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Artists” exact process for painting decorative wall paintings in stave churches is unknown,
however, through observation, analysis, and literature review, key concepts of artists’ technique are
elucidated. The painters did not put much effort into having the woodworkers prepare a smooth
wooden surface to paint upon, as tool marks are often seen through the paint layers. However, the
surface may have been primed with glue before the base paint was applied. A sketch on the base layer
of paint, and the use of a compass and etched lines were observed in several distemper paintings from
the 1600s. In post-Reformation distemper decorative paintings, the distinct local colors of the elements
are painted on the surface of the dry background color, which was usually white; then any shadowing
or colors that add shape, and finally the contours were painted. Color details could be added after
the contouring. The paintings in the nave and baptistery in Kvernes stave church follow this general
painting method (Figure 4).

Figure 4. (a) Close up of the distemper decorative paint in the nave in Kvernes stave church (date:
9 April 2013) Photo © NIKU 2013; (b) detail from the decorative pattern of the Urnes stave church (date:
30 April 2011) Photo © NIKU 2011; (c) details of the locations of Kvernes and Urnes stave churches
with values of latitude and longitude.

Due to the matte and porous surface of distemper paint, very few methods and materials are
suitable for conserving these paintings, if the main goal is to keep the appearance of the surface
unchanged [13]. In 1984 the Directorate for Cultural Heritage (DCH) initiated a registration of distemper
decorative paints in stave churches [14]. Subsequently, in 1989, the testing of different consolidation
methods for distemper decorative paints was undertaken during the conservation treatment of the
décor in Uvdal stave church (latitude: 60.26° N; longitude: 8.83° E) [15]. This test favored sturgeon
glue, over many others, including, Klucel (hydroxypropylcellulose) and gelatin [16]. The conservators
at the DCH, and later conservators at the Norwegian Institute for Cultural Heritage Research (NIKU),
have since used sturgeon glue as the main consolidant for distemper paint [17]. The last consolidation
treatment executed with sturgeon glue, in a Norwegian stave church, was in 2013 at Kvernes stave
church. The preservation of distemper paint in churches is a constant area of interest for NIKU, and
projects have concentrated on 16th and 18th century distemper decorative paintings [18]. Additional
information was gained when the Stave Church Preservation Programme (2001-2015) provided an
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opportunity to work with several distemper decorative wall paintings that needed treatment: three
Medieval distemper decorative paintings and 12 post-Reformation distemper decorative paintings in
14 stave churches were examined and treated [8].

An assessment of these treated paintings was made in 2013-2014. In several cases, the paint was
found to lack proper adhesion to the underlying support; this was also found for those which were
treated just a few years earlier. The examination was a follow-up of the assessment of consolidation
methods for distemper decorative paints, as an answer to the constant need for greater knowledge on
sturgeon glue as a consolidation material, and more specifically, for understanding which parameters
are essential for successful results in consolidation treatments. In addition, the survey of conservative
conditions of decorative distemper painted surfaces was also implemented in another recent project:
“Environmental monitoring of the impact of climate change on protected buildings” started in 2017
and coordinated by NIKU [6]. An example of the mapping of conservation treatments obtained by the
survey inside Kvernes stave church is depicted in Figure 5.

Figure 5. Example of mapping of conservation treatment in Kvernes stave church. The image shows
the eastern part of the north wall in the nave of Kvernes stave church. Areas marked with green were
consolidated with sturgeon glue (date: 5 April 2013). Photo © NIKU 2013.

2. Materials and Methods

2.1. Conservation Investigation of Distemper Paintings

In Section 2, the preservation state of the distemper paintings in the nave and baptistery of
Kvernes is related to research and practical experience from the conservation of distemper paintings
in a number of other stave churches. However, because the paintings in the chancel of Kvernes are
so heavily altered by overpainting and conservation treatments, these paintings are not discussed in
this paper. As for the nave, there are no indications of earlier treatment carried out on the distemper
paintings. In general, signs of damage are related to wear and tear and long-term water leakages.
The paintings are worn and unbound, and flaking paint was registered in 2012; however, the condition
of the walls varies from area to area. This paper will only focus on distemper paint which was not
heavily altered by previous conservation treatments.

In the case of Kvernes today, there are between 12,400 and 15,300 visitors a year, with an increasing
number in the last four years. Usually two tourist buses arrive daily in the period April-September,
in addition to tourists who travel by cruise in the period June-August. During these mass visits, the
church administration only allows a maximum group of 90 visitors inside the church at a time (amount
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of visitor in the years 2016-2019, internal communication with Servik, A.K. Head of management
Kvernes stave church. Email correspondence, 2 December 2019).

When assessing the current condition of the decorative paintings in the nave, during the last
survey, the north wall was identified as being in the least ideal condition, with the paintings displaying
different conservation conditions in different areas of the wall surface. At bench height, in the area
were a staircase once existed and under the priest family’s chair in the south-west corner, the paint
has worn off with little paint left. In general, these areas reflect the degradation of distemper paint
resulting from people rubbing the painted surface with their hands and coats [19] (pp. 42, 48). Further,
the black color in the distemper paintings on the north wall was identified as having moisture and
water damage [19] (p. 45). In the nave’s northern part of the western wall, it can rain or snow through
the wall if precipitation comes together with wind. In general, the building is not tight, so birds can
sometimes find their way inside [19] (p. 48). In the ceiling of the nave, there are secondary beams,
probably due to long-term water leakages [19] (p. 44). On the southern wall, most of the distemper
decorative paint is damaged by water leakage, both from the ceiling and windows. Only remnants of
paint are left on the northern and western wall of the baptistery. This condition is thought to be due to
earlier water leakage and direct light exposure.

Despite the description above of damages in the painted surfaces, the paintings in the nave and
baptistery of Kvernes are in remarkably good condition. One exception is a small area on the central
part of the north wall in the nave where the décor was repainted. In this same area, where the paint
layer is thicker, the paint was flaking before treatment by NIKU in 2013. Disintegration of the binding
media was the main reason for carrying out the 2013 conservation treatments at Kvernes. Selected
areas of the walls in the nave and baptistery were consolidated with 3% sturgeon glue in water applied
through Japanese tissue paper. The aim of the treatment was to add an additional binder to the paint
structure. In areas with two paint layers, it was also necessary to bind the layers to each other and to
the wall. Unlike treatments in several other stave churches, the distemper decorative paintings in the
nave and baptistery were not consolidated during an earlier conservation campaign. The consolidation
of the distemper paintings in Kvernes stave church seems to be successful, except for minor areas
where the paint layer is thick. Based on experience, this is not unexpected. In general, thick distemper
paint layers are more prone to flaking.

Distemper paintings in unheated stave churches, like Kvernes, are generally in better condition
than those in heated stave churches. NIKU’s records show that the distemper painting (ca. 1601)
found in the chancel of the unheated Urnes stave church (see Figure 4c for the Urnes site location)
was consolidated in 2012, four centuries after it was painted. Then the painted ceiling in the chancel
needed a general consolidation, while only minor areas of the painted chancel wall were treated in
2012. The unheated Redven stave church (latitude: 62.62° N; longitude: 7.49° E) is in the same area of
Norway as Kvernes. The interior is covered with distemper paintings from the first half of the 18th
century which are worn, but in a rather good state, and have never undergone consolidation treatment.

2.2. Effects of Climate-Induced Decay on Distemper Paints

In general, the current conservation state of distempered 17th century paintings in unheated
churches is better than those found in heated churches. When comparing the conservation state of
Medieval art in heated and unheated churches this also holds true [20]. This demonstrates the effect of
a ‘Proofed fluctuation’ that, over the centuries, is caused by natural slow climate change and normal
building use with passive systems [21]. However, the findings in this paper also demonstrate that
the risk of physical damage, beyond that already accumulated from T and RH fluctuations, may be
caused by the introduction of new variables such as heating systems and increase in visitors. The use
of heating systems or high numbers of visitors may exceed the already experienced climate pattern,
thus introducing new risks.

Today, the number of visitors to the remote Kvernes stave church is high. One might expect both
for Kvernes and the other stave churches that the number of visitors and arrangements will continue to
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rise, causing a continuous change in the use of these outstanding and vulnerable buildings. Several of
the stave churches are museum churches, housing special events and open for tourists in the summer
season. In the case of Kvernes, today, there are around 13,000 visitors per season. Groups of up to
90 people that visit Kvernes are placed in the pews by guides; they may lean towards the distemper
painted walls and contribute to the degradation of the paint by intentionally or unintentionally
touching and rubbing the painted surfaces. Visitors are also contributing to modifying water vapor
concentration and particle matter concentration inside the church. These factors must be taken into
consideration when dealing with hygroscopic materials, such as animal glue. These are ongoing
factors that demand for new research. However, visitors are wanted, for what is a cultural heritage site
without the connection to people, past and present? In addition, the revenue from these visitors is an
essential part in maintaining and conserving these sites. It is the correct balance between a church left
alone, and a visited church that adds both to conservation of the church and to a meaningful experience
for visitors.

Looking at the causes of good conservation conditions in Kvernes, low temperature (i.e., ranging
between 5 °C and 10 °C) may be one of these as it slows water vapor diffusion and hence increases the
time of the wood response to RH variations [22]. This effect could account for the frequent observation
that low-temperature storage of wooden works of art, for example, in unheated historic buildings,
favors their good preservation [22]. On the other hand, the impact of heating on distemper decorative
paintings is particularly evident in heated churches as is the case of the Ringebu stave church (latitude:
61.5° N; longitude: 10.17° E), a parish church in ordinary use, situated in a dry inland climate, with
sporadic heating when in use. When a conservation treatment was undertaken in 2010, monitoring
of the internal RH of the church showed extraordinarily low values during heating episodes in the
winter. Unlike Kvernes, the distemper decorative paintings in Ringebu are 1921 replicas of 18th century
distemper decorative paintings. Specifically, these 1920s replicas are painted on top of a whitewash
which covers the remnants of the original 18th century paint. In 2010, a rather thick layer of paint was
consolidated with sturgeon glue, however, a few years later flaking paint was observed and continues
to flake to this day. The paint layer is influenced by the fluctuating RH and T and the assumed different
dimensional changes of the individual layers in the structure induce stresses, which cause cracking
and flaking of the ground and paint layers [22]. In Ringebu the paint flakes between the various layers
of paint.

Effects of Climate-Induced Decay on Distemper Paints. Is the Consolidation Changing the Paints
Response to Fluctuations in Relative Humidity and Temperature?

Sturgeon glue, as a proteinaceous material, will most probably react to variations in RH and
T in the same way as the original glue in distemper paint. Animal glue experiences a considerable
dimensional change with a change in moisture content. Some animal glues can swell as much as 6%
over the 0%-90% RH range [22]. Analysis of the properties of sound rabbit-skin glue films showed
that they can withstand fluctuations of +15% RH at 50% RH, but only +8% at 35% RH. Like many
organic materials, the moisture response of glue is relatively flat at moderate RH values (40%—60%),
reducing both its response to RH fluctuations and the resulting stresses [23] (p. 34).

The added glue, from consolidation, will change the ratio of pigment to glue expressed as the
pigment-volume concentration (PVC). PVC is defined as the ratio of pigment volume and total paint
volume. Higher PVC means less glue, which means lower dimensional response to RH variations. PVC
values of distemper paint found in Norwegian stave churches are unknown, but a matte paint generally
implies a high PVC. A 75% pigment-volume concentration gives a matte paint [13]. The consolidated
paint is still as matte as it was before treatment; however, it is assumed that the PVC of consolidated
paint is lower since additional glue is added. The added sturgeon glue might lead to larger dimensional
change, as it is hygroscopic and reacts like animal glue to climatic fluctuations. That said, NIKU
has not reported that consolidation with sturgeon glue of a thin, matte distemper paint accelerated
its degradation.
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2.3. Standardized Risk Assessment Method Applied to Climate-Induced Risk on Distemper Paints

When evaluating a management plan for an indoor climate, in general, it is difficult to decide
when to adopt a change and how to identify which modification must be implemented for improving
the conservation conditions of a cultural heritage site or object. For stave churches, these types of
discussions are left in the hands of heritage managers and stave churches managers. These stakeholders
might be highly attracted to finding a balance between the optimum conditions for conservation, the
available budget, and the requests of acceptable comfort by churchgoers or visitors, as well as what
measures are technically and aesthetically possible when it comes to the church and interior. However,
it could be beneficial for these stakeholders to visually understand how the risk of decay (single and/or
synergistic) appears and evolves over the years. This could be helpful in taking action, for example,
asking for the support of experts in proposing a modification in the environmental management of
the church. Yet risk indices may be difficult to track without tools, techniques, documentation, and
information systems. A risk assessment tool (RAT) helps to bridge this gap. RAT is a general term
which includes tools for risk management which allow uncertainty to be addressed by identifying
and generating qualitative or semi-quantitative metrics, prioritizing, and developing practices to track
risks with greater probability. The modified RAT of Anaf et al. [7] was applied in this study and
emphasizes the influence of temperature and relative humidity. This RAT is beneficial for conservators,
allowing them to monitor ongoing decay processes of distemper decorative paints under different
scenarios (e.g., passive and active climate control strategy, high and low visitor impact). Measures of
risk management are more easily taken in an already heated church.

The correlations between degradation and extreme RH and T values (as in our proposed case
study for Kvernes), and large RH fluctuations are described in literature for specific types of materials
and heritage objects [22,24,25]. Specifically, for heritage objects, the proposed RAT uses a best-fit
dose-response, or mathematical functions, to prioritize the agent of deterioration (e.g., through the
weighted average approach; Figure 6) and define the damage thresholds which allow the assessment
of risk. In the presented study, only T- and RH-induced risks on heritage objects resembling distemper
decorative paint on wooden substrates were considered.

Figure 6 displays in the ordinate the weight per risk caused by risk agents (i.e., relative humidity
(%) and temperature (°C)), which cannot be too low, too high, or with excessive fluctuations without
increasing the risk of damage. In this study, Figure 6 represents the RAT to estimate three different
categories of risk: biological decay (top plots), mechanical and chemical decay (bottom, left plot),
and mechanical decay only (bottom, right plot). These risks are estimated following the approach
introduced in a study by Anaf and co-workers [7] by comparing the data logger measurements recorded
in Kvernes, with the corresponding risky target values/thresholds available in the literature [22,24,25].
Risk thresholds of unsafe RH fluctuations (bottom-right plot, external areas to the safe band) are
obtained by the standard EN15757:2010 [26]. The SyMBoL project, with the implementation of two
long-term monitoring campaigns in Heddal (latitude: 59.57° N; longitude: 9.17° E) and Ringebu stave
churches (i.e., longer than two years), will soon provide data to better describe the “historic climate” of
other stave churches under different protocols for heating use [26].

The RAT works as follows: in Figure 6, the climate-induced risk is quantified by converting the
corresponding measured values of T and RH into a level of risk that is evaluated in a predefined scale
of 0 to 1. That is to say that this model displays the correlation between X and Y, where Y = £(X). When
T or RH x-axis values (input) enter the plots in a white area over the abscissa, the level of (risk*weight)
is zero (output, y-axis); while, when T and RH x-axis values enter the plots within a grey area over the
abscissa, the level of (risk*weight) is different from zero. The (risk*weight) value, read over the y-axis,
is obtained moving vertically from the input T or RH value over the abscissa up to the parallel grey
horizontal line limited by two grey dots in Figure 6.
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Figure 6. Conversion dose-response and/or threshold functions to prioritize the agent of decay and
calculate the level of risk. (top-left) relative humidity (RH)-induced biological decay in the case of
both RH-sensitive insects as woodworm and mold infestation with their link with temperature (T)
conditions (top-right). Bottom-left: T-induced mechanical (too low T) and chemical risk of decay (too
high T). Bottom-right: RH-induced mechanical decay caused by wider RH fluctuation than the historic
climate as stated in the EN15757:2010 standard [26].

Risk * Weigth

In Kvernes church, the T and RH values were recorded using four Tinytag data loggers (Gemini
Data Loggers Ltd., Chichester, UK) deployed on the east side of the church (Figure 7). The positioning
of these four loggers was slightly different; data loggers 1 and 2 were placed nominally 2 m above
the floor, while data loggers 4 and 5 were placed about 3 m above the floor. Temperature and relative
humidity data were recorded for a little over one year (20/06/2011-13/06/2012), after which, the data

collected during this monitoring campaign were analyzed using the RAT.
The abscissa of the grey dots are T and RH target/threshold values which define unsafe conditions
within which the (risk*weight) is different from zero.
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Figure 7. Images showing the location of the four data loggers in Kvernes stave church. (a) loggers 1
and 2; (b) loggers 4 and 5 (date: 3 March 2011) Photo: NIKU © 2011.

3. Results and Discussion

Temperature and relative humidity data collected during 20/6/2011-13/6/2012, from the interior of
Kvernes church, are shown in Figures 8 and 9, respectively. The right y-axis reports the risk assessment
results of T-induced risk (Figure 8) and RH-induced risk (Figure 9). For this study, the maximum
risk value was pre-set to 1 for T-induced risk (right y-axis of Figure 8) and a value of 1.5 (over a
scale of 2.0) for RH-induced risk as we counted both biological (max value = 1) and mechanical risk
(max value = 1) (right y-axis of Figure 9). The grey lines in Figures 8 and 9 denote the level of risk,
and Figure 8 clearly indicates that the riskiest period for temperature-driven decay is during the
winter/spring period. Additionally, data acquired by Log5 indicate greater variations, especially in the
spring/summer seasons in term of maxima registered temperatures, since this logger was exposed to
direct sunlight. The positioning of Log5 was deliberate, in order to assess the effect of solar radiation on
the sensors. Consequently, the relative humidity data recorded by Log5 showed the highest variations,
and constantly registered lower values with respect to the three other devices. On the contrary, data
collected from Logl often indicated oversaturation of RH values (>100% RH) (Figure 9). The risk
analysis carried out on the RH data (Figure 9) is more complex, as it displays intermitted climatic
conditions during autumn, between mid-September and the beginning of December. However, most
of this time period could be considered quite safe (risk = 0).

Unfortunately, very few studies are currently available in international peer-reviewed literature
to correlate the effect of microclimate variations to the occurrence of decay on distemper paints.
The very few existing data on indoor microclimatic conditions of wooden Medieval churches seem to
differ [27,28]. One possible answer to the variation in the indoor climate is the outdoor climate where
the various stave churches are located (see the Supplementary Materials for our analysis of the outdoor
climate in Kvernes). One example is the average environmental conditions published very recently
on the Hopperstad stave church [29], where RH ranged between 27%-28% and 92%-98%, depending
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on the placement of the data logger. Hopperstad is an unheated church situated on a fjord in the
west of Norway (latitude: 61.01° N; longitude: 6.95° E) and in a similar climatic zone as Kvernes [30].
Maximum and minimum temperature values for Hopperstad, indicated by Lehne et al. in 2019 [29],
seem closer to those collected for Kvernes stave church in this study. The influence of solar radiation
on the response of the data logger, in our study, is not too extreme as Figure 8 clearly demonstrates
because the internal temperature never exceeds 22 °C and never falls below —2.5 °C. On the other hand,
RH reading reached saturation values (>100% RH) several times between mid-December 2011 and the
end of March 2012 (Figure 9). While at the opposite, the minimum RH values never fell below 42.5%.
Hopperstad has remnants of distemper decorative paint which was consolidated by NIKU in 2010.
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Figure 8. Indoor temperature data from the four data loggers collected between 20/6/2011 and 13/6/2012
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When examining data collected from Log1, Log2, and Log4, we decided to use the data from
Log4 as the representative of this group, as the data collected from these three loggers are directly
comparable (Figures 8 and 9); consequently, as Log5 was constantly hit by sun radiation, it was
considered separately. Data from Log4 and Log5 were elaborated using a RAT (Figures 10 and 11).
Figure 10 highlights the combined effect (Figure 10d) of the indoor environmental conditions and the
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risk threshold of the three most important agents of deterioration for distempered paint: biological
decay (Figure 10a), mechanical decay due to the RH fluctuation (Figure 10b), and mechanical decay
induced by low T values (Figure 10c). One might argue that the impact of RH fluctuations outside the
frame of the historic climate should be placed as the primary deterioration agent. However, in cases
like Kvernes, it is difficult to decide which agent of deterioration is the most important. During the
monitored calendar year, starting in June of 2011, risk of biological decay was recorded in the summer
months, with a maximum at the end of July (Figure 10a). Risk of mechanical decay caused by a RH
variation, larger than that established by the historic climate, was recorded from January to March
(Figure 10b). In addition, risk of mechanical decay caused by too low T (<2 °C), was slightly higher
from December to February (Figure 10c). Overall, the synergistic risk recorded in Kvernes highlights
three periods of risk (Figure 10d). The first risk period occurs during July and August showing the
optimum condition for biological decay due to high T and RH values; whereas, the second risk period
starts at the beginning of January and for almost a whole month shows the optimum conditions for
mechanical decay on the distemper paint due to a combination of large RH fluctuations and very
low temperature (i.e., lower than 2 °C). The third and final risk period occurs in May, and this period
highlights a risk of mechanical decay caused by RH fluctuations only. At the opposite, the period
with natural environmental conditions most appropriate for the conservation of the distempered paint
happens in the autumn, from September to November, and spring in mid-April. Other aspects, like the
actual T of the wall surface, needs to be considered before deciding upon a conservation campaign
in November.
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Figure 10. (a) RH-induced risk of biological decay on wood (i.e., woodworm and fungi infestation).
(b) RH-induced risk of mechanical decay caused by wider RH fluctuation than the historic climate
as stated in the EN15757:2010 standard; (c) T-induced risk of mechanical decay on wood (i.e.,
freezing-thawing cycles; (d) total risk (i.e., sum of the previous three types of calculated risk to
show the synergetic effect. Colors associated to the maps are related to the index value reported on the
scale: green from 0 to 0.5 indicates low risk conditions; yellow to orange, from 0.5 to 0.75 indicates
moderate risk; red, approaching 1.5 indicates high risk.
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Figure 11. Risk difference caused by radiation disturbance as detected by the difference between Log5
and Log4. Red color, environmental conditions which trigger higher total risk; blue color, environmental
conditions which trigger lower total risk.

The elaboration shown in Figure 11 was obtained by comparing the evaluated risks for Log5 and
Log4, as discussed above. In this figure, the red areas denote an increase in risk, whereas the blue areas
signify a decrease in risk. When examining only the red areas, it is possible to observe how the most
sensitive periods occur during the summer months (mid-June to the beginning of September) and spring
months (mid-March to mid-May). Additionally, Figure 11 also displays how the risky daily interval
partially overlaps for both periods. During the summer the daily risk intervals are concentrated between
9:00 and 11:00 a.m., while in spring longer intervals are observed (from 2:00 to 11:00 a.m.). For just a
short number of spring days (ca. 15) the whole morning period is considered risky. This risk assessment
once stopped dangerous wavelength radiation, as UV and IR also provide interesting information on
the beneficial effect of a daylight increase in temperature (risk decrease in blue areas).

The previous figures demonstrate that such a tool becomes a semi-quantitative method to
recognize the effect of climate change (e.g., through the evaluation over time of changes in risk intensity,
in frequency of less favorable conservative conditions, or in increasing synergistic effects). The future
research conducted within the SyMBoL project will contribute to developing a more comprehensive
RAT for conservation and preservation purposes. The SyMBoL project intends to integrate the impact of
visitors, in terms of modification of the indoor microclimate, into the tool. In fact, RAT has the potential
to highlight the effect of visitors’ presence (or the effect of heating systems. These are important aspects,
which although not considered in the present study, must be considered in the perspective of long-term
research of stave church conservation.

Finally, in order to develop a broader understanding of the internal microclimate of Kvernes,
a detailed analysis was performed for Log4 and Log5 on the weeks of Christmas and Easter when the
Church hosts churchgoers. Elaborations proposed in Figures 12 and 13 show windows segmenting the
daily light durations as indicated by data available at eKlima website of the Norwegian Meteorological
Institute [31], superimposed to T, RH, and mixing ration (MR) trends (i.e., the trend of water vapor (gr)
mixed into 1 kg of dry air which is a useful microclimate parameter used in historic structures to study
the effects of infiltration).
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Figure 12. Indoor RH (%)-green line, T (°C)-red line, mixing ration (MR) (g/Kg)-black line values for
Christmas week representative of microclimate conditions and churchgoers’ presence in winter as
measured by Log4 (top plot) and Log5 (bottom plot). The grey line refers to outdoor RH values collected
by the Kristiansund lufthavn weather station. Daylight duration is highlighted by rectangular areas.
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Figure 13. Indoor RH (%)-green line, T (°C)-red line, MR (g/Kg)-black line values for Easter week
representative of microclimate conditions and churchgoers’ presence in spring as measured by Log4 (top
plot) and Log5 (bottom plot). The grey line refers to outdoor RH values collected by the Kristiansund
lufthavn weather station. Daylight duration is highlighted by rectangular areas.
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4. Conclusions

NIKU has treated distemper decorative paintings in 14 of the 28 stave churches, as well as
in several other churches. The challenge of consolidating matte, water-soluble paint is finding a
consolidation substance that binds loose paint and strengthens the paint layer without saturating
the structure in such a way that it changes the look of the artwork. The consolidation agent must be
compatible with the binder in the paint; an ideal consolidant should have known ageing characteristics
and preferably decompose naturally, thus making reconsolidation possible. First and foremost, an
appropriate consolidant must conserve the paint layer. Since the early 1990s sturgeon glue has been the
dominant consolidation medium because it changes the visual appearance of the distemper paintings
the least; it is a natural adhesive substance which decomposes in the same way as the original binder
and has strong penetrative powers and a high degree of adhesion at low concentrations.

The applied consolidation method with sturgeon glue works well for thin paint layers which need
additional binding medium. The conservation of thicker distemper paint, for example where there are
two layers of decorative paint on top of one another, is still a challenge and NIKU is still searching for
a method that gives a good visual result, whilst adhering the paint to the substrate. The consolidation
of thick paint layers is a problem in both unheated and heated churches, but experience shows that
the thick paint flakes faster after treatment in heated churches. Recent surveys of the paintings in
the nave and baptistery show that on the north wall there might be some locations with paint lose in
areas with two paint layers, while the condition for the rest of the paintings in the nave and baptistery
appears unchanged.

The RAT proposed by Anafetal. in 2019, which was modified for distempered paints, demonstrated
that the indoor climate of Kvernes—unperturbed by any heating system and still remaining in its
so-called natural state-although not completely ideal, contributes to the preservation of distemper
paints. Unsurprisingly, the indoor climate follows the outdoor climate without any control on keeping
microclimate targets and/or reducing fluctuations and showed a limited number of risk periods
for Kvernes over 2011-2012. This assessment, although not exhaustive of the impact of visitors
or particle matter deposition phenomena, provides the potentiality to highlight at once the most
and least favorable conservation conditions for distemper decorative paint over a typical calendar
year. This type of understanding supports heritage managers and church owners in identifying risks
situations and discriminating among the possible typologies of decay. In addition, the output of this
analysis provides reliable information for supporting a risk management plan for the preservation of
distemper decorative paint. The SyMBoL project coordinated by NTNU is working for both the sake of
cultural heritage and for those who want to experience the wooden construction and vivid colors.
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Abstract: Passive microclimate frames are exhibition enclosures able to modify their internal
climate in order to comply with paintings” conservation needs. Due to a growing concern about
the effects of climate change, future policies in conservation must move towards affordable and
sustainable preservation strategies. This study investigated the hygrothermal conditions monitored
within a microclimate frame hosting a portrait on cardboard with the aim of discussing its use
in view of the climate expected indoors in the period 2041-2070. Its effectiveness in terms of
the ASHRAE classification and of the Lifetime Multiplier for chemical deterioration of paper was
assessed comparing temperature and relative humidity values simultaneously measured inside the
microclimate frame and in its surrounding environment, first in the Pio V Museum and later in a
residential building, both located in the area of Valencia (Spain). Moreover, heat and moisture transfer
functions were used to derive projections over the future indoor hygrothermal conditions in response
to the ENSEMBLES-A1B outdoor scenario. The adoption of microclimate frames proved to be an
effective preventive conservation action in current and future conditions but it may not be sufficient
to fully avoid the chemical degradation risk without an additional control over temperature.

Keywords: microclimate frame; preventive conservation; risk assessment; Sorolla painting;
climate change

1. Introduction

The environment surrounding the objects is one the main driver of their deterioration.
Long-term microclimate monitorings, through the identification of risk factors, play a key role
in the implementation of preventive conservation actions [1]. Temperature and relative humidity
are fundamental physical parameters, as materials adapt themselves to the continually changing
hygrothermal conditions to reach a thermodynamic equilibrium. Strict microclimate targets for
preservation [2,3] have fostered the use of expensive HVAC (Heating, Ventilation and Air-Conditioning)
systems. However, these highly sophisticated systems may be risky in the case of a potential failure
and hardly possible for all museums, which, with the increase of cultural tourism, might incur
raised costs for the maintenance of adequate conditions for conservation [4]. Furthermore, due to a
growing concern about the effects of the expected climate change, future policies in conservation must
move towards affordable and sustainable preservation strategies [5]. Passive methods, based on the
understanding of the material properties and of its interaction with the environment, might provide a
reliable support in this direction.

Among preventive conservation tools, showcases aim at creating an internal micro-environment
different from the external macro-environment [6]: this “box-in-box” configuration allows locally
fine-tuning the control over various environmental parameters (temperature, relative humidity,
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pollutants and light), thus reducing the risk of physical and chemical damage to cultural heritage
objects [7]. The employment and optimization of passive low-cost devices can be highly effective to
provide relative humidity control in less than ideal environments, particularly in the case of mixed
collections with different conservation needs. Since their response to temperature fluctuations is
usually poor [6,8], panels of materials containing PCMs (Phase Change Materials) have been proposed
to be placed inside showcases to keep the internal temperature stable [9].

Microclimate frames are showcases specifically designed for paintings and able to modify their
internal conditions in order to comply with tolerability targets for specific typologies of materials.
This kind of exhibition enclosures is considered among the safest systems for keeping relative
humidity stable and is increasingly being used to protect paintings against indoor hazards [10].
Passive microclimate frames usually take advantage of the inclusion of a buffering agent in combination
with the reduction of the air exchange rate [11-13]. A buffering agent is generally an extremely
absorbent material which is able to smooth out abrupt changes by releasing moisture when
relative humidity decreases and absorbing moisture if it increases. An economical microclimate
frame can be produced in-house using the picture’s frame as the primary case [14]. As in
showcases, every microclimate frame is characterized by a peculiar response to the environmental
forcing [8]. Their effectiveness depends on the specific features and can be assessed as a function
of the improvement of the surrounding microclimate in terms of the fulfilment of the artwork
conservation needs.

The most recent standards in conservation avoid recommending ideal temperature and relative
humidity intervals and have evolved towards the concepts of proofed fluctuations [15], i.e.,
the largest hygrothermal levels experienced by the objects in the past, and historic fluctuations [16],
i.e., the environmental conditions to which artworks have acclimatized and adapted during their
conservation history. Both these concepts imply methodological indications rather than prescriptive
ones [3] and thus a more flexible approach, allowing for the short-term fluctuations and seasonal
changes that can be considered safe for the collections. The ASHRAE (American Society of Heating,
Air-Conditioning and Refrigerating Engineers) guidelines [17] suggest five classes of quality control,
defined on the basis of seasonal and daily hygrothermal fluctuations. The possible risks for collections
gradually increase from Class AA, associated with no risk to most objects, to Class D, that protects
only from dampness. These guidelines have been effectively applied to quantify the damage potential
of environments already actively controlled [18] and those of future climate scenarios [19]. Thanks to
the enhanced knowledge of the properties of the materials and of the mechanisms of interaction
with the surrounding environment, damage functions can be used to assess the possible risks for
various typologies of materials [18]. For paper, one of the most alarming degradation processes is
the chemical decay (e.g., yellowing of paper and fading of colors) [20]. The Lifetime Multiplier is an
index extensively used to assess the time span in which varnishes and paper objects remain usable if
compared to standard reference conditions [21,22].

To extend the microclimate assessment over the effects of the expected climate change,
simplified heat and moisture transfer equations through the building envelope can be derived from
monitored outdoor and indoor data and employed to simulate the future conditions indoors [23,24].
This methodology was developed within the European project Climate for Culture (2009-2014) [25,26],
which focused its attention to the future conservation risks with the aim to suggest possible mitigation
actions and inform stakeholders and policy makers.

Simultaneous measurements of temperature and relative humidity collected inside and outside
a microclimate frame were used in this study to investigate the quality of its internal environment,
making it possible to evaluate the buffering properties over time. The hygrothermal observations were
recorded from May 2014 to February 2017, first in the Sorolla room of the Pio V Museum of Fine Art in
Valencia (Spain) [27] and, later on, in a residential building in the same area. The effectiveness of the
passive microclimate frame was expressed in terms of the ASHRAE classification and the Lifetime
Multiplier index for chemical deterioration. Moreover, a methodology based on heat and moisture
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transfer functions through the building envelope was applied to derive projections over the future
indoor hygrothermal conditions as a function of the ENSEMBLES-A1B outdoor scenario in the area
of Valencia [28]. An increased awareness of the potential conservation risks in view of the expected
climate change has given the possibility to suggest appropriate preventive conservation strategies.

2. Materials and Methods

2.1. The Microclimate Frame

A long-term hygrothermal monitoring was conducted inside a microclimate frame housing a
portrait of the Valencian painter Joaquin Sorolla (1863-1924). The painting, titled “Portrait of a lady
with a red flower in her hair” (Figure 1a), measures 64 cm x 49 cm and is enclosed in a hand-crafted
microclimate frame (69 cm x 54 cm x8 cm) made of an external aluminium case and a frontal glass.
The specific layout of the components of the microclimate frame under study is shown in Figure 1b.
A sheet of cardboard (i.e., the same material supporting the portrait) of the same size of the paintings
was used as back plate for the frame and put in direct contact with the painting support in order to offset
changes in external relative humidity acting as a buffer [14]. The cardboard was preconditioned to the
relative humidity level of 40% according to an extensive literature review on paper degradation [20]
with the aim of reducing the impact of deterioration risk factors acting on the painting.

Aluminium foil

Cardboard

Painting

Frontal glass

(b)

Figure 1. Portrait on cardboard titled “Portrait of a lady with a red flower in her hair” by J. Sorolla (a);
and schematic cross section of the microclimate frame used and layout of its components (b).

The painting by Sorolla was realized on cardboard in 1916 with the gouache technique and
donated as a gift to the Traver family. Since then, it used to be conserved in the house of the owners
being enclosed within an unbuffered frame. Conservation surveys performed by the Valencian Institute
of Conservation and Restoration (IVACOR) detected the presence of dust deposits both on the front
and on the back, craquelures and loss of material on the painting layer together with a massive fungal
attack visible in the form of dark circular stains. The gum arabic, frequently used as binding media [29],
is responsible for its sensitivity to hygrothermal variations as it is particularly vulnerable to mold
growth and chemical degradation. In the final report of the surveys, the Institute warned that the
deterioration could have been caused by adverse environmental conditions in conjunction with the
vulnerability of the materials used [30]. The artwork underwent restoration from 2012 to 2014 in the
IVACOR laboratories and at the end of the intervention was enclosed in a passive microclimate frame
ad hoc designed and provided with internal temperature and relative humidity sensors.
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2.2. The Monitoring Campaign

Temperature (T) and relative humidity (RH) data were monitored from May 2014 to February
2017. Over this period, the painting was exposed to different environments: first, the Sorolla room in
the Pio V Museum of Fine Art in Valencia from May 2014 to February 2016 and, later on, a residential
building located in a city near Valencia. Since the private owners do not want to reveal the new
location of the painting for safety reasons, in this investigation were used the climate data of the area
of Valencia. The Pio V Museum is housed in a historical building of the XVII century where an active
HVAC system of temperature control was in operation, with a variable T set-point ranging from 20 °C
to 24 °C and RH left uncontrolled [27]. In the residential building, where the painting continued to be
monitored with the same T and RH probes, an intermittent heating system was active only in winter
and temperatures exceeded 30 °C during summer.

The microclimate monitoring system was developed by the Department of Applied Physics
of the Polytechnic University of Valencia [31]. Two probes, each with coupled T and RH sensors,
were assembled and installed within and outside the microclimate frame. Some of the technical
features of the sensors are reported in Table 1: the temperature sensors (Maxim Integrated DS18B2) are
in accordance with the instrumental metrological characteristics recommended in EN 15758:2010 [32],
while the uncertainty of the RH sensors (Honeywell HIH 4030) is slightly higher than that
recommended by EN 16242:2012 (3%) [33]. When using multiple sensors for RH, they must be carefully
calibrated in advance in order to have no significant difference in their accuracy. For this reason, the RH
sensors were calibrated with aqueous solutions of two salts (lithium chloride and sodium chloride) in
accordance with the ASTME 104-02 standard [34]. The time interval between consecutive observations
was set to 1 h, following the results of a previous study [27] where the sampling frequency was found
to be reliable in the application of recent standards and therefore can be considered a good compromise
between the priority of disposing of detailed series of observations and the necessity of avoiding
redundancy in museum surveys.

The mixing ratio (MR) was derived from simultaneous T and RH data using the formula in [33].

Table 1. Technical features of the T and RH sensors used in the monitoring.

T RH

Response time 750 ms 5s
Uncertainty +£05°C  £3.5%

The outdoor hygrothermal data were obtained from the meteorological hourly dataset of the
area of Valencia [35] distributed by the National Agency of Meteorology of the Spanish Government
(AEMET) and available on the UPV website.

2.3. The Environmental Risk Assessment

The environmental risk assessment was based on the application of the ASHRAE guidelines
and on the computation of the Lifetime Multiplier, an index used to quantify the risk of chemical
degradation for paper.

In the ASHRAE guidelines [17], the classification in classes of quality of environmental control is
based on the combination of the T and RH seasonal cycles and short-term fluctuations. The maximum
and minimum seasonal shift is calculated by adding and subtracting to the annual mean the seasonal
changes allowed for each class. The width of the final bands is finally determined shifting the curve
of a 91-day central moving average by the short-term fluctuations indicated for the same class [18].
The ASHRAE classes of quality for conservation range from Class D, which prevents only from
dampness, to Class AA, which is associated to no risk of mechanical damage to most artifacts and
paintings. Class B is considered the reference for most of museums [2], since mechanical damage is
proved to be avoided for RH values not exceeding the range of 50 + 15%.
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The Lifetime Multiplier (LM) considers the risk of chemical degradation taking into account the
activation energy of the degradation processes involved in the deterioration of the organic materials
(i.e., 70 kJ/mol for yellowing of varnishes and 100 k] /mol for degradation of cellulose). This index is
a multiplier of the time left to an object to remain usable when compared to standard conditions of
T =20 °C and RH = 50%. Since the instantaneous values of LM exponentially depend on temperature
(Equation (1)), the influence on chemical degradation of T variations is greater than that exerted by RH
variations of the same magnitude [36]:

o \ 13
LM{Z(?P/IOI') g(%ﬂ(%fﬁ)) 1)

where RH; is the instantaneous measured value of relative humidity at time 7, T; is the instantaneous
measured value of temperature (expressed in K) at time i, E; is the activation energy for the degradation
of paper (100 kJ - mol 1) and R is the perfect gas constant (8.314 ] - mol~! - K~1). The level of risk
associated to the Lifetime Multiplier values can be defined as follows [18]: safe when LM > 1, medium
risk when 0.75 < LM < 1 and high risk if LM < 0.75.

2.4. The Hygrothermal Conditions Expected Indoors in the Period 2041-2070

As a consequence of the climate change scenario, the southern European regions will probably
increase their need for summer cooling (while decreasing winter heating) in order to keep the
environmental conditions suitable for artwork conservation [26]. To evaluate the effects of the climate
change scenario in the residential building near Valencia and on the effectiveness of the microclimate
frame, we followed the approach applied in [23,24] to forecast the expected indoor T and RH levels.

The principal steps of the methodology can be summarized as follows:

monitoring of the simultaneous indoor (a) and outdoor (b) climate over at least one year;
derivation of the outdoor/indoor heat and moisture transfer functions (TFs) through the building;
extraction of the outdoor climate in the interested area from a simulated scenario;

inverse modeling of the future indoor climate based on the derived TFs; and

SRR

evaluation of the expected changes for artwork conservation by means of damage functions.

The annual hygrothermal data monitored in the residential building (Step 1a) and outdoor
(Step 1b) were used to derive the seasonal cycles of temperature and mixing ratio of moist air.
The observations collected in 2016 during the heating period were discarded in the analysis in order to
consider only the environmental conditions not affected by the HVAC systems.

The annual cycles of temperature and mixing ratio were fitted as generic time-dependent
sinusoidal equations as follows:

x(t) = x + Ax - sin(wt — ®) 2)

where x is the variable considered (i.e., T or MR), t is time (in days), ¥ is the annual average of x, w is
the angular frequency (i.e., w = 27w/ P where P is the period, equal to 365 days) and Ax and & are the
amplitude and the phase shift of the best-fit sine function, respectively.

The measured indoor and outdoor data were used to fit the annual cycles (Equation (2)) that
regulate heat and moisture exchanges across the building envelope on a seasonal basis, obtaining
the indoor coefficients, Ax;, and ®;;,, and the outdoor ones, Axy,; and ;. The combination of the
two sinusoids, i.e., the outdoor T or MR cycles in abscissa and the indoor T or MR cycles in ordinate,
gives the annual hysteresis cycle in the building [23]. During the annual cycle, the capability of the
building to accumulate or release heat and moisture is an important factor that influences the transfer
functions (TFs) and can be expressed in terms of the gain of the building (Ag), defined as the ratio
between Ax;,, and Ax,,, and the phase shift ($p), defined as the difference between ®;, and P,y
(Step 2).
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Temperature and relative humidity daily data in the area of Valencia for the 30-year time window
from 2041 to 2070 (Step 3) were extracted from the ENSEMBLES dataset [28]. The ENSEMBLES
simulation model was developed within the ENSEMBLES European project (2004-2009) [37] to produce
regional dynamic projections. The high-resolution projections used in this study were generated by
the Max Plank Institute for Meteorology using the IPCC emission Scenario A1B [35]. Scenario A1B
was developed by the Intergovernmental Panel on Climate Change (IPCC) and was chosen as it is
a moderate scenario that assumes higher CO, emissions until 2050 and their decrease afterwards.
The ENSEMBLES data were used to obtain the fitting coefficients Axg and ®f from the annual cycles
(Equation (2)). To evaluate the effects of the outdoor climate scenario inside the residential building,
the future hygrothermal conditions indoors were inversely simulated using derived T and MR transfer
functions (Step 4) based on the same sinusoidal equations in Equation (2) with Ax and the ® calculated
using the gain Ap and the phase shift ®p of the residential building computed as described in
Equations (3) and (4) and with indoor annual mean ¥ estimated as described in Equation (5):

Ax = AB . AXE (3)
D = Dy + D )

f:fcm~_E:fB~fE )
Xout

where Ap and ®p are the gain and the phase shift of the building, respectively; g, Axg and & are the
mean, the amplitude and the phase shift of the best-fit sine function calculated from the ENSEMBLES
dataset (2041-2070), respectively.

The indoor RH values were computed after the simulated indoor T and MR data by applying
the formula in [33]. The T and RH conditions expected in the residential building were finally used to
determine the possible changes in the future risk of chemical deterioration for paper in terms of the
Lifetime Multiplier index (Step 5).

3. Results and Discussion

The internal response of the microclimate frame to the external forcing of the room was explored
by taking into account annual time series of observations of T and RH values collected in two different
sites: the first series was registered in the Pio V Museum from 1 June 2014 to 31 May 2015 (hereafter
called Museum) and the second from 15 February 2016 to 14 February 2017 in a residential building
near Valencia (hereafter called Private).

The box-and-whiskers plots of the T observations (Figure 2a) show that the values inside the
microclimate frame fully overlap the room ones in both the sites. The Wilcoxon-Mann-Whitney
test was performed for each pair of microclimate frame (MF) and room (R) temperature and relative
humidity series, both in Museum and in Private. The test assumes the samples are not normally
distributed and the significance level was set to 5%. No significant difference was found between R
and MF temperature series collected in the same site (p > 0.05); conversely, at both sites, the RH medians
inside the microclimate frame significantly diverge from the room ones (p < 0.0001). The medians
of the rooms are consistent and equal to 22.7 °C in Museum and 22.8 °C in Private; on the contrary,
the variability associated to each dataset is significantly different, i.e less than 2 °C from the median
in Museum and ranging from 16.5 °C to 31.0 °C in Private. While internal MF temperatures have the
same variability as the external room, the internal RH levels are kept extremely stable throughout
the year thanks to the buffering agent preconditioned to RH = 40% before being enclosed within the
microclimate frame. The box-and-whiskers plots of RH values (Figure 2b) show a significant difference
between the external (R) and internal (MF) distributions of data: in the rooms the range of the RH
values registered is roughly between 20% and 60% with RH medians equals to 47%, while in both the
sites the internal RH values are tightly kept around 40 & 3% throughout the year. The few outliers
found in the datasets (less than 1% of the total) were not discarded in the following analysis.
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Figure 2. Box-and-whisker plot of temperature (a) and relative humidity (b) inside the microclimate
frame (MF) and in the surrounding room (R) throughout a solar year. Outliers are indicated as points.

The hygrothermal response of the microclimate frame was further explored by comparing
their internal conditions to the simultaneous room ones, as shown in the scatterplots in Figure 3.
The two indoor environments are thermally controlled by active systems: in Museum, a HVAC system
continuously controls temperature maintaining thermal stability with a minimal setpoint adjustment
from winter to summer; in Private, an intermittent heating system is active only during the cold
season, without any cooling in summer. Both in Museum and in Private, the internal MF temperatures
closely follow the surrounding room conditions with a minor delay. In Private, when the heating
system is switched off, the internal MF temperatures perfectly match those external, meaning that the
thermal cycle is transferred unchanged inside the microclimate frame. The performance of the buffer
is examined by relating the internal RH values to the external R temperatures: in Museum, where T
is kept almost stable, the considerable RH variability of the room is tightly controlled inside the MF;
in Private, as a consequence of the variability of the R temperatures, the internal RH values show a
minor drift despite being below significance (Figure 3, lower panels).

Table 2 shows the results of the ASHRAE classification. Both Museum and Private rooms
are associated to ASHRAE Class D, which protects only from mold growth with RH < 75% [17].
The employment of microclimate frame in Museum made it possible to reach Class AA, providing the
best possible microclimate for the preventive conservation of the paintings (Table 2); in Private only
Class B could be achieved, which however is considered the reference to prevent from mechanical
damage [2] as it provides no risk for many artifacts and most books even if a moderate risk for high
vulnerability artifacts and paintings remains. Analyzing the T and RH data collected in the Private,
the amount of observations overcoming the tolerance bands of Class AA is significantly reduced,
passing from 55% of the R values fitting into the required specifications to 90% of the MF ones.

Table 2. Attribution of the ASHRAE class of climate control in the four locations.

ASHRAE Class
Position Museum Private
Room D D
Microclimate frame AA B

In Figure 4, the bands of tolerance for ASHRAE Class AA are plotted together with the measured
hourly data, better explaining the conditions established inside the microclimate frame in comparison
to the surrounding room. Class AA considers a seasonal adjustment of +2 °C respect to the annual
mean with short-term fluctuations from the seasonal 91-day central moving average smaller than
+5 °C for temperature and no seasonal adjustment respect to the annual mean of relative humidity
with short-term fluctuations below £5%. Both in Museum and in Private, in the room environments,
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the observed RH fluctuations reach up to £20%; however, simultaneous RH values inside the MF
are kept reliably around 40%. In Private (Figure 4b), temperatures exceed 30 °C in summer and are
occasionally below the lower tolerance band in winter. These values, being transferred inside the
microclimate frame, are responsible for the impossibility to achieve ASHRAE Class AA as they are not
compatible with conservation.
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Figure 3. Scatter diagram of simultaneous temperature (T) and relative humidity values (RHg) in the
rooms versus values inside the microclimate frame (Ty;r and RHjr) during a solar year. In Private,
the data points are grouped based on whether the intermittent heating system is active (on) or not (off).

The risk of chemical deterioration in the two sites was assessed through the Lifetime Multiplier,
as shown in Figure 5. During winter, the LM values associated to both the rooms are higher as
a consequence of the considerable drop in RH. However, it has to be highlighted that RH values
below 30% may be dangerous for paper conservation (particularly when handling is foreseen) because
at low moisture content the flexibility decreases while the brittleness increases [20]. In Museum,
where temperature is controlled, an improvement in the duration expectancy of paper objects was
observed inside the MF thanks to the buffering in RH values. In Private, the hot summer temperatures
account for the almost unchanged average LM values obtained inside the devices. This result is
justified by the the greater effect exerted by a drop in temperature on the increase in the life expectancy
of an object with respect to the beneficial effect due to an equal drop in relative humidity [36].

The heat and moisture sinusoidal transfer functions in Private were determined as described
in Section 2.4. The T and RH data monitored in the residential building were chosen as it is
unconditioned for most of the year as well as being the conservation site when the study was
conducted. The observations collected during the heating period were discarded in the following
analysis. Two sinusoidal equations were fitted to the outdoor data in the area of Valencia [35] and the
indoor values monitored in the room. Figure 6 shows the combination of the outdoor T and MR data
(i.e., Tour and MRyy;) in abscissa, with the indoor ones (i.e., T;, and MR;,) in ordinate. The coupled
indoor and outdoor sinusoidal fits form the hysteresis cycle during the year. For temperature, it has
the shape of an ellipse due to the thermal inertia of the building envelope and the building use and
the T phase shift (®p 1) is 0.27. For mixing ratio, the yearly cycle is a straight line, meaning that the
indoor MR conditions reach a rapid equilibrium with the outdoor ones; indeed, the MR phase shift is
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®p pmr = 0.01, equal to a delay of about half a day for moisture transfer. It is worth noticing that the
results could have been partially affected by the derivation of the transfer functions from the reduced
dataset (i.e., including only the period not affected by the heating).

Room Microclimate frame
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Figure 4. Temperature and relative humidity the bands of tolerance for ASHRAE Class AA (thick lines)
together with the values measured in Museum (a) and Private (b) during a year (grey points). The thin
lines indicate the seasonal moving average, the dashed lines the annual mean of the measured values.

The ENSEMBLES scenario for the period 2041-2070 in the area of Valencia forecasts an increase
in the outdoor temperature of about +3.5 °C and an increase in the outdoor mixing ratio of about
+0.7 g/kg, resulting in an average decrease of 7% in the outdoor RH. The heat and moisture transfer
functions allowed simulating the indoor T and MR conditions inside the residential building: in the
same 30-year window, the annual average levels are expected to be 27.5 °C for temperature and 37.5%
for relative humidity. The potential chemical risk associated to these hygrothermal conditions was
assessed through the Lifetime Multiplier values. As shown in Figure 7, the expected change in the
indoor climate would lead to augmented chemical risk for cellulose during spring and to improved
environmental quality of conservation in autumn. In the hypothesis of the maintenance of the use
of the passive microclimate frame with a stable internal RH around 40%, the expected thermal level
within the MF would keep the risk of chemical deterioration constant at LM = 1.3, meaning an extended
lifetime expectancy for the painting if compared to the standard conditions (T = 20 °C, RH = 50%).
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Figure 5. Lifetime Multiplier values (LM) associated to the hygrothermal conditions over a solar year
in Museum (a) and Private (b), in the room (R, blue) and inside the microclimate frame (MF, orange).
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Figure 6. Indoor versus outdoor temperature (left) and mixing ratio (right) daily data over the solar
year monitored (grey dots). The best fit lines (in blue) describe the yearly cycle inside the building.
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Figure 7. Lifetime Multiplier (LM) associated to the expected climate in Private in 2041 (orange) and
2070 (blue) in the room (R, solid lines) and inside the microclimate frame (MF, dotted /dashed lines).
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4. Conclusions

The hygrothermal response of a passive microclimate frame hosting a portrait on cardboard by
Sorolla was investigated by analyzing its internal T and RH conditions in response to the surrounding
room environment. Its behavior was monitored in two different sites, i.e., the Pio V Museum of Valencia
(Museum), with temperatures kept almost stable during the year, and a residential building (Private)
in the same area, with a heating system active only in winter. The microclimate frame (MF) proved to
be highly effective in controlling the internal RH levels but to be strongly influenced by the boundary
thermal variability of the room. The ASHRAE classification of climate quality for conservation pointed
out that the hygrothermal conditions in both Museum and Private would have prevented the painting
only from the risk of dampness (Class D). On the contrary, within the microclimate frame, since the
most dangerous seasonal RH cycles and short-term RH fluctuations were filtered out, the internal MF
conditions were found to be compatible with ASHRAE Class B in Private and with ASHRAE Class AA
in Museum, ensuring the best possible protection for the artifact. Moreover, the risk of chemical
degradation for cellulose was assessed through the Lifetime Multiplier index, which confirmed that
the microclimate frame is capable of better mitigating the risks in environments where temperature
levels are adequate for conservation (Museum).

To extend our analysis to the application of the microclimate frame in the future, this study
showed an example of how the indoor climate can be simulated in unconditioned buildings. In view of
the climate ENSEMBLES-A1B scenario for the period 20412070 in the area of Valencia, this approach
provided insight of the future hygrothermal conditions in Private. Even if the outdoor climate scenario
is likely to be beneficial to the conservation of paper indoors in autumn, an increased risk of cellulose
degradation would probably be observed during spring. The adoption of passive microclimate
frames in the future expected conditions indoors would thus be an effective preventive conservation
measure but it is yet important to be aware that these passive enclosures may not be sufficient to fully
avoid the chemical degradation risk if an additional mitigation of the unsuitable temperatures is not
provided. Considerable improvements on the current and future indoor climate might be provided
by implementing some beneficial practices in the management of the environment. For example,
the windows’” opening might be rescheduled in order to enhance natural ventilation and a cooling
device might be helpful to reduce the summer temperature peaks. In addition, passive retrofit
intervention on the building envelope may be considered in order to relieve the expected effects of the
climate change scenario in a sustainable manner. Notwithstanding the fact that the microclimate
frames do not affect the user experience in terms of their overall dimensions and appearance,
the adoption of these devices should imply that the ordinary management is adjusted according
to their specific features. Indeed, large temperature fluctuations in the surrounding space may cause
the absorption/release of considerable amounts of moisture by the buffering agent, determining the
possibility of moisture exchanges with the painting itself. This means that it is fundamental to be
aware of the effect over moisture exchanges exerted by temperature, which is not controlled within
these passive enclosures. Moreover, since buffers are susceptible to ageing and loss of their buffering
properties, it is fundamental to recondition and/or replace them on a regular basis in order to preserve
their effectiveness.
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