: Main characteristics of two of the mc-frames studied in the
PROPAINT project, used to illustrate results obtained from the modelling. 1. English Heritage mc-frame with the painting “London
Bridge” by Claude de Jongh (1630) at Kenwood House, London. 2.
Mc-frame from the National Museum of Krakow with the painting
“Lady with Ermine” by Leonardo da Vinci (1452-1519), Czartoryskich
Museum, Krakow, Poland. For the pollutant measurements I = inside
frame, O = outside frame and the values in brackets are the standard
deviation of two measurements.

The measurements of the gaseous pollutants
inside the mc-frames were made in the accessible
small volumes inside the mc-frames. These volumes were on the back side of the painting in mcframe no.1 and in the front of the painting in mcframe no. 2, where the whole internal volume of
the enclosure was found in front of the painting.
Similar modelling could be performed for other pollutants or combinations of pollutants of concern.

2.2

Recommended pollution levels

The recommended levels for the pollutant concentrations used in modelling were the “air quality targets for museums, galleries, libraries and archival
collections” as recommended by ASHRAE 6 and
also suggested by Tetreault 7 : NO 2 + O 3 = 2 μg m -3
and acetic +formic acid = 100 μg m -3 . These levels
are based on ten years Lowest Observed Adverse
Effect Doses (LOAEDs). 7 Other references suggest different levels: Lower recommended levels

A detailed description of the measurement methods used and of results from measurements are
reported in the “PROPAINT Final report”. 5 In Table
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for O 3 (0 ppb) for general museum environments
than for NO 2 (2.5 ppb), but higher levels for paper
(O 3 : 13 ppb, NO 2 : 5 ppb) are reported. 8 It is reported that “attempts have been made to set standard
levels for acetic acid resulting in a suggested low
threshold level of 10 µg m -3 for conservation environments”. 9 This is in the lower range of typical
outdoor background concentrations. It is also simply recommended to use of best available technology to control acetic acid concentrations. 10 Any
recommended levels found suitable could have
been used in the modelling. The debate about the
validity of using the LOAED concept in conservation is not a subject for discussion in this paper.
Suffice it to say that to determine the minimum pollutant dose exposure that gives an observable
effect on a material, the method of observation
should be defined. The effects of small doses that
cannot be seen with the eye can often be observed
with physical or chemical characterisation methods.

ematical modelling was the mass balance equation
describing the steady state average concentration
of a pollutant in a frame:

Equation 1
Where Q is the air exchange rate ( s -1 ), f is the
frame filtration factor (dimensionless, 0 < f <1), C 0 ,
C i and C is are the concentrations of the pollutant
gas in the room and inside the mc-frame depending on time and for the steady state, respectively
(µg m -3 ), e is the emission rate (µg m -2 s -1 ), H is
the production rate from homogeneous, chemical
reaction(s) in the air inside the frame (μg m -3 s -1 ),
v df , v do and v da are the deposition velocities to the
frame internal, object and absorber surfaces (m s 1 ), A , A , A , and A
e
f
o
a are the areas of emitting
material, mc-frame inside, object (painting), and
absorber material surfaces (m 2 ), respectively, and
V is the inside mc-frame net volume (m 3 ). For the
internal area of an mc-frame, A f , the total internal
frame area minus the area of the glass front was
used, assuming a deposition velocity to clean
glass = 0. This value ( v d = 0) for the deposition to
clean glass was also used for acetic and formic
acid. A time resolution of days (day -1 ) was used.
To simplify expressions in further derivations, v d
(absorber) was set equal to = 0, having in mind
that this part could easily be added as an additional area, adjusted for the relative deposition
velocity to the absorber to that to the frame interior, in a similar way as for possible deposition of
the organic acids to the glass. In this way the
effect of introducing an absorber into the mcframe, such as e.g. active carbon, could be calculated.

Even if the ASHRAE recommended level for NO 2
and O 3 is the same one should be aware that the
observed effects of these gases are often different, for different materials. Somewhat lower
observed effects levels for O 3 than for NO 2 are
reported in general on colourants and organic
materials. 7 Acetic and formic acid are usually
grouped when qualitatively describing degradation
effects. 7,8 Similar observed effect levels are
reported for acetic and formic acid exposure of
metals. 7 A lowest observed acetic acid effect on
metals for a yearly dose of 600 µg m -3 in typical
museum conditions at RH = 50% is reported. 11 The
observed effects of acetic acid are most commonly reported for lead and copper. It is reported that
no effect of acetic acid on lead is observed for
concentrations below 317 µg m -3 , which is also
used as the British Museum Performance Target
for lead objects in display cases. 12 There is little
information about observed degradation of paintings or organic objects due to acetic acid exposure. A LOAEL for cotton in Whatman papers of
3000 µg m -3 and a LOAED of 5000 µg m -3 yr are
reported based on pH measurements. 13

The flux to the object (painting) in the mc-frame
was calculated from:
Equation 2
with average C is given from equation 3:

Equation 3
2.3

Model derivation

where the flux and internal concentration are calculated to be partly from infiltration, first part of
equation 3, and partly from inside of frame emission and homogeneous reaction, second part of
equation 3. Depending on the reaction mechanism
the expression for H may include C is or not, and
thus as a result of the algebra from equation 1 to
equation 3, be part of the numerator or denominator in equation 3. Any particular homogeneous
reaction paths were not included in the modelling

The modelling was based on steady state massbalance equations. 14 The modelling was performed for a combination of oxidising gases (the
sum of the concentrations of NO 2 + O 3 = “Gas 1”)
infiltrating from outside the frame and organic
acids (the sum of the concentrations of acetic and
formic acid = “Gas 2”), the presence of which in
the mc-frames was mainly due to their emission
inside the frames. The starting point for the math-
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approximation a linear dependence of v t on the air
exchange rate. The values for the air exchange
dependent total deposition velocities, v d (Q) , were
then calculated from: 16

and possible removal due to homogeneous reaction (in the gas phase) was considered as deposition, and possible production as emission. It is
possible that e.g. some of the formic acid measured inside the frame is produced by oxidation of
formaldehyde in the gas phase (homogeneous
reaction) inside the frame and that this give a loss
of O 3 . Any such possible loss of infiltrating O 3 (or
NO 2 ) was calculated as deposition to the painting
and would give an overestimation of the impact
flux to the painting due to infiltration. Any resulting homogeneous production of acetic or formic
acid e.g. from formaldehyde was simply calculated
as a part of the “total emission plus reaction rate
of acetic plus formic acid”. The term HV is included to indicate that such reactions could contribute
to the measured concentration values.

Equation 7
The total pollution deposition to the painting inside
the frame was then calculated as the “Gas 1 equivalent impact flux” for the n gases of interest.

Equation 8
The “impact sum” of the fluxes of the infiltrating
oxidising gases (Gas 1 = NO 2 and O 3 ), and of the
organic acids (Gas 2 = formic and acetic) that
mainly comes from emission, inside the mcframes, was calculated as follows:

The total emission rate (mass per unit time) of Gas
2 was calculated from equation 4 using the measured values for the mc-frames as input:

Equation 9
Equation 4
Where C R1 and C R2 are the recommended concentration levels for Gas 1 and Gas 2, respectively.

The deposition velocity for Gas 1, to both the
frame inside and the painting, was calculated from
equation 5, setting the two deposition velocities
equal ( v do = v df ) and assuming no internal production of Gas 1 from internal emission or reaction.
This value was also used for the deposition velocity of the infiltrating fraction of Gas 2.

The total potential impact flux to the painting at the
location, but without the mc-frame protection, F u ,
and at the recommended level, F r , for the pollutants were calculated from:

Equation 10
Equation 11
Equation 5

The fluxes in Eq. 10 and 11 were calculated as for
Fo in Eq. 2, using the room concentration, C 0 , and
considering the room air to be well mixed, giving
vd = vs = 0.012 cm s -1 .

The value obtained for the relatively open
“Leonardo enclosure” (Table 1) was used for the.
surface deposition velocity. ( v so (object) = v sf (frame) =
0.012 cm s -1 ) This value is in the middle between
the v s values reported for NO 2 and O 3 to paintings. 15 This value was used for both Gas 1 and
Gas 2. The filtration factor ( f in equation 4) was set
equal to 1 (no pollution loss in the sealing) and the
filtration effect then rather calculated as a transport resistance; i.e. a transport limited deposition
velocity dependent on the air exchange rate, v t (Q) :

The model was written in Excel for easy parameter
input and results output.

Equation 6

The model enables studies of the effect of varying
air exchange rate, and of the effect of changing
the volume geometry ( V ) assuming constant total
emission of Gas 2 inside the microclimate frames.
The possible inclusion of an absorber material can
be modelled by adding an internal area equal to
the absorber area ( A a ) times the fraction of the
deposition velocity to the absorber, to that to the
frame interior ( v da / v df ).

where Q m is the measured value for the air
exchange rate and v dm the total deposition velocity calculated for each frame from the measured
data (equation 5), and assuming as the best

The calculation of an “impact concentration” is a
simplified procedure for the assessment of the
impact of air pollutants on the paintings, compared
to doing the modelling of the impact flux. The
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Figure 1: Evaluation of performance for the microclimate frame no. 1
(EH, Kenwood frame, Table 1). The impact flux of Gas 1 plus Gas 2
and the total impact flux from infiltration of Gas 1 and from inside of
mc-frame emission of Gas 2, are shown. The impact flux from infiltration of Gas 2 was ~0.

Figure 2: Evaluation of performance for the microclimate enclosure
no. 2 (Krakow, Leonardo frame, Table 1). The impact flux of Gas 1
plus Gas 2 and the total impact flux from infiltration of Gas 1 and
from inside of mc-frame emission of Gas 2, are shown. The impact
flux from infiltration of Gas 2 was ~0.

impact concentration can be calculated from equation 9 using the measured values for the concentrations as input (instead of the calculated fluxes).
This is a good approximation of the impact as the
difference between the flux and the concentration
is only the factor of the deposition velocity (equation 2). For the infiltrating gases in the well sealed
mc-frame no. 1 (Table 1) the deposition velocity
was calculated to be low and the impact flux was
found to be so low, ~0, that it could for the practical evaluation be ignored, as would be the case for
other well sealed mc-frames. In the EC PROPAINT
project, the protection effect of 11 mc-frames was
calculated as the “impact concentration” in the
rooms minus the “impact concentration” still
remaining inside the mc-frames. The impact of the
infiltrating gases given by the first expression on
the right side of equation 9, was then included only
for frames with an air exchange >6.7 d -1 , and for
completeness the low measured values of SO 2
were also included. 5

3

Modelling results - examples

Illustrations of modelling results for the two frames
in Table 1 are given in Figures 1 and 2. For the
microclimate frame in Kenwood (Figure 1) with a
broken Al-barrier film the total calculated impact
flux to the painting was higher than calculated for
the
unprotected
situation
in
the
room.
Considerable protection was calculated for the
“Leonardo enclosure” (Figure 2) as compared to
the room situation. No one of the two microclimate
frames s atisfied the recommended level, although
the Leonardo enclosure was considerably closer.
Ventilation of the microclimate frame in Kenwood
would decrease the impact flux (move it towards
the room situation), but only very slightly for a
moderate or even quite large increase in the air
exchange. Similarly, for the Leonardo enclosure,
the impact flux of Gas 2 only decreases slowly as
the air exchange rate increases. In contrast to the
Kenwood frame, the Leonardo enclosure would
benefit from better sealing as that would signifi-
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quantified fluxes to quantified corrosion effects. 17
The model could be used to predict such effects
for known mechanisms on paintings. In conservation practice the assessed degradation risk due to
the environment is often expressed as recommended levels for pollutants, which should then
reflect the rate with which the related degradation
process will affect the value of the painting(s),
however that is defined. This translation is not only
a “simple” procedure based on the science and it
will not be a topic for discussion in this paper.
However as these recommended levels are the
guidelines for the conservators in their daily work
they are used as the “target values” for the modelling in this paper, keeping in mind that more
detailed chemical and, or physical effects can be
assessed and quantified when description of more
detailed dose - response relationships are available.

cantly reduce the calculated impact from infiltrating oxidants (i.e. NO 2 + O 3 ).

4

Discussion

4.1

Results

The modelling clearly shows how increasing ventilation of microclimate frames can give significant
increase in the impact flux of infiltrating gaseous
pollutants to the paintings in the frames. This
effect would be larger for higher room concentrations of the pollutants and higher net volumes of
frames.
The modelling indicated that the emission and
deposition fluxes of light molecular weight organic
acids (i.e. acetic plus formic acid) inside the microclimate frames were much larger than the ventilation fluxes, so that a moderate or even quite large
increase in air exchange would not significantly
reduce the deposition fluxes and thus be an effective mitigation measure. A hypothetical increase in
the air exchange from low values (~1 d -1 ) to more
than magnitude higher values (~15 d -1 ), would,
assuming that ventilation did not affect the emission rates, not significantly decrease the concentrations of the internally emitted organic acids
(formic and acetic acid) and their impact fluxes to
the paintings (Figure 1 and 2). The reason for this
is the low volumes of the frames and thus small
amount of pollutant removed by each single air
exchange, as compared to the internal emission
and deposition fluxes.

4.2

Measurements, modelling and
mc-frame design

Both for the reason of available space and due to
visual interference it was not possible to do the
passive sampling between the glass and the painting in mc-frame no. 2, and in most mc-frames this
would be difficult. Thus, the modelled and calculated impacts are directly relevant for objects in
contact with this major internal volume of the mcframe. To understand the effect of air pollutants on
the paintings it would be important to understand
how the pollutants are distributed inside the
frames between the back side and the front side of
the painting, and how they deposit on its different
parts and may affect materials in panel and canvas
paintings in synergy with other factors such as
light and temperature. More detailed studies of
such subjects are essential to understand how
average loads of pollutants, and other environmental factors, cause the actual observed degradation effects of paintings.

Some of the deposition of the organic acids inside
the mc-frames may happen to parts of the painting, backing, frame etc. that are themselves emitters. This would reduce the net deposition which
could also be negative (net emission), e.g. for a
wooden frame. This should be considered in studies of the possible related chemical degradation
processes of the materials.
The reported results illustrate the application of
the model for a set of pollutants with potential
impact calculated on the basis of recommended
levels. It is important that the general physical
model which is presented here in principle does
not depend on input for any particular pollutants or
recommended levels, but can be applied for a set
of pollutants with some related assessment of their
degradation potential reported as concentration in
air. As such, it is a physical flux or dose - response
model, where the detail and unit for the calculated
degradation response will depend on the detail in
the description and quantification of the dose response mechanism. In e.g. corrosion science
there exists detailed chemical models that transfer

4.3

Interference of passive sampling
inside the mc-frames

An evaluation was performed if the passive diffusive samplers by their gas absorption were themselves affecting the measured concentrations
inside the mc-frames. This would be the case if the
deposition fluxes to the samplers were a significant part of the total deposition, to the samplers
and to the inside of the mc-frames. It would also
be the case if there was a starvation effect so that
the diffusion of the pollutants to the samplers
extended beyond andreduced their concentration
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reported for v s for O 3 (0.086 cm s -1 ) and SO 2
(0.063 cm s -1 ) to paintings at RH = 50%, and the
lower value reported for NO 2 (0.004 cm s -1 ). 15
Deposition velocities for acetic acid have been
measured to silver (0.005 cm s -1 ) 18 and for acetic
and formic acid to copper (0.007 and 0.014 cm s -1 ,
respectively). 19 A relatively higher value for v s is
expected for coarser surface materials inside the
mc-frames, but a relatively lower value ~ 0 for the
(clean) glass area, as has been found for the inorganic gases. 15 The calculated laminar air flow
velocity through the more open enclosure, no. 2, is
= 4 times higher than the calculated deposition
velocity. This enclosure probably has much less
deposition of pollutant gas in the sealing and thus
less transport resistance than frame no. 1. The
calculated value for the deposition velocity is probably close to the average v s for the materials
inside this frame. It is expected that the inside v s
values for the different mc-frames are different
due to different materials with different areas, but
the value of 0.012 cm s -1 is a probable average.

at the diffusion barrier (the top net) of the samplers and thus the measured concentration.
The surface deposition velocity to the samplers is
known to be ~0.1 cm s -1 . For the surface deposition inside the frames a deposition velocity of
0.012 cm s -1 was used for both Gas 1 and Gas 2.
Deposition velocities of 0.012 cm s -1 and 2.5·10 -4
cm s -1 were calculated for the infiltrating Gas 1 in
the quite open enclosure (no. 2) and the tighter
mc-frame, no. 1 (Table 1), respectively. These values were also used for the infiltrating fraction of
Gas 2. The area available for passive sampling is
for each sampler 3.14 cm 2 giving ratios of the
internal mc-frames (minus glass) plus painting
area / passive sampler areas of approximately
6700 (frame 2) and 9200 (frame 1). This gave
(inside frame / sampler flux ratios) of 0.012 / 0.1 ·
(3350 and 4600) = 400 to 550 for the parallel sampling of acetic and formic acid performed inside
the mc-frames. For the single NO 2 and O 3 samplers the values would be the double. If “starvation” is happening and the deposition velocity to
the sampler is reduced to a lower value than ~0.1
cm s -1 the interference would be less significant.

If it is found that the deposition velocity of the
organic acids to clean glass are significantly larger than zero, the glass area or a fraction of the
area corresponding to the fraction of the deposition velocity to the glass to that to the rest of the
frame interior, could be added in the modelling.

For pollutants infiltrating in the tight frame no. 1,
the calculated deposition velocity is more than
magnitude lower than the surface deposition
velocities measured to a range of materials. 15 This
value indicate transport resistance, v t , as calculated in equation 6, due to the mc-frame sealing. The
deposition of the infiltrating gases to the passive
samplers was then determined by the limited
transport from the outside and the ratio of the fluxes to the frame and sampler will simply equal the
ratio of the internal area to sampler area, as given
in the text above.

4.5

Experimental disturbance of the
equilibrium

For some time after the start of the measurements,
after the passive gas diffusion samplers were
installed and the mc-frames were closed, the concentration of acetic plus formic acid inside the mcframes would be below the steady state equilibrium concentration, and the concentration of NO 2
plus O 3 inside the frames would be above the
steady state equilibrium concentration. The analytical solution to the steady state mass balance
equation no. 1, for the time to reach a specific concentration, C i , inside the mc-frames, is given by:

Thus, for the use of parallel sampling the highest
calculated interference is 0.25% (frame / sampler
flux ratio = 400). With six passive samplers (sensitive to different gases with parallels only for acetic
plus formic acid) inside the mc-frames the chance
for interference was higher, possibly ~ 1%.
Due the expected near static conditions inside the
frames it is likely that some “starvation” was occurring for the passive sampling of the organic pollutants emitted inside the frames. It is difficult to
assess the magnitude of this possible error without
additional research or comparison with active
measurements.

Equation 12
where

Equation 13
4.4

The solution to equation 12 shows that the time to
reach 99% of the steady state equilibrium concentration after closing the frames was 4 min and 76
min for mc-frames no 1 and 2 respectively. For
four other frames this time varied between 8 and

Deposition velocities

The value for the surface deposition velocity
(0.012 cm s -1 ) calculated by equation 5 for the
infiltrating Gas 1 is between the higher values
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25 min. For frame no. 2 this is only 0.17% of the
total measurement time giving even less error in
the measurement value for the increasing concentration of acetic plus formic acid, but somewhat
higher error for NO 2 plus O 3 due to its decreasing
concentration to low values, during this time. For
the other frames the error would be less. A possible too low measurement of the internal concentration, due to other experimental errors, does not
affect this result as the concentration of acetic
acid plus formic acid outside the mc-frames, C 0 in
equation 12, was in all cases very low.

4.6

The performed modelling indicated that ventilation
can introduce significant amounts of external pollutants, but is usually not a very effective way to
reduce impacts of internally emitted gases to the
paintings in the mc-frames. The reason for this is
the relatively small volumes and thus small
amounts of pollutants removed for each air
exchange as compared to the internal emission
and deposition fluxes.
The modelling can be used for any gaseous pollutants for which concentration values are available
and for which some degradation effect measure
related to the concentration values, e.g. recommended levels, are available. The model can be
used to study how change in design features of
mc-frames such as internal volume and installation
and area of installed of absorber materials will
affect the load of gaseous pollutant pollutants on
paintings inside mc-frames and thus the protection
effect of mc-frames against the pollutants.

Modelling specificity

Technically, the modelling could be performed
including all the different specific separate pollutant gases, in our case NO 2 , O 3 , acetic and formic
acid. However this would make the use of the
model and the evaluation and presentation of
results more complicated. It was evaluated that
the modelling for two groups of gases (Gas 1 and
Gas 2) expected to take part in the main oxidising
and acidic surface degradation mechanisms, represented the gaseous pollutant impact on the
paintings in the mc-frames in the best way. It is
then assumed that the concentration of NO 2 ≈ O 3
inside the frames. Their average deposition velocity can then be used. It is also assumed that the
deposition velocity and recommended levels for
formic acid are the same as for acetic acid. NO 2
and O 3 concentrations were low and generally similar inside the frames although with some variation. 5 This would give some uncertainty in the calculated value for their (Gas 1) impact flux. This is
generally of little importance for most mc frames,
that are well sealed, such as mc-frame no. 1, and
for which the impact flux of Gas 1 would be only a
small fraction of the impact flux from Gas 2. For
the more open mc-enclosures, no. 2 (Figure 2) the
impact of the infiltrating Gas 1 was however high.
The ratio of NO 2 to O 3 was in this case for the
room and inside the enclosure equal to 3.1 and
0.6, respectively. Thus the use of different deposition velocities and recommended levels for these
two gases would have influenced the result.

5

To understand the specific effects of pollution
loads on paintings inside mc-frames it is however
necessary to do more detailed studies of the interaction between the environments and paintings
inside the frames.

6
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