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Conservation of library collections requires an interdisciplinary approach. Dealing with the agents of
deterioration via curative and preventive conservation methods has become a significant goal with new
standards and norms in recent years. Preventive conservation aims indirect physical interventions such
as climate control, good housekeeping and pest management. The aim of this study is to assess the
degradation potential of indoor climate on valuable manuscripts that date back to 12th century, in a
historic library in Tire-izmir, Turkey. Through the study, first the library, namely Necip Pasa Library was
continuously monitored by measurements of thermo-hygrometric parameters for one year. Then, the
measured data were evaluated for the risk assessment based on the control classes of ASHRAE Chapter 21
to evaluate the mechanical, chemical and biological degradation risks. Finally, the conservation-oriented
measures were proposed in order to keep the manuscripts under the better conditions.

Results suggest that introducing a heating, ventilation and air-conditioning system to the building
should be considered as the last option since natural hygrothermal behavior of the library gives reasonably
sufficient evidences to prevent the manuscripts from degradations to some extent. Therefore, passive
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solutions should be given higher priorities not to disturb environmental past of the historic library.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Indoor climate is of great significance not only for the comfort of
human beings but also for the conservation of tangible values, cul-
tural properties and human heritage. It is widely known that the
collections having cultural heritage values can deteriorate in the
places they have been stored or exhibited (Karaca, Alagha, & Goren,
2009). This phenomenon occurs mainly due to the inadequate
indoor environmental conditions depending on the quantitative
parameters such as temperature (T), relative humidity (RH), illu-
minance level, indoor air pollutants, etc. (Fabbri & Pretelli, 2014;
Karaca et al., 2009; La Gennusa, Rizzo, Scaccianoce, & Nicoletti,
2005). Therefore, it has become a significant goal to deal and tackle
with the agents of deterioration via curative (remedial, active) and
preventive (passive) conservation methods. Curative conservation
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concerns direct actions such as stabilization, consolidation and dis-
infestation on the cultural property while preventive conservation
aims indirect physical interventions on collections that are, in gen-
eral, (Biilow, 2002; de Guichen, 1999):

¢ Assessment of conservation status and needs of collection,

¢ Environmental monitoring and control of storage and exhibition
areas,

¢ Design and implementation of a disaster plan,

e Good housekeeping,

¢ Integrated pest management,

¢ Proper housing and mounting of objects,

¢ Appropriate storage facilities,

e Education and training of staff.

However, it might be challenging to entirely provide the
abovementioned interventions due to some constraints whilst
recommended indoor environmental conditions can be obtained
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Nomenclature

a Point in seasonal period

ACH50 Air exchange rate at 50 Pa pressure difference

AH Absolute humidity [Kg,i/m3 ,i]

Eq Activation energy [100 k]/mol for degradation of cel-
lulose]

eLM Equivalent lifetime multiplier

HVAC  Heating, ventilation and air-conditioning

i Data point in the data range

LM Lifetime multiplier

MRF Mould risk factor

n Number of data points

N Correction factor

R Gas constant [8.314]/molK]

RH Relative humidity [%]

RH ¢ Critical relative humidity for porous materials [%]

RHcyit, Critical relative humidity for wooden materials [%]

SRA Seasonal running average

T Temperature [°C]

X Data point in data series

X Annual mean in t [°C] or RH [%]

X T [°C] or RH [%]

Xrunning  Seasonal running average in t [°C] or RH [%]

Xrise Seasonal rise in t [°C] or RH [%]

Xarop Seasonal drop in t [°C] or RH [%]
AXperiodically Change in t [°C] or RH [%] over a certain period

controlling the prioritized quantitative parameters via passive only
solutions—usually applied in the past—and/or mechanical systems.

Nowadays, indoor climate in modern buildings can be simply
conditioned with the help of heating, ventilation and air-
conditioning (HVAC) systems while it was not possible to do so
for historic buildings. On the other hand, some historic buildings
have unique architectural features and hygrothermal behavior and
were deliberately designed considering primarily the purpose of
use and climate of the place they had been built (Padfield, Larsen,
Jensen, & Ryhl-Svendsen, 2007). For example, historic museums,
libraries, baths, sanctuaries were intentionally constructed with
passive architectural control mechanisms/solutions in order to
meet heating, cooling and ventilation issues and to maintain ade-
quate indoor environment for variable purposes (Biilow, 2002).
Along with the developing technology, higher comfort inquiries
and conservation concerns, an awareness has been raised for
changing and re-defining the indoor comfort conditions. As an out-
come of these issues; new methods, regulations and standards
were introduced for new buildings (ANSI/ASHRAE Standard 55-
2013, 2013; CEN European Committee for Standardisation, 2007;
Costanzo, Cusumano, Giaconia, & Giaconia, 2006). At the same time,
it was realized that the microclimatic conditions in historic build-
ings without HVAC system were relatively inadequate and should
be improved. Thus, historic buildings were offered a number of
measures such as internal/external insulation, replacing windows
with the ones having better thermal properties, an advanced HVAC
system and its control in order to comply with the standards and
regulations (Fabbri & Pretelli, 2014; Sahin, Durmus Arsan, Tuncgoku,
Brostrom, & Gokcen Akkurt, 2015). At this point, measures need to
be assessed with a holistic point of view since historic buildings
require special treatment in terms of sustainability of their tangi-
ble and intangible heritage values (Brostrom et al., 2014; Biilow,
2002; Sahin et al., 2015).

Indoor environmental control of historic buildings that have no
HVAC system is essential since degradation phenomena are highly
interrelated with the past environmental history of the buildings

which is mostly driven by moisture buffering capacity of paper-
based collections, as well as the airtightness and massive thermal
mass of the building fabric (Biilow, 2002; D’agostino, Alfano, Palella,
& Riccio, 2015). At this point, it is paramount to state that his-
toric buildings being deliberately designed as library and have no
HVAC system should be well-investigated and thermo-hygrometric
parameters need to be controlled with higher priority since disturb-
ing past environmental history of the building might eventually
become an agent of deterioration. In order such degradations to be
prevented, paper-based collections need to be stored in more sta-
ble indoor climate with recommended fluctuations (Biilow, 2002;
Steeman, De Paepe, & Janssens, 2010). For this reason, a number of
methods, guidelines and standards have been introduced to control
and evaluate the indoor climate of buildings which contains pre-
cious cultural properties such as books, manuscripts, paintings, and
sculptures (ASHRAE, 2007; Biilow, 2002; Corgnati & Filippi, 2010;
EN, 2010a; Kriiger & Diniz, 2010; UNI, 1999; PAS, 2012; Silva &
Henriques, 2014; Silva & Henriques, 2015).

The common approach for libraries is to preserve the paper-
based collections from the irreversible deterioration with the
control of the quantitative parameters. When indoor environmen-
tal control is of primary interest in libraries, it is to give higher
priority to the thermo-hygrometric parameters, which requires
more straightforward interventions rather than controlling NOy,
SO,, 03, particulate matter (Andretta, Coppola, & Seccia, 2015).
Thus, providing such indoor climate by controlling the fluctua-
tions of T and RH and some synthetic parameters based on T and
RH (i.e. LM, eLM, MRF) in recommended levels will increase the
life-time of the paper-based collections (Biilow, 2002; Corgnati
& Filippi, 2010). Besides, other quantitative parameters associ-
ated with indoor environmental quality such as NOy, SO,, O3 and
particulate matter and the light exposure are taken into consider-
ation according to the material properties of the cultural property
(Andretta et al., 2015; Brimblecombe et al., 1999; Biilow, 2002;
D’agostino et al., 2015; Fabbri & Pretelli, 2014; Kriiger & Diniz,
2010; La Gennusa et al., 2005). Many studies that investigate pre-
ventive conservation of paper-based collections mainly comprise
of the mechanical, chemical and biological degradation. There-
fore, each degradation phenomenon has been investigated with
the monitoring and evaluation of thermo-hygrometric parameters
(Biilow, 2002; D’agostino et al., 2015; Kriiger & Diniz, 2010; Silva &
Henriques, 2015; Martens, 2012).

It is necessary to indicate that there has been no methodol-
ogy, directive or regulation to cover the preventive conservation
of paper-based collections, in Turkey. In addition, the number of
similar studies regarding this field is relatively insufficient and the
assessments in the today’s national literature generally were cen-
tralized around dealing with the curative conservation rather than
preventive (Baydar, 2001; Kuzucuoglu, 2014; Kuzucuoglu, Kiraz,
Unsalan, & Tasdemir, 2015; Sahiner, 2006). In the case that the
restoration projects are carried out without a holistic and trans-
disciplinary approach, unexpected and harmful consequences may
possibly occur accordingly. Therefore, having a national method-
ology, directive or regulation is a need to regulate corresponding
issues.

The primary aim of this study is to investigate the indoor
microclimate of a historic library through monitoring thermo-
hygrometric parameters and to determine whether is favorable
for the preventive conservation of the manuscripts in Necip Pasa
Library, Tire-izmir, Turkey. The library has no heating/cooling and
mechanical ventilation system. A restoration work, which includes
an HVAC system installation, is about to proceed. This issue, there-
fore, raises a need to analyze the actual hygrothermal performance
of the library before the restoration work.

It is essential to indicate that the HVAC installation was
proposed to the library without an in-depth analysis of the
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hygrothermal behavior of the building and its effects on the
manuscripts. At this point, one must remember that historic build-
ings have the potential to perform in favor of conservation of
paper-based collections because their substantial fabric might pro-
vide arelatively more stable indoor climate (Biilow, 2002). Besides,
studies conducted in historic libraries in Mediterranean Climate
point out that free-floating hygrothermal behavior of historic build-
ings reasonably satisfy the preventive conservation requirements
thanks to the high thermal inertia and low airtightness value of
the buildings (Fabbri & Pretelli, 2014; Andretta et al., 2015). There-
fore, controlling the indoor microclimate with mechanical systems
might not be the first choice. If necessary, HVAC systems should be
designed primarily taking into account of the preventive conser-
vation requirements rather than human comfort (Fabbri & Pretelli,
2014).

Therefore, the study concerns whether the passive, (free-
floating) hygrothermal behavior of the historic library is sufficient
to preserve the manuscripts through the requirements in accor-
dance with ASHRAE Chapter 21, or an HVAC system is required
(ASHRAE, 2007). With the present study, it was also aimed to make
contribution to the current literature in Turkey regarding the signif-
icance of preventive conservation of manuscripts from quantitative
point of view and to increase awareness of academic and adminis-
trative authorities upon this issue.

1.1. Types of degradation

In this study, the effect of thermo-hygrometric parameters upon
mechanical, chemical and biological degradation of manuscripts
will be investigated. In order to better understand the degrada-
tion phenomena, the relationship between moisture and paper
should be clarified since it changes several significant properties
such as weight, diffusivity, strength, dimensional stability and per-
manence. Paper tends to adsorb and desorb moisture in unstable
indoor climates while seeks to reach equilibrium with the environ-
ment under steady conditions. The moisture transfer from/to paper
starts at time that the indoor RH is lower/higher than that of the
material. This is subjected to the buffer capacity of paper. Buffering
is referred to the ability of paper to react to and moderate fluctua-
tions in indoor RH. Additionally, it must be kept in mind that cyclic
humidity changes cause variations in moisture content, which have
damaging impacts on paper. Besides, high moisture content over a
long period of time will expectedly decrease the overall lifetime of
paper and act as a good environment in favor of mould germination
(Biilow, 2002). In the following sub-sections, mechanisms of three
degradation phenomena, i.e. mechanical, chemical and biological,
will be explained taking into account of the relationship between
paper and moisture.

1.1.1. Mechanical degradation

Mechanical degradation is generally subjected to externally
applied forces and short time fluctuations of RH such as on hourly,
daily and weekly basis (Biilow, 2002; Martens, 2012). The moisture
content of the organic hygroscopic materials is driven by the fluc-
tuations of indoor T and RH, which can, in turn, cause significant
degradation phenomena such as tearing, swelling, embrittlement
and dimensional changes (Silva & Henriques, 2015).

Since paper, in general, absorbs moisture faster than it desorbs,
the most stressful fluctuations are those that are longer than the
response time, but shorter than the stress relaxation time. Due
to the fact that the extent of damage is subjected significantly to
the geometry of the assembly, even stresses lower than critical
value might cause damage. Most paper objects are durable and can
survive a daily drop of 25% RH. Yet at the same time, ink on parch-
ment can become brittle hence highly vulnerable at low humidity
(Michalski, 1993).

Particularly, high moisture content together with stress can
cause relaxation, trigger the mechanical degradation and lead to
irreversible deformation in physical structure (Biilow, 2002). It is a
particular concern that maps or the manuscripts including a scaled
map require dimensional stability of paper since the accuracy of
scale is jeopardized due to the varying degree of response of the
different materials to changes in relative humidity (Biilow, 2002).
Therefore, more stable microclimatic conditions in libraries are
essential for the preventive conservation of paper-based collec-
tions; otherwise those may structurally suffer.

1.1.2. Chemical degradation

Chemical degradation, which is highly dependent on the
amount of moisture content in hygroscopic materials, may cause
discoloration in papers and deterioration in text. The lower the
moisture content, the slower the deterioration. Depending on the
papermaking process and the paper structure, the moisture trans-
port properties of paper may differ (Derluyn, Janssen, Diepens,
Derome, & Carmeliet, 2007). In addition, that chemical processes
slow down at low temperatures. Therefore, long-term collections
and archives are required to be stored under low T and RH (Martens,
2012; PAS, 2012). In the literature, it was claimed that 5K decre-
ment in temperature that is around 20 °C duplicates the lifetime for
the most objects (Michalski, 2003). Therefore, a parameter espe-
cially significant for paper objects, named as Lifetime Multiplier
(LM), was introduced, which corresponds to the number of time
spans an object remains usable when compared to indoor climate
of 20°C and 50% RH (Martens, 2012; Silva & Henriques, 2015).

1.1.3. Biological degradation

Microorganisms usually move into the indoor environment
through the air transfer mechanisms such as infiltration, natural
and mechanical ventilation or human activity and later seek for
optimal conditions to germinate. Due to the organic nature and its
hygroscopic properties, paper can be referred as a good source of
nourishment for mould and other microorganisms (Biilow, 2002).
Besides, mould can germinate using almost every natural sub-
stance as a source of carbon and energy providing that the water
is sustained (Biilow, 2002). Biological degradation, which hereby
corresponds to mould growth on the surface of manuscripts, is
associated with T, RH and substrate. The existence of these param-
eters in optimal critical conditions over a certain time stimulates
the mould growth (Huijbregts, Kramer, Martens, van Schijndel, &
Schellen, 2010). In the literature, a number of mould risk predic-
tion models taking into account the critical boundary conditions
based on thermo-hygrometric parameters have been improved and
each of these models were compared in terms of their capabilities
(Rowan, Johnstone, McLean, Anderson, & Clarke, 1999; Vereecken &
Roels, 2010). The prediction models, namely IEA-Annex 14, time-
of-wetness, Johansson’s mould growth indices, fungal index, VIT
model, updated VIT model, isopleth models, Ayerst and Smith
and Hill, ESP-r model, Hens, Sedlbauer, mould germination graph
method, give realistic results regarding the risk assessment of
mould growth (Vereecken & Roels, 2010).

1.2. Airtightness

Airtightness is the fundamental parameter that drives infiltra-
tion along the building space. Although it can be defined in variety
of ways, infiltration is simply the air movement through cracks,
leaks and other (un)intended openings on the building envelope
(Sherman & Chan, 2004). The more airtight the building, the less
air in the building will change over time, or vice versa. Therefore, it
is essential to control airtightness in the buildings, which have no
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Table 1
Summary of indoor climate conditions of ASHRAE Chapter 21 (ASHRAE, 2007).

Type Set-point or Annual average Class of Short fluctuations Seasonal adjustments in system set point
control
50% RH (or historic annual average for AA +5%RH, +2 K RH no change; Up 5K, down 5K
G M Ar permanent collections) T set between 15 A Ay +5%RH, £2K Up 10% RH, down 10% RH; Up 5K, down 10K
eneral Museums, Art - apq 25-C A,  +10%RH, £2K No RH change; Up 5K, down 10K

Galleries, Libraries and

- Note: rooms intended for loan exhibitions B
Archives

must handle set point specified in load
agreement, typically 50% RH, 21 °C but
sometimes 55 or 60% RH C

+10% RH, £5 K Up 10% RH, down 10% RH; Up 10K but not above
30°C, down as low as necessary to maintain RH
control

Within 25-75% RH year-round

T rarely over 30°C, usually below 25°C

Reliably below 75% RH

HVAC systems, in order to control the short T and RH fluctuations
within the allowable limits (Luciani, Wessberg, & Brostrom, 2013).

1.3. Indoor microclimate requirements

The ASHRAE Chapter 21 (ASHRAE, 2007) introduces control
classes to assess the mechanical, chemical and biological degrada-
tion potential of paper-based collections in libraries, museums, art
galleries and archives. Summary of the classes is given in Table 1.

The guideline simply indicates that the objects should be stored
either due to set points (T between 15 and 25 °C, RH 50%) or historic
annual average value when permanent collections are of interests.
Moreover, indoor climate is expected to be kept within a range
which may differ due to the recommended seasonal and short fluc-
tuations provided that they are not exceeded. If the indoor climate
satisfies the requirements indicated in any class of control, the
objects can be assumed as preserved against major and minor risks
of degradation. If not, some major and/or minor damages can be
observed depending on the unsatisfied requirement such as exces-
sive daily T change or seasonal RH rise/drop.

Class AA is the most optimal one that no risk of mechanical
damage is expected for most objects. According to this class, T fluc-
tuations shorter than seasonal, such as weekly, daily, hourly are
allowed up to £2 K while that of RH is only +5%. In addition, no
seasonal fluctuation of RH is permitted while T fluctuations are
expected to be in the range of +£5K.

In Class A, there are two sub-classes (herein referred to A1 and
A2) which are distinguished due to small differences. In the sub-
class of A1, short T fluctuations are the same as AA. Yet at the same
time, it allows seasonal RH fluctuations of plus or minus 10% but
minimum allowed T drop is 10K instead of 5 K. Apart from A1, the
second sub-class, A2, allows short RH fluctuations of 10% while sea-
sonal RH change is not allowable. Therefore, this class is expected to
allow small risk of mechanical damage to highly vulnerable artifacts
like paper-based collections.

Class B relatively allows higher seasonal and short changes in
T and RH. Short RH and T fluctuations may be within the range of
+10% and £5K, respectively. On the other hand, seasonal changes
are allowed to be +10% for RH and up to 5K (but not above 30°C)
and down to as low as necessary to maintain RH control.

Classes C and D avoid risks that may occur due to excessively
high or low levels of humidity. Both classes are generally considered
as sufficient control classes for moderately valuable books while
more valuable objects are required to be controlled with upper
classes (Steeman et al., 2010).

2. The case study: Necip Pas library Tire-Izmir, Turkey

The library buildings were special type of buildings mostly con-
structed as the part of education complex in the Ottoman Empire.
The first library constructed as the standalone building function-
ing to house the manuscripts in the Ottoman Empire is Képriilii

Library which was built by Képriilii Fazil Mustafa Paga in the late
seventeenth century. Following the late eighteenth century, many
libraries such as Yusuf Aga, Rodosi Ahmet Aga, Rasid Efendi, Vahid
Pasa, Dervis Mehmed Pagsa, Zeynelzade, Yusuf Ziya Pasa, Tekelioglu,
Casnigir, Necip Pasa and Kavalali Mehmed Ali Pasa, were built in
the cities other than istanbul. These are the libraries that were
built with local materials and construction techniques during the
Ottoman Empire Era (Yildirim, 2004).

Necip Pasa Library, which is located in Tire-izmir, Turkey (Fig. 1),
was builtin 1827 by Mehmet Necip Pasa who was a statesman during
the reign of Sultan Mahmut II to house his own collection accumu-
lated during his official service in several places in the Ottoman
Empire, and especially in Damascus and Baghdad (Yildirim, 2004).
Later, he established a foundation in order to financially support
the expenditures of the library and preserve the books. The library
today contains 1156 manuscripts, 1312 books printed in the era of
Ottoman Empire and more than 9000 books in Latin letters, most
of which was printed right after the foundation of the Republic
of Turkey (Hatipoglu, 2013; TR, 2016; Yildirim, 2004). The library
now provides the service to the researchers under the control and
management of The Turkish Prime Ministry, Directorate General of
Foundations.

The library, which lies on the north-south axis, originally has a
porch (Revak/entrance) with an inclined roof and an almost square
planned main hall, which is 8.8 x 9.0 m, covered with a dome. The
porch area, namely entrance, was later covered with wooden-frame
and single glazing windows and has been used as the office and
reading hall by the library administrator and visitors since 1930
(Fig. 2a). The walls have a non-homogeneous composition com-
posed of rubble stone and brick. There are seven windows on the
walls, one of which is on the north and the others are distributed
to the remaining directions by twos, and one entrance door open-
ing to the south. However, the windows on the south are dormant
because the bookshelves in the main hall are situated right in front
of the windows. Besides, there are four fixed small windows on the
rim of the dome, each facing to the four main directions (Fig. 2).

The main hall of the library has no HVAC system and is natu-
rally ventilated by opening the windows and the door. Only the
entrance zone is air-conditioned with a split type air conditioner.
Therefore, the manuscripts are kept in free-floating microclimate
(Sahin, Coskun, Giilhan, Durmus Arsan, & Gok¢en Akkurt, 2016).
However, the building was intentionally erected above the plat-
form, of which height is about 2 m from the ground level, in order to
protect the books and manuscripts against humidity risk driven by
the groundwater. This is the indication that historic buildings have
considered the passive, architectural solutions to provide desired
indoor microclimatic conditions.

The main hall consists of two spaces: the collections with Latin
alphabet are exhibited in the main hall while the manuscripts are
separately preserved in a cage-like-structure, namely manuscript
zone, located on the center of the main hall (Bayraktar, 2003). The
latter which was built later in 1908 has an octagonal shape of made
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Fig. 2. a) South facade of Necip Pasa Library and b) the manuscript zone (UMART, 2016).

out of wooden and glass shutters and fences on each side (Fig. 2b)
(UMART, 2016). The shutters are openable and used for ventilation
purpose. The fences protect the manuscripts from insects and mice.
Moreover, there is a hole on top of the manuscript zone, supposedly,
to provide air circulation. The manuscripts are only allowed to be
reached in this space for safety reasons. More detailed view of the
manuscript zone indicated via A-A cross-section of the library can
be seen in Supplementary material (Fig. S2).

Necip Pasa Library holds historically valuable and prominent
manuscripts some of which are el-Isarat and Kitabii’s-Sifa of Ibni
Sina, replicated in 1160, Serhu’l-Menar fi Usul-i written by Ibni
Melek in 1418 and Ma'rifetname by Ibrahim Hakk: in 1772 (Sup-
plementary material, Fig. S1). More detailed search can be done
online from the webpage of the Library (Tire Necip, 2015). For the
time this study was being conducted, condition of the manuscripts
was observed and their current situation was asked to the

administrator of the library. According to the obtained informa-
tion, it can be stated that the majority of manuscripts are in good
condition except a small number of which have discoloration and
embrittlement in pages due to the misuse (Yildirim, 2015). Very
few number of occasions in terms of biological degradation has
been supposedly observed (Ustiin, 1994). Furthermore, moisture
was observed, by the authors, on some parts of the floor of the
mail hall during winter season, which might be highly favorable
for mould germination in the library.

3. Method

The manuscripts will be investigated under four main risk
assessments such as general indoor climate, mechanical, chemical
and biological degradation.
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Table 2
Interpretation of the eLM values.
Ideal Good Some risk Potential risk High risk
eLM >2.2 1.7-2.2 1-1.7 0.75-1 <0.75

3.1. General climate risk assessment

The classes AA, A and B will be taken into account to assess
the degradation risk of manuscripts in this study. The indoor cli-
mate will be assessed due to if thermo-hygrometric parameters
are within the bandwidth of each climate class (Section 4.5.1).

3.2. Mechanical degradation

Mechanical degradation is subjected to the short fluctuations
(hourly, daily, weekly) in RH. Hence, fluctuations in any desired
time span can be obtained by the difference between minimum
and maximum values over length of specified time. The results of
each climate control class will be assessed according to the values
indicated in the short fluctuation column of Table 1.

3.3. Chemical degradation

Chemical degradation risk will be assessed with the help of LM
(Eq. (1)) which can be interpreted by means of two limit values,
0.75 and 1. LM values below 0.75 and over 1 refer to high and low
risk, respectively while those are in between correspond to medium
risk of degradation (Martens, 2012). In order to make a general
yearly statement over the LM results, an equivalent Lifetime Mul-
tiplier (eLM) that represents the average of reciprocal values of LM
can be used instead of arithmetic average (Eq. (2)). Equivalent Life-
time Multiplier, which is a unique value enabling to evaluate the
annual impact, vitalizes the impact of the points having worse con-
ditions. Table 2 gives how eLM values should be interpreted (Silva
& Henriques, 2015).

o\ 1.3
LMy = (;Zf) Xe%"'(m—r;w) (1)
1
elM = . (2)
1 n (s50%\13 %(ﬁ‘ﬁ)
T () e

3.4. Biological degradation

In the assessment of biological degradation risk, the investi-
gation will be carried out separately for the main hall and the
manuscript zone since both spaces have different structural bound-
aries and substrates, hence isopleths. Yet, investigating the mould
growth risk in the main hall can be interpreted as an extensive
analysis since the manuscript zone is contained by the main hall.
Similar to previous studies, the evaluation will be conducted via
superimposing the indoor microclimatic conditions onto isopleths
(limit curves) (Silva & Henriques, 2015; Vereecken & Roels, 2010;
Rowan et al., 1999).

Eq. (3) defines the critical RH level for porous materials used in
the building envelope while Eq. (4) is used for wooden materials. A
study to determine the atmospheric aerofungi via Durham trap pro-
cedure in izmir indicates that Cladosporium, Altermaria, Penicillium,
Phoma and Aspergillus are the prominent species (Ceter & Pinar,
2009).Eq.(3) gives the critical RH for the mould specie of Aspergillus
versicolor which is expected to have higher germination risk and
hence, lowest isopleths. Furthermore, it shows a good agreement
with a couple of germination isopleths for natural porous materi-
als. Eq. (4) can be used if the material is exposed to the conditions
for a long enough time (Vereecken & Roels, 2010). Therefore, it can

be said that both equations are sufficient to make mould growth
analysis for this study.

RHeyie = 0.033T2 — 1.5T + 96 whenT < 30° 3)
—0.00267T3 +0.160T2 —3.13T + 100  whenT < 20°

RHm'r,w = (4)
80 whenT > 20°

The simplest way to determine the mould germination is to
count the points that exceed the limit curve, which refers to the
synthetic parameter of mould risk factor (MRF) (Silva & Henriques,
2015). In order to scale the risk level of mould growth, two limit
values, 0.5 and 1.0, are introduced since the MRF value over 1.0 is
assumed to be highly risky (Silva & Henriques, 2015). Therefore,
the MRF values below 0.5 has low risk while that of in between has
medium risk of mould germination.

3.5. The measurements and calculation of statistical parameters

In order to evaluate indoor climate from the perspective of
preventive conservation approach, continuous monitoring cam-
paign of the thermo-hygrometric parameters and the airtightness
measurements were performed. Besides, a number of statistical
parameters that are assistive to make reliable risk assessment
according to the ASHRAE Chapter 21 were calculated.

3.5.1. Measurement of thermo-hygrometric parameters and
airtightness

Measurements of indoor and outdoor microclimatic parameters
were carried out for one whole year between the dates 01/09/2014
and 31/08/2015 with 10 min intervals. Yet the natural indoor trend
of the building could be recorded for approximately 10 months
due to the beginning of restoration work by 01/07/2015. Five data
loggers, four inside and one outside, were located for the measure-
ments of thermo-hygrometric parameters. Two data loggers were
mounted on the shelves, one west and one east, in the main hall
at the height of 1.8 m. A data logger was placed in the manuscript
zone while the other one was in the entrance of the building. The
last device was carefully placed outside at the northeast corner of
courtyard, in which it would not be exposed to direct sunlight and
rain. The accuracies of RH and T sensors are +2.5% from 10% to
90% and 0.35°C from 0° to 50 °C, respectively. Specifications of the
data loggers respect to the uncertainties denoted in the standards
EN15758 for T(EN,2010b)and EN 16242 for RH (EN, 2012) The loca-
tions of the data loggers can be seen in Fig. 3 as red points indicated
with alphanumeric names.

In case where T and RH are of interest in a monitored space, the
indoor absolute humidity (AH) is compared to the outdoor AH. The
indoor climate can be modelled as a consequence of outdoor. The
calculation of AH (kg,;,/m,;>) values, based on T (°C) and RH (%), is
given in Eq. (5) (Camuffo, 1998).

0.0132295 ex
27316+ T

17.2694 . T

AH = RH. 2383+T

p( ) whenT > 0°C (5)

There are multiple ways of determining the airtightness value
of a space, such as fan pressurization, pressure pulse and tracer gas
method (Mattsson, Lindstrom, Linden, & Sandberg, 2011). In this
study, the airtightness value of Necip Pasa Library was measured
with a blower door by conducting depressurizing experiment fol-
lowing the test instructions based on ISO 9972:2015 (Minneapolis
Blower Door™, 2015; ISO, 9972, 2015). The blower door was
mounted on the entrance door, and the remaining exterior open-
ings were closed (Fig. 3). Having ensured that the test instructions
were fully satisfied, measurements were run under 50 Pa pressure
difference until a reasonably stable value (ACH50) was obtained.
ACH50 indicates how many times per hour the entire volume of air
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Fig. 3. Plan of the library and the location of data-loggers (UMART, 2016).

in the library is replaced when the space is exposed to 50 Pa pres-
sure.Inorderto talkin more general terms, it is better to use average
natural infiltration rate (ACH), which can be calculated with Eq. (6)

ACH50
~ (6)

where N is correlation factor associated with climate, height of
the building, wind shielding and leakiness factors (Chen, Levine, Li,
Yowargana, & Xie, 2012; Minneapolis Blower Door™, 2015). How-
ever, such factors require detailed formulization and there is no
clear guidance in Turkey to calculate N. Under these circumstances,
it is suggested to divide ACH50 value by 20, which gives a reason-
ably good estimate of average infiltration rate (Johnston & Stafford,
2016; Meier, 1994).

Average natural infiltration rate =

3.5.2. The statistical parameters for risk assessment

In order to make reliable risk assessment, some statistical prop-
erties indicated in ASHRAE Chapter 21 need to be determined. For
this purpose, mean value, seasonal running average (SRA), sea-
sonal rise and drop and short-term fluctuations (only daily in this
case) will be determined using Eqs. (7)-(10), respectively (Martens,
2012). In addition, the bandwidth, which is a useful indicator to
better illustrate how satisfied the indoor climate due to the allow-
able limits, is individually determined for each climate class. Each
parameter is obtained for both T and RH.

X = %in (7)

1 i4-0.5n
Xrunning‘i = n Z Xa (8)
a=i—0.5n
Krise = max (Xrunning) -X 9

Xdrop = )_( —min (Xrunning) (10)

For convenience, it is better to calculate the statistical properties
as following sequence. First, mean value, which refers to historic
annual average indicated in the “set-point or annual average col-
umn” of Table 1, is obtained. At this point, it would be better to
highlight that the indoor climate may be controlled due to set point
or historic annual average. Since the primary aim of this study
is to evaluate whether or not the hygrothermal behavior (with-
out any HVAC system) of Necip Pasa Library satisfies the ASHRAE
requirements, historic annual average will be taken into account
for the risk assessment. After, historic annual average is lifted and
lowered with the seasonal adjustments indicated in the seasonal
adjustments in system set point column of Table 1 to determine
maximum and minimum value for the allowed seasonal shift. Then,
seasonal running average (SRA) is determined centering a mea-
surement point that looks back and forward one and a half month
(EQq. (7)). Therefore, evaluation of whole year should be carried out
including 1.5 months before and after the period, which is done by
mirroring the original data (Martens, 2012). If the SRA is exceeded
the maximum and minimum allowed value, it is replaced by the
limiting values. Finally, bandwidths are calculated simply lifting
ando lowering the SRA by the allowed short fluctuations (Martens,
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2012). Seasonal rise and drop are calculated based on subtracting

4. Results

maximum value of SRA from mean value and mean value from

minimum value of SRA, respectively.

4.1. General climate risk assessment

73

General climate risk assessment results for paper-based collec-
tions based on ASHRAE Chapter 21 are given in Fig. 4. The date
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Table 3

Climate classes within bandwidths on monthly basis (%).

AA Al A2 B
T RH Overall T RH Overall T RH Overall T RH Overall

September 35 0 0 35 98 33 35 57 3 100 100 100
October 100 9 9 100 91 91 100 67 67 100 100 100
November 98 86 84 98 100 98 98 100 98 100 100 100
Autumn 78 31 31 78 96 74 78 75 56 100 100 100
December 71 33 25 100 100 100 100 100 100 100 100 100
January 0 17 0 50 92 49 50 85 35 94 100 100
February 7 15 0 57 92 57 57 83 46 100 100 100
Winter 28 22 9 69 95 69 69 90 61 98 100 98
March 30 0 0 100 96 96 100 28 28 100 100 100
April 71 26 14 71 95 67 71 83 54 100 100 100
May 67 75 46 67 100 67 67 100 67 100 100 100
Spring 56 34 20 79 97 77 79 70 49 100 100 100
June 71 78 70 72 93 70 72 95 71 100 99 99
July 0 2 0 0 87 0 0 66 0 100 100 100
August 0 17 0 0 65 0 0 63 0 100 91 91
Summer 24 32 23 24 82 23 24 74 24 100 97 97
Overall 46 30 21 63 92 61 63 77 47 100 99 99

when restoration work began is illustrated here with a vertical
line fixed on the beginning of July. At this point, it is significant
to draw attention for that the Library was evacuated and the books
and manuscripts were moved to another place approximately a
week before the restoration begins. Therefore, Fig. 4 should be
interpreted accordingly.

Result of climate class of AA, which is the most favorable one for
highly vulnerable and significant objects, indicates that T and RH
were within the bandwidths of 46% and 30%, respectively, which
yields 21% in overall. Classes of A1 and A2 show closer results even
though both have different RH limits. Class A1 fits the criteria with
61% of the time whose T is 63% and RH 92%. Class A2 obtains a
percentage of 63% and 77% for T and RH, respectively, which yields
47% overall. Class Bwhich has relatively wider bandwidths is within
the allowable limits of 99%. Hence, it can be roughly summarized
that the initial results point out indoor climate needs interventions
or strategies in order to satisfy relatively more sensitive climate
classes other than class B.

The overall scores can be a good indicator for general overview;
yet the assessment on monthly basis can help to make in-depth
analysis of the indoor climate. Table 3 shows the percentages of
T and RH, separately and overall, within the bandwidths of each
climate classes on a monthly basis.

Table 3 reveals that AA is the class having lowest overall per-
formance. In seasonal terms, winter is the worst season with 9%
which is followed by spring, 20%, summer, 23% and autumn, 31%.
According to the restrictions on seasonal fluctuations of T and RH,
September, January, February and March are the worst months
while July and August are out of the bandwidth due to higher tem-
peratures.

Results obtained with respect to class A1 gives relatively bet-
ter results, which can be reasonably subjected to the permission
on seasonal fluctuations. The best seasonal performance seems to
be occurred during spring with 77% while the worst one is sum-
mer, 23%. On the other hand, results based on class A2 suggest that
indoor climate indicates similar performance with A1 on T level
while RH percentages drop considerably due to the stable band-
width. Thus, the worst months are September, July and August.
Assessment due to class B gives the best results both monthly
and seasonally because of the wider bandwidths (Fig. 4). Besides,
indoor climate trend out of bandwidth of each climate class, which
indicates the dangerous zone of the year based on an interrupted
horizontal line, is given in Supplementary material (Fig. S3).

4.2. Mechanical degradation risk assessment

Each climate class should be individually, yet at the same time,
completely assessed in terms of degradation risks and the require-
ments. Therefore, short fluctuations are required to be considered
with general climate risk assessment results. Fig. 5 illustrates the
daily maximum T and RH differences and of cumulative frequen-
cies in the manuscript zone and main hall, of which limits are given
on the short fluctuations column of Table 1.

According to Fig. 5a, daily T fluctuations in both zones satisfy
the ASHRAE requirements for all conservation classes until the
beginning of restoration work. The manuscript zone shows accept-
able trend until the restoration work. The wooden structure of the
manuscript zone diminishes the T fluctuations when compared
to the main hall. Fig. 5b illustrates cumulative frequency of daily
maximum T differences in the manuscript zone, which indicates
that T differences less than 2 and 1.5K were about 98% and 92%,
respectively.

Fig. 5¢ gives the comparison of daily maximum RH differences in
the main hall and manuscript zone. Therefore, daily RH fluctuations
in the manuscript zone show good agreement within the limits
to some extent. Fig. 5d illustrates cumulative frequency of daily
maximum RH differences in the manuscript zone, which reveals
that 90% of the period in the manuscript zone was below the limit
of 5% RH change while majority of those above the limit occurred
after the restoration work began.

4.3. Chemical degradation risk assessment

Chemical degradation risk of the manuscripts was assessed with
the help of LM. The results for the manuscript zone are givenin Fig. 6
at which the risk zones are divided and illustrated with horizontal
lines according to their magnitude.

According to Fig. 6, the manuscripts are under medium risk
of chemical degradation in months; November and April while in
high risk between May and October. Accordingly, the indoor micro-
climate of manuscript zone poses high chemical degradation risk
partly in spring and fall seasons and whole summer. Equivalent
Lifetime Multiplier (eLM) value was calculated to be 0.54, which
indicates the indoor climate of manuscript zone is highly risky.

4.4. Biological degradation risk assessment

Biological degradation risk was assessed with the help of iso-
pleths. Assessment in both the main hall and the manuscript zone
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were carried out based on superimposing the measured indoor cli-
mate data to limit curves. Fig. 7 shows the mould growth risk via
isopleth for general wooden boundaries (manuscript zone) with
light color while the dark color represents the main hall.

Fig. 7 shows that the indoor climate of main hall does not exceed
the limit curve and stays in the safe region thus no risk of biolog-
ical degradation exists. At this point, it is necessary to point out
that the limit curve for main hall is valid up to 30°C while it was
excessed throughout the measurement period. However, RH values
were reasonably below the limit curve even though the temper-
ature is over the equation’s limit, which makes it tolerable and
acceptable. The manuscript zone also indicates no risk of biological
degradation showing the RH values no more than 70%. Eventually,
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Fig. 6. LM for the manuscript zone on monthly basis.

both zones can be concluded as safe or have low risk of biological
degradation for the manuscripts.

4.5. The measurements and calculation of statistical parameters

4.5.1. Measurement of thermo-hygrometric parameters and
airtightness

The measured outdoor data were first compared with the local
statistics of Tire, Izmir, Typical Meteorological Year 2 (TMY2), which
was obtained via Meteonorm v.6.1 software (Meteonorm v.6.1.,
2016) (Supplementary material, Fig. S4). Mean value and standard
deviation of measured temperatures were 19.3°C and 8.5% while
thatof TMY2 were 18.7 °Cand 8.5%, respectively. Besides, measured
relative humidity and TMY2 have mean values of 65.6% and 56.5%,
respectively while standard deviation for measurements and TMY2
are 16.3% and 18.5%, respectively. Mean values and standard devi-
ations for both data were close meaning that there is no significant
difference between them. Therefore, Fig. 8 illustrates the outdoor
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Fig. 7. Mould growth risk on the main hall and manuscript zone.
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(01) T and RH values as well as the entrance zone (E1) and the main
hall trends that are the hourly average of measured values from H1
and H2 data loggers between 01/09/2014 and 30/07/2015.

Fig. 8 indicates that the entrance zone has higher T hence lower
RH levels than the main hall which can be linked to the construc-
tional differences and purpose of use. Since the entrance zone
receives more solar gains due to comparatively large openings on
its facade as well as active heat up in winter weekdays due to
the librarians and library users, T is lifted which, in turn, affects
the indoor T and RH of the main hall via air movement from the
entrance zone.

Fig. 9 shows absolute humidity (AH) trend of manuscript
zone, the main hall and outdoor until the restoration work has
begun. Maximum and minimum AH values for outdoor were
observed in September 2014, 0.018 kg,;;/m> ;; and in January 2015,
0.003 kg;,/m?3;;, respectively. On the other hand, maximum AH
value, in the manuscript zone, was measured in September 2014,
0.016 kg,;;/m3,;; while that of minimum was in January 2015,
0.005 kgair/m3air.

Fig. 10a and b show the correlation of AH values of outdoor
with the manuscript zone and the main hall, respectively. It can
be stated that, the main hall shows better correlation with out-
door, RZ=0.80, when compared to the manuscript zone, R? =0.75.
Besides, the manuscript zone (0.0014) shows higher bias than that
of main hall (0.0007).

Results of airtightness measurements show that the library has
an air change rate of 0.52ACH which indicates roughly half of the
air in the total volume (the main hall and entrance) changes over
an hour.

Results of airtightness measurements show that the library has
an air change rate of 0.52ACH which indicates roughly half of the
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air in the total volume (the main hall and entrance) changes over
an hour.

4.5.2. The statistical parameters for risk assessment

Seasonal T and RH fluctuations in the manuscript zone were also
calculated using Eqs. (8)-(9). Hence, seasonal T rise and drop were
found 5K and 9.9K, respectively. Seasonal RH fluctuations show
9.41% rise and 10% drop throughout the measurement period.

5. Discussions

To sum up, the hygrothermal behavior of Necip Pasa Library
poses some risks especially in chemical degradation terms while
biological and mechanical degradation risks are negligibly and
avoidably lower. The manuscript zone appears to have consider-
able impact on stabilizing the indoor microclimate even though its
door is kept open during working hours.

The climate class to be used for preventive conservation of
manuscripts should be chosen carefully since any mistake on con-
servation policy may cause considerable damages, such as wrong
HVAC system design and hence degradations on manuscripts.
According to the results, it can be stated that the climate class
A1 gives more appropriate outcomes to be considered as indoor
climate control criteria for many reasons given below:

e The climate class allows seasonal fluctuations for both T and
RH. This allowance fits into the main objective of the study
which focuses on and vitalizes the significance of free-floating
hygrothermal behavior of the library. In parallel to these circum-
stances, general climate assessment results of A1 fall reasonably
into the bandwidths with some minor exceptions.

Main Hall

02/15 03/15  04/15 05/15  06/15

Time [month]

Fig. 9. Annual AH trend of the manuscript zone, main hall and outdoor.
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e Short fluctuations indicated in the climate class A1 are sufficiently
low to prevent mechanical degradation. It is, therefore, obvious
that the indoor microclimate will diminish the risks of mechani-
cal degradation as long as it is kept within the bandwidths.

e Chemical degradationis highly interrelated to the higher temper-
atures. Fig. 4b shows that temperatures in summer fall outside
the bandwidth unless the measures that take into account of the
ASHRAE Chapter 21 instructions are implemented.

¢ Biological degradation risk seems to be reasonably low since the
bandwidth of A1 limits RH rise up to 70%, which is considerably
below the limit curve. Hence there is no need to take precautions
to prevent mould growth if class A1 is taken into account.

Furthermore, the outcomes of this study needs to be com-
pared with the similar studies which take into account of historic
buildings that are conducted in similar climate, have high ther-
mal inertia, no HVAC system, and of hygrothermal behavior is a
prominent driven factor. The results of this study, to some extent,
give parallel outcomes when compared to the similar studies in
the literature since free-floating hygrothermal behavior of the
library satisfies the biological and mechanical risk assessment cri-
teria except chemical degradation (Andretta et al., 2015; Fabbri
& Pretelli, 2014). To authors’ knowledge, there is no study con-
sidering the same approach upon the preventive conservation of
manuscripts in historic libraries in Turkey.

6. Conclusions

In the present study, indoor climate of Necip Pasa Library
was investigated in order to determine whether the free-floating
hygrothermal behavior of the building is sufficient to prevent
the manuscripts from degradations or not. Thermo-hygrometric
parameters of the indoor environment were continuously moni-
tored and benchmarked by the requirements indicated in ASHRAE
Chapter 21. Moreover, some additional synthetic parameters, cal-
culated depending on T and RH, were utilized for better evaluation.
As a consequence, following conclusions can be derived:

1 The first and foremost conclusion to be drawn is that the library
has no continuous indoor climate monitoring system. Such sys-
tems should be installed as soon as possible so that precautions
can be taken to tackle with the possible degradations in short,
medium and long term. Short and medium term interventions
can be applied with light mechanical solutions such as, adaptive
ventilation and recirculation for particular time periods while
that of long term should be implicated through passive solutions.

2 Chemical degradation is highly risky during partly spring and fall
seasons and whole summer. This is mainly due to the higher tem-
peratures and should, if possible, be solved with natural, if not,
light mechanical solutions.

3 Indoor environment and hygrothermal behavior of the library
should be well-analyzed before taking the decision of HVAC

system installation in such buildings since the disturbing of
past environmental history can cause unexpected consequences.
Therefore, such HVAC measures should be first simulated in a
building energy simulation tool.

4 The more airtight the building the less the mechanical degra-
dation risk. Yet, the building should carefully be restored with
an interdisciplinary decision mechanism in terms of airtightness
since air-tightening the building envelope more than necessary
might, at the same time, be problematic for minimum ventilation
requirements for visitors.

5 ASHRAE climate class of A1 is the better option since it has tough
limitations of T and RH. Yet at the same time, A1 was chosen to
be appropriate class since the manuscripts are highly valuable to
be conserved.

6 The correlation obtained for the manuscript zone of AH shows
higher bias and lower R?2 when compared to that of the main hall.
This can be explained with the high thermal mass of the building
envelope and buffering effect of the books in the main hall. Thus,
care must be given to the correlations when humidity control is
of interest.

7 Manuscripts should only be allowed to be read inside the library
to prevent the degradations that can be occurred due to the T and
RH fluctuations driven by different indoor environments.

8 Although ASHRAE Chapter 21 and other related guidelines were
developed for the North America and of climate, the methods
are widely used and recognized in other regions in the World.
However, this study outcomes the need of a national standard.
Since Turkey is very rich in cultural heritage (historic buildings
and tangible cultural assets) it is suggested to develop national
standards or adopt international standards for preventive con-
servation with the liaison of paper conservators.
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