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The conservation of historic libraries can be referred towards both the ancient book collections and the buildings
themselves. Heritage collections made of paper are threaten by climate-induced deterioration risks such as
cellulose hydrolysis. Several studies have investigated the microclimate inside historic libraries but comparisons
are difficult due to the lack of long-term microclimate observations and uniformity in the use of standards and
risk assessment methods. For the first time, the long-term microclimate observations collected in three historic
libraries in Italy were comparatively studied to outline differences and similarities of their microclimates in terms
of paper preservation. A multidisciplinary approach was applied to assess the building performance (a) and the
deterioration risks for the collections (b). As for a), a common feature of the libraries was the high thermal inertia
and low indoor-outdoor air exchanges. As for b), the Time Weighted Expected Lifetime (TWEL) was defined to
account for an average chemical risk on a seasonal and yearly basis. TWEL allowed to highlight the impact of the
most adverse conditions on the overall chemical risk for acidic paper preservation (e.g., temperatures above
20 °C reached naturally in summer/artificially in winter). It resulted that the measured microclimate conditions
in the libraries would lead to the loss of their acidic collections in less than 300 years. Demographic plots were
finally used to inform about the risk resulting from the synergy between handling and microclimate as well as to
explore the effectiveness of possible preservation measures such as the deacidification of 10% of the collections.

library contents from any place [3], so users do not need any more to
visit the library building nor to physically interact with the materials in
order to consult their contents. Although the reduced handling un-
doubtedly favours book conservation [4], the preservation of historic
libraries and their buildings still demands to be carefully managed. In
fact, their materiality is an irreplaceable testimony of our past for the
present and future generations.

Sections 1.1, 1.2 and 1.3 of the Introduction present the state-of-the-
art on the preservation of library collections, focusing on the damage
risk assessment for paper objects, the international policy framework
and the previous microclimate monitoring studies in historic libraries
worldwide. Section 1.4 outlines the research aims of this work.

1. Introduction

Libraries are unvaluable witnesses of the human knowledge over the
centuries [1]. The term library can refer either to a collection of books
and other sources of recorded information or to the building where such
a collection is conserved. In this sense, the conservation of historic li-
braries may be referred towards both the ancient collection of books and
the buildings themselves (if with cultural value). The importance of
public libraries has been acknowledged since classical antiquity (e.g.,
Pliny wrote on Julius Caesar: ingenia hominum rem publicam fecit, “He
made men’s talents a public possession”). During the Middle Ages and
the Renaissance, libraries were assembled in monasteries and univer-

sities, that preserved them over many centuries. After the French Rev-
olution, the abolition of monastic orders led to the expropriation and
dispersion of several libraries [2]. Some of them were transformed into
private collections, which afterwards became the core of today’s na-
tional libraries. Nowadays, digital libraries have broadened the access to
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1.1. Damage risk assessment for paper collections

Library collections are made of a wide range of organic and inorganic
materials, where paper is the most represented. All library materials
undergo a natural and unavoidable ageing process, however the rate of
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Abbreviations

ANSI American National Standards Institute
ASHRAE American Society of Heating, Refrigerating and Air-
Conditioning Engineers

BSI British Standards Institution
CEN European Committee for Standardization
CREA Consiglio per la Ricerca in Agricoltura e 1’ Analisi

dell’Economia Agraria

HVAC  Heating, Ventilation, and Air Conditioning

IFLA International Federation of Library Associations and
Institutions

ISO International Organization for Standardization

NISO National Information Standards Organization

PAS Publicly Available Specification

PD Portable Document

TR Technical Report

UNI Italian National Unification Institute

Parameters and variables

q Adiabatic gradient of vertical temperature for dry air (°C
m b
AMR Absolute difference between outdoor and indoor mixing

ratio (gekg™)
ARHsy4,  Daily relative humidity fluctuation (%)
AT Vertical temperature gradient (°C)
ATo4n Daily temperature fluctuation (°C)

Az Vertical distance between probes (m)

DP Paper degree of polymerisation (—)

k Rate of paper degradation (years ')

MR Mixing Ratio (g+kg ")

pH Acidity of paper (—)

RH Relative Humidity (%)

RH3pq  centred 30-day moving mean of relative humidity (%)
RHoggq centred 90-day moving mean of relative humidity (%)
T Temperature (°C)

Tosn centred 24-h moving mean of temperature (°C)

T4,14, T q22 Temperature at 14:00 (Tq14) and 22:00 (Tq22) of dth
calendar day (°C)

T gMean> T d,max Mean (Tymean) and maximum (Ty max) temperature
of dth calendar day (°C)

Indexes

CI Continuity Index (—)

Col Completeness Index (—)

EL Expected Lifetime of historic paper (years)
eLM equivalent Lifetime Multiplier (—)

LM Lifetime Multiplier (—)

NDR Normalized Diurnal Range (—)

PI Preservation Index (—)

RH ratio Relative Humidity ratio (%)
TWEL  Time Weighted Expected Lifetime (years)
TWPI Time Weighted Preservation Index (years)

decay is dependent on the properties of the constituent materials (e.g.,
acidity of paper and physical strength) and is greatly affected by the
indoor climate [5]. Paper can be classified into three types based on
their average acidity (pH) and degree of polymerisation (DP): acidic
paper (pH = 5.2, DP = 826.3), rag paper (pH = 6.4, DP = 1481.2) and
contemporary paper (pH = 7.6, DP = 1526.2) [6].

Cellulose hydrolysis represents the main concern for damage risk of
paper collections, being the rate of chemical degradation mainly driven
by temperature [7]. This deterioration mechanism has been extensively
studied by using the dose-response functions, such as the Lifetime
Multiplier (LM) for various materials such as varnishes and cellulose [7]
and the Preservation Index (PI) for organic materials (e.g. paper, tex-
tiles, plastics, dyes, leather, fur, etc.) [8]. Strlic et al. [9] derived the
isochrones for paper (i.e., curves of equal expected lifetime, EL), based
on a damage function which relates the DP loss with the pH of paper and
the indoor temperature and relative humidity at the reference condi-
tions of dark storage (i.e., without considering natural and artificial
light). In this way, the isochrones allow to assess the chemical deterio-
ration risk for the different paper types by taking into account their
different vulnerability to cellulose hydrolysis as a function of their pH
and DP [9].

Handling is the main responsible for the accumulation of wear and
tears of paper [4]. The time required for a library collection to become
unfit for use by readers due to the combined effect of handling and
cellulose hydrolysis can be estimated through a dose-response function
[4] that depends on the percentages of paper types constituting the
collection (i.e., its demography) [9].

Thermal stratification may occur in high-ceilinged libraries. Hence,
if too high temperatures are experienced, the chemical decay of paper
collections located at the upper levels is accelerated based on the
vulnerability of the paper types. Moreover, high relative humidity levels
might occur in poor ventilated areas in the proximity of cooler surfaces,
favouring mould growth [10]. Finally, temperature and relative hu-
midity fluctuations might accelerate paper degradation (e.g., tensile
creep of paper), but consensus on their influence on the degradation has

not been reached yet among the researchers [5].

Pollutants do not generally represent a significant threat to the
overall rate of chemical degradation, as their concentrations are small
(e.g., acetic acid<250 pg-m~3; formic acid<35 pg-m~3; nitrogen diox-
ide<15 pg-m~3; ozone<25 pg-m~>; sulphur dioxide< 3 pg-m~3 [11,12])
and their effect on historic paper preservation is limited [13]. Dust
particles can affect paper conservation in terms of cellulose degree of
polymerisation, thus increasing the vulnerability of paper to the other
environmental parameters [14].

Fungal spores, which are ubiquitous, may become a biological risk
when RH>65% for a sufficient period of time. This risk is frequently
assessed using the Sedlbauer isopleths for spore germination and mould
growth for biologically recyclable materials [15].

Digital platforms, such as HERIe [16] and Collection Demography
app [17], are freely available for conservation professionals and decision
makers to easily and effectively carry out the quantitative assessment of
the climate-induced risks for paper collections based on the prevailing
environmental conditions where the objects are displayed or stored.

1.2. Standards and guidelines on library conservation

This section describes the international policy framework on the
preservation of cultural heritage including library and archive materials.
Table 1 summarises standards and guidelines on the library conserva-
tion. Standards are published by national or international standards
bodies (e.g., UNI, BSI, CEN, ISO), whereas guidelines are usually
formulated by unions (e.g., ASHRAE, IFLA). The earlier standards
specified temperature (T) and relative humidity (RH) ranges for various
types of materials including paper, parchment and leather [18-22]. It is
worth noticing that sometimes, for the same classes of materials, these
standards provide conflicting recommendations about T and RH ranges,
thus arising doubts about which indication has to be followed. The
introduction of the concepts of “proofed fluctuations” [23] and “his-
torical climate” [24] led to more flexible T and RH ranges with respect to
the target values previously recommended as satisfactory to mitigate
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Table 1
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Italian and international policy framework on the preservation of cultural heritage including library and archive materials. Remarks’ field provides the microclimate
specifications indicated in each document. The withdrawn standards (highlighted in footnotes) are here reported to support the interpretation of Table 2.

REF. YEAR DOCUMENT INSTITUTION TYPE OF REMARKS"
DOCUMENT
[18] 1997 UNI 10586 Italian National Unification Institute Standard T =14 + 20 °C, RH = 50 = 60% (illustrative documents). T =
(UND) 18 + 23 °C, RH = 50 + 65% (consultation and reading).
Acclimatisation is advised if T and RH in consultation places
differ more than +4 °C and +5% respectively from storage
facilities conditions.
[19] 1999 UNI 10829 Italian National Unification Institute Standard T =13 + 18 °C, RH = 50 + 60% (archival document and
(UND) books);
T =19 +24°C,RH =45+ 55% and ATo4n, = £1.5 °C, ARHagp
= £6% (book bindings in leather and parchment).
[20] 2001 D. Igs. 112/98,art. 150, comma Italian Ministry of Cultural Heritage Legislative T =19 + 24 °C, RH = 50 + 60% (books and manuscripts).
6 (MIBAC) Decree T < 21 °C, RH = 40 + 55% to avoid microbiological attacks on
organic materials.
[21] 2001 ANSI/NISO Z39.79" American National Standards Institute Standard T < 21°C+ 3°C, RH = 35 + 50%+5% (library and archival
(ANSI) — National Information materials).
Standards Organization (NISO)
[22] 2003 1SO 11799¢ International Organization for Standard T=2-+18°Cx1 °C, RH = 30 + 45%+3% (optimum
Standardization (ISO) preservation)
T =14 + 18 °C+1 °C, RH = 35 + 50%+3% (staffed stack
areas, items in regular use)
[24] 2010 EN 15757 European Committee for Standard T = no limits; RH = within safe bands calculated from the
Standardization (CEN) historical climate.
[30] 2011 ASHRAE Handbook—HVAC American Society of Heating, Guidelines Class B is the reference for historic buildings (no risk to most
Applications Refrigerating and Air-Conditioning books): T = 15 + 25 °C, with seasonal adjustment T+10 °C
Chapter 23¢ Engineers (ASHRAE) (but not above 30 °C), and T down as low as necessary to
maintain RH control, and RH = 50% =+ 10% (or historic
annual average for permanent collections); short-term
fluctuations T+5 °C, RH£10%.
[25] 2012 PD 5454 British Standards Institution (BSI) Guidelines T =13 + 20 °C, RH = 35 + 60% (mixed collections);
T =5+ 25°C, RH = 25 + 60% (paper records storage).
[26] 2012 PAS 198! British Standards Institution (BSI) Publicly Tables on the relative risk of damage and deterioration due to
Available T and RH [26] as a function of the sensitivity to hydrolysis (rag
Specification paper = low; wood pulp paper = medium) are reported as an
informative appendix.
[27] 2015 ISO 11799 International Organization for Standard Recommended T and RH ranges not explicitly specified.
Standardization (ISO)
[32] 2016 IFLA - Principles for the Care International Federation of Library Guidelines T < 10 °C to favour paper chemical stability and physical
and Handling of Library Associations and Institutions (IFLA) appearance;
Materials RH = 50 + 65% to minimise mechanical damage (while
reducing the risk of biological attacks).
[28] 2017 BS 4971 British Standards Institution (BSI) Standard T = 13 + 23 °C, with annual average T < 18 °C; RH = 35 =
60% (mixed archives).
[29] 2018 EN 16893 European Committee for Standard Tables on the relative risk of damage and deterioration due to
Standardization (CEN) T and RH [26] as a function of the sensitivity to hydrolysis (rag
paper = low; wood pulp paper = medium) are reported as an
informative appendix.
[31] 2018 ISO/TR 19815 International Organization for Standard Tables on the relative risk of damage and deterioration due to
Standardization (ISO) T and RH [26] as a function of the sensitivity to hydrolysis (rag
paper = low; wood pulp paper = medium) are reported as an
informative appendix.
[10] 2019 ASHRAE Handbook—HVAC American Society of Heating, Guidelines Class B is the reference for historic buildings (no risk to most

Applications
Chapter 24

Refrigerating and Air-Conditioning
Engineers (ASHRAE)

books): T < 30 °C, RH = 30 =+ 70%, seasonal adjustment from
annual average T+10 °C, T-20 °C) and RH+10%, short-term
fluctuations T+5 °C, RH+10%.

2 The paper types to which microclimatic specifications are suitable for are specified in this column, if mentioned in the document.
® Withdrawn in 2013.
¢ Withdrawn and superseded by ISO 11799:2015 (that will be replaced by ISO/AWI 11799, currently under development).
4 The ASHRAE Handbook —HVAC Application of 2015 did not modify Chapter 23.

¢ Withdrawn and superseded by EN 16893:2018 and BS 4971:2017.
f Withdrawn in 2018.

mechanical risks for organic hygroscopic materials. As a result of the
above concepts, the standards have evolved along different paths: ISO
and BSI updated their documents [22,25,26] with new specifications
[27-29], while UNI did not change the original version of the norms [18,
19]. The ASHRAE handbook [30] introduced museum climate classes
without prescriptive T and RH specifications, which have been exten-
sively adopted for both environmental design and risk management in
museums, galleries, archives and libraries. In the last years, EN
16893:2018 [29], ISO/TR 19815:2018 [31] and the updated ASHRAE
guidelines [10] focused on sustainability and greater flexibility in the

climate control strategy based on risk management principles and
existing literature on best practices in museums as well as the collec-
tions’ response to the surrounding environment. Although EN
16893:2018 [29] gives useful recommendations for buildings intended
for the storage and use of heritage collections (including reading rooms),
no European standards exist by CEN/TC 346, i.e. the Technical Com-
mittee of the European Committee for Standardization dedicated to the
Conservation of cultural property, which specifically deals with the
conservation in libraries and archives.
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Ref. Year Library (foundation year) Place Monitoring period HVAC  Damage risk assessment Policy framework
[34] 2002 Guildhall library (1876) Leicester (UK) 12 months Yes BS 5454
Bronte Parsonage Museum library Haworth (UK) No
(1778-79)
[49] 2007  Audley End House (early 17th- Saffron Walden not mentio-ned Yes Time Weighted Preservation Index BS 5454
century) (UK) [8].
Brodsworth Hall (1861) Doncaster (UK)
Eltham Palace (1933) London (UK)
Iveagh Bequest (1754) London (UK)
Walmer Castle (1539) Walmer (UK)
Dover Castle (1912) Dover (UK)
[11] 2011 National Library (1726) Prague (Czech 9 months (on No
Republic) monthly basis)
[38] 2014 Malatestiana (1454) Cesena (Italy) 3 months No UNI 10829; MIBAC D.
1gs 112/98.
[39] 2016 Palatina (1761) Parma (Italy) 2 months (spot) No UNI 10829; MIBAC D.
1gs 112/98;
ASHRAE guidelines
[12, 2016 Classense (1513) Ravenna (Italy) 15 days summer/15 No Wear and tear dose-response function UNI 10586;
50] days winter [4]; paper isochrones [9]. UNI 10829
[48] 2017 Tire Necip Pasa (1827) Izmir (Turkey) 1 year No Lifetime Multiplier [7]; Sedlbauer ASHRAE guidelines
isopleth [15].
[47] 2018 Fine Arts Library (1905) La Plata 4 months Yes UNI 10829
Physics Library (1897) (Argentina) Both
Historical Archive of the Presidency Yes
of the UNLP (1884)
Historical Archive of the Natural Yes
Sciences Museum (1877-1884)
[36] 2018  Baroque Library of the University Coimbra 6 months No equivalent Lifetime Multiplier; UNI 10829
(1716) (Portugal) Sedlbauer isopleth [15].
[51] 2018 National Library (1677) Warsaw (Poland) 13 months Yes
[37] 2020  Library of the National Observatory Athens (Greece) 1 month Yes 1SO 11799:2003;
(1842) UNI 10586

1.3. Microclimate monitoring in historic libraries

In Italy, almost half of the historic libraries was founded before the
XIX century [33]. Historic libraries are frequently conserved in massive
buildings characterised by high thermal inertia [12,34-37]. Most of
these buildings have natural ventilation and unconditioned indoor
climate (i.e., without any HVAC systems) [11,12,36,38,39]. Windows,
usually small-sized, were often placed on two sides of the main reading
hall [12,35,39] to maintain relatively constant daylight levels for visual
comfort. The orientation of the building was chosen to protect from
dampness and to take advantage of natural daylighting. To cite but a
few, Vitruvius advised that libraries should have an eastern exposure to
the morning light useful to dispel dampness [40] and, many centuries
after, the Italian Renaissance architect Leon Battista Alberti wrote that
private libraries should have western exposure to benefit the reading at
twilight [41]. Recently, it has been highlighted that hygroscopic col-
lections act as buffers on air relative humidity fluctuations due to the
exchanges of moisture with the surrounding air [42]. The RH buffering,
already visible at smaller scale (e.g. in sealed boxes containing paper
[43]), can be evaluated at large scale (e.g. in libraries and historical
buildings) through microclimate analysis and hygrothermal simulation
[44-46].

Table 2 provides a synthetic overview of studies on microclimate
monitoring conducted in historic libraries over the last 20 years. A sig-
nificant variability can be observed in the length of the monitoring
period as well as in the policy framework adopted for microclimate
analysis and, more in general, in the methods followed for damage risk
assessment. The T and RH ranges recommended by standards and
guidelines in Table 1 have been frequently used as threshold values to
evaluate the quality of the environmental conditions for the conserva-
tion of library materials [24,26,28,29,34]. Sedlbauer spore germination
isopleths and fungal growth curves have been employed in Refs. [36,48]

to evaluate the biological risk for collections. Synthetic indexes, such as
the equivalent Lifetime Multiplier (eLM) and the Time Weighted Pres-
ervation Index (TWPI), have been used in Refs. [36,49] to account for
average values of LM and PI over the monitored period. The damage
function for historic paper [9] was used in Ref. [50] for the estimation of
the collection expected lifetimes in various conservation scenarios.

1.4. Research aims

Several studies have separately evaluated the microclimate inside
historic libraries; however, few of them were based on long-term
microclimate observations and there is lack of uniformity in the use of
standardised microclimate specifications and risk assessment methods
(Table 2). Taking advantage of the availability of annual time series of
data collected by the authors, the microclimates of three historic li-
braries located in different sites of Italy (Milan, Udine and Rome) were
analysed. Besides, the collected hygrothermal conditions were
compared with respect to those recommended by both Italian and Eu-
ropean regulations (Table 1) and used as an input in dose-response
functions for paper. Moreover, the comparison allowed us to investi-
gate to what extent the differences in the external climate, building
features and library management can affect the climate-induced risk for
the preservation of paper collections. The comparison can provide useful
insight on the impact on paper collections of conditioned and uncon-
ditioned indoor climates to inform preservation strategies within his-
toric buildings.Section 2 deals with the description of the three historic
libraries, the microclimate monitoring campaigns and the methods for
characterising the indoor climate and assessing the conservation risks.
Section 3 is devoted to the presentation and discussion of the results.
Finally, section 4 outlines the main conclusions of the work and the
future perspectives in the research on library preservation.
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2. Materials and methods
2.1. Case studies: the three historic libraries in Italy

The historic libraries under study (Fig. 1), hereafter named Ca’
Granda (Milan), Delfiniana (Udine) and Collegio Romano (Rome), are
located in different regions of Italy. Milan (Koppen-Geiger climate class
Cfa, i.e. temperate climate, fully humid with hot summer [52]) and
Udine (Koppen-Geiger climate class Cfb, i.e. temperate climate, fully
humid with warm summer [52]) are in northern Italy, whereas Rome is
in the central part of the peninsula (Koppen-Geiger climate class Csa, i.e.
temperate climate, with dry and hot summer [52]).

2.1.1. Ca’ Granda Library (Milan)

The library is hosted in the Ca’ Granda Ospedale Maggiore Policli-
nico (Milan, Lat. 45.5°N and Long. 9.2°E, 120 m a.m.s.l.). The library
collection of the IRCC Foundation (Istituto di Ricovero e Cura a Car-
attere Scientifico) represents a national unicum in terms of richness and
specialisation on medical sciences, with a patrimony estimated in about
100.000 printed volumes among monographies, periodicals and maga-
zines from XV to XX century [53]. The history of the collection dates
back to the foundation of the Hospital (1456), but the main core is from
the XIX century and it is continuously updated thanks to private dona-
tions. The collection is deployed in a three-level wooden shelf on the
perimeter of a room at the ground floor (Fig. 2a).

2.1.2. Delfiniana Library (Udine)

The Library of the Archbishop’s Palace (Udine, Lat. 46.1°N and Long.
13.2°E, 113 m a.m.s.l.) was named “Delfiniana” after his founder, Dio-
nisio Delfino, which was the patriarch of the diocese of Aquileia from
1699 to 1734 [54]. The foundation of the library dates back to 1708,
when the patriarch commissioned the construction of its building, to be
donated to eternal public utility. The collection was organised in a
two-level wooden shelf deployed on the perimeter of a hall at the second

Building and Environment 206 (2021) 108394

floor of the patriarchal palace (Fig. 2b). The collection comprises printed
volumes, manuscripts (dated from XVI to XIX century) and some illu-
minated liturgical codices (dated from IX to XIV century). The library is
nowadays part of the touristic itinerary of the Diocesan Museum of
Udine.

2.1.3. CREA Meteorological Library at the Collegio Romano (Rome)

The Historical Meteorological Library in the monumental complex of
Collegio Romano, hereafter called simply Collegio Romano (Rome, Lat.
41.9°N and Long. 12.5°E, 21 m a.m.s.l.), is considered the most
important collection in Italy devoted to Atmospheric Sciences, Meteo-
rology and Geophysics of the Modern Age (Fig. 2¢). Although its original
nucleus, gathered by Jesuits, dates back to the foundation of the
building (1584), the current location on its fourth floor was elected in
1879, after the establishment of the first Central Meteorological Office in
Italy, so as to become an integral part of it (currently an important sector
of CREA, the leading Italian research organization dedicated to the agri-
food supply chains). The collection includes several national and inter-
national periodicals published by scientific societies, CREA’s interesting
publications and original books and manuscripts, mostly from the XIX
century [55].

The plans of three historic libraries are shown in Fig. 2. Ca’ Granda
library (Fig. 2a) has the largest volume (approximately 2100 m%), with
rectangular shape and high ceiling (up to 12 m). Delfiniana (Fig. 2b) has
similar features as Ca’ Granda, but smaller dimensions (approximately
1150 m®). Collegio Romano (Fig. 2c) has a 4.5 m high ceiling and the
smallest volume (approximately 380 m>). All the libraries are covered
by a wooden roof and have SW-W-facing windows on two orders. The
windows in Collegio Romano and Ca’ Granda have simple glass panes
and wooden shadings which are closed most of time during the year.
New air-tight windows with UV-IR-filtered glass were mounted in Del-
finiana in May 2017 in place of the previous single panes [54]. During
the microclimate monitoring campaigns, Ca’ Granda and Delfiniana had
no HVAC (Heating, Ventilation and Air-Conditioning) system, whereas

50 N
5 Udine
45° N Milan -
Ji Rome'
40° N |
35°N
5E 10" E 16 E

20 E

Fig. 1. The geographical position of the three historic libraries (Italy) under study: Ca’ Granda in Milan, Delfiniana in Udine and Collegio Romano in Rome.
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a) Ca’ Granda b) Delfiniana c) Collegio Romano
&
T R
1274 6 1om 2 16 im T4 0 1om
ceiling9to 12 m ceiling9 m ceiling4.5 m

1: TRH probe at 1.4 m above floor
2: TRH probe at 6.5 m above floor

1: TRH probe at 1.4 m above floor
2: TRH probe at 6.5 m above floor

z

1: TRH probe at 2.5 m above floor (shelf)
2: TRH probe at 2.5 m above floor (book)

Fig. 2. Plans of the historical libraries with the position of the monitoring system devices (TRH) marked as coloured points. External walls are highlighted with

coloured lines.

Collegio Romano was heated by cast iron radiators from November 1st
to April 15th (operating from 6 a.m. to 6 p.m. local time) and cooled
through fan-coils (switched on when needed). All the libraries were
naturally ventilated.

The three library collections are mostly made of mid-19th-mid-20th
century paper of Western origin (lignin containing, rosin sized, printed
and non-coated), therefore the prevalent composition of the collections
was assumed to be acidic. Fig. 3 depicts the percentages of paper types
constituting each of the historic collections under study, as estimated on
private communication with the library conservators.

2.2. The monitoring campaigns

The indoor climate monitoring campaigns to study the hygrothermal
behaviour of the three libraries covered different periods (Table 3), as
they were independently planned before this comparative investigation.
Two thermo-hygrometers (Fig. 2) were placed inside each library to
measure temperature (T) and relative humidity (RH) at local time. In Ca’
Granda and Delfiniana, where ceilings are high, TRH probes were
deployed at two different heights (1.4 m and 6.5 m above floor) to
monitor vertical temperature gradients. In Collegio Romano, one TRH
probe was placed on a shelf and the other one inside a mock-up book on
the same shelf with the aim to derive the book response time, i.e. the lag
between the RH values measured inside the book with respect to those
collected in the room. The mock-up book (250 mm x 180 mm x 28 mm)
was made using modern rag paper sheets, with cardboard covers and
leather spine. The metrological features of the indoor T sensors (Pt100
resistance thermometers) and RH sensors (thin film capacitive sensors),
reported in Table 3, were in accordance with the current European
Standards on the instruments to be used in cultural heritage

conservation [56,57]. Although a higher availability of instruments
-also to measure other environmental variables-would have provided a
better representativeness of the microclimate behaviour in the libraries,
the choice of the instrument number and types was limited due to
technical and financial reasons.

2.3. Indoor climate characterisation

The long time series of microclimate data collected in the historic
libraries were evaluated for completeness before applying data analysis
through the Completeness Index (Col) and the Continuity Index (CI),
two indexes proposed in Ref. [58] and already applied to long-term
measurements in other conservation contexts [59,60]. Temperature
and relative humidity values collected over the year in the libraries were
compared in order to highlight the differences among the sites, if any.
Mixing Ratio (MR) was calculated from T and RH values using the for-
mula provided in EN 16242 [57] and used as a proxy to estimate the
magnitude of the indoor-outdoor water vapour exchanges through in-
filtrations and openings [61-63].

The buffering capacity of the building envelopes to smooth out the
maximum outdoor temperatures occurring in daylight hours was eval-
uated using the Normalized Diurnal Range (NDR). NDR is an index
defined in Ref. [64] as the ratio between the observed diurnal indoor
temperature range (calculated as the difference between the tempera-
tures at 14:00 (Tg4,14) and 22:00 (Tg,22) of dth calendar day) in the
monitored period (MP) with respect to the reference period (RP). T 4,14
and T 20 were chosen as they are close to the outdoor diurnal maximum
and mean temperatures, respectively. Since the NDR value results from
the combined effect of building envelope, solar exposure, room venti-
lation and use [64], this index is not able to distinguish among their

Ca’' Granda

Delfiniana

Collegio Romano

= acidic

= contemporary

rag

70 75 80

80 85 100

Percentage (%)

Fig. 3. Paper types constituting the library collections.
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Table 3
Microclimate monitoring campaigns in the three historic libraries in Italy.
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Library Place Monitoring Instrument (uncertainty) Sampling frequency Outdoor climate Analysed period
(foundation year) period
Ca’ Granda (1456) Milan Sep 2011-Jan Comet®, model R3121 (0.4 °C for 15 min Weather station (Lat. 45.5°N 15t Jan 2012-31%¢
2013 T, 2.5% for RH) and Long. 9.2°E) Dec 2012
Delfiniana (1708) Udine Oct 2016-Mar Testo®, model 175H1 (0.4 °C for 15 min Weather station (Lat. 46.1°N 1%t Jan 2017-31°%
2018 T, 2% for RH) and Long. 13.2°E) Dec 2017
Collegio Romano Rome  Jun 2019 — Rotronic®, model HC2A-S3 (0.3°C 10 min (recorded every 30 min ~ Weather station (Lat. 41.9° N 1% Jun 2020-31%
(1584) ongoing for T, 1.5% for RH) as averaged values) and Long. 12.5° E) May 2021
individual contributions. Nevertheless, although NDR does not entirely .
depend from the air exchange rate (AER), it can be considered as a proxy < E| RH; 0—RH; ‘)
of AER to a certain extent. The outdoor temperatures in the 1991-2020 RH ratio =——" in. 100 )

reference period were extracted from the E-OBS v23.1e [65] gridded
observational dataset (spatial resolution of 0.1° x 0.25°) via the Climate
Data Store (CDS) infrastructure. As E-OBS v23.1e does not include
hourly data, the daily maximum temperature (Tqmax) and the daily
mean temperature (Tqmean) in the reference period were extracted and
used in the place of Tq 14 and Tq 22 [64].

The formulation of NDR was here adjusted to enhance its capability
to sense the active climate control using heating systems as follows and
it was calculated in each site under study:

NDR — (Td,]4_Td.22)MP

(Ta max —Td.mean )RP
nRrp

(€Y

where ngp is the total number of days in the reference period (i.e. 30
years). For this reason, if NDR is around zero, the building has a high
thermal buffering capacity and low ventilation, while if NDR is close to
unity, the indoor and outdoor temperatures are practically identical. The
latter condition can be experienced when there is a persistence of suf-
ficient ventilation due, for example, to open windows. Negative NDR
can also occur, mainly in summer, when the effect of the highest outdoor
temperature values is visible later on the indoor evening temperatures.

In Ca’ Granda and Delfiniana libraries, where ceilings are high, the
indoor air stability was evaluated by comparing the measured vertical
temperature gradient (as the difference between the temperature values
measured at 1.4 m and 6.5 m above the floor) with the dry adiabatic
gradient of vertical temperature, i.e. [q = AT/Az = —0.1 °C/10 m.

The possible effect of the moisture exchanges between the hygro-
scopic collections and the surrounding air on the stabilisation on the
indoor RH values was explored. Since RH is not an independent variable,
it must be studied together with air temperature or mixing ratio, which
both influence its behaviour. The RH variability was assessed based on
the following approaches: a) analysis of the concurrent time evolutions
of indoor T, RH and MR measurements over the year (Fig. 5); b) syn-
thetic visualisation of the frequency distributions of the indoor and
outdoor RH observations (Fig. 8); ¢) calculation of the Relative Humidity
ratio (RH ratio, Table 4); d) assessment of the average absolute differ-
ences between simultaneous outdoor and indoor MR values (AMR,
Table 4). The RH ratio was defined as the ratio (in percentage) between
the indoor (in) and the outdoor (out) seasonal spreads, i.e., the sum over
a year of the absolute differences between the i-th centred 90-day
moving average of relative humidity (RH;goq) and the i-th relative hu-
midity observation (RH;):

Table 4
RH ratio, average absolute difference indoor/outdoor MR observations (AMR)
and hygroscopic ratio.

Library RH ratio AMR Hygroscopic ratio
Ca’ Granda 24.1% 1.3 g/kg 11.3%

Delfiniana 12.7% 1.2 g/kg 6.2%

Collegio Romano 9.3% 1.8 g/kg 7.9%

=

< |RH; 99g—RH; |>
i

out

When the RH ratio is low, the library has limited air exchanges with the
outdoors together with high moisture buffering capacity by the hygro-
scopic materials (if present); when the RH ratio is close to 100%, the
indoor and outdoor RH seasonal spread are practically identical.

2.4. Conservation risk assessment

As evaluated by the conservators of the libraries under study, based
on their regular and qualitative risk assessment to determine the optimal
preservation of their paper collections, the major recognized deterio-
ration risk is cellulose hydrolysis due to the high temperatures occurring
in summer. Indeed, since no fungal proliferation was reported to be
observed in the case studies before the monitoring campaigns (Dr. Paolo
Galimberti for Ca’ Granda, Dr. Dania Nobili for Delfiniana and Dr. Luigi
Iafrate for Collegio Romano, personal communications), this risk was no
further investigated. This investigation was stimulated by the interest of
the conservators and managers of the libraries to explore the possible
climate-induced deterioration risks by using specific dose-response
functions. In fact, it was not possible to ascribe the actual preservation
state of the collections over time to the monitored indoor climate,
because the previous conditions and arrangement of the collections were
not fully known and might have changed through their history. A dose
response function for paper was developed in Ref. [9] by modelling k, i.
e. the rate of paper degradation per year (at the conditions of dark
storage), as a function of both the acidity of paper (pH) and the indoor
temperature and relative humidity, as follows:

1
_ 11’1(1 — RH) TAT—00T2T -
ln(k) =36.981+36.72 (1,674]‘ _ 285.66> +0.244 ln(lO )
14300
(T +273.15)

3

According to Ref. [9], Equation (3) can be embedded in the Eken-
stam’s function to obtain a damage function for paper where the ex-
pected lifetime, EL (i.e. the time required for objects to become unfit for
use), is calculated as a function of the initial degree of polymerisation
(DP) and the critical degree of polymerisation, which is typically 300, at
which objects are no longer suitable for general access [9]:

| TN

EL= <ﬁ - ﬁ> k 4

To account for an average risk of chemical degradation for paper
collections due to cellulose hydrolysis, we defined a synthetic index,
hereafter named as Time Weighted Expected Lifetime (TWEL). The
TWEL index integrates the damage function for paper derived and
validated in Ref. [9] with the concept of a time-weighted index to
quantitatively compare the chemical risk due to the indoor climate
conditions over different time windows (e.g. a year or a season). Inspired
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by the well-established TWPI index formulated for the chemical degra-
dation of organic materials [8], the TWEL is calculated based on the
running sum of the multiplicative inverses of EL at each time t. Indeed,
we examined various formulations for averaging the EL (e.g. the simple
arithmetic mean, the inverse of the arithmetic mean, etc.) and found that
the proposed calculation of TWEL was the one giving more weight to the
lower values of EL, thus considering the risk underlying the worst-case
scenario. In this way, the TWEL emphasises the impact of the most
adverse climate conditions (mainly temperature) on the overall chemi-
cal deterioration risk for paper collections on a yearly and seasonal
basis.

Fig. 4 shows the workflow for the calculation of the TWEL, which can
be summarised in the following steps:

L. Calculation of 24-h moving average of T (T4y) and 30-day

moving average of RH (RHsq);

II. Calculation of EL from To4, and RH3pq according to Equation (4);

III. Calculation of running sum of the reciprocals of EL at each time t
(ELtunsum);

IV. Calculation of seasonal/yearly TWEL value as the ratio between
the number of observations in the selected period (n) and the
EL;unsum value.

The running average over 24 h for temperature and 30 days for
relative humidity, chosen according to Ref. [8], were found to be
compatible with the response time of paper books as estimated by using
the measurements collected in Collegio Romano according to the for-
mula in Ref. [66]. Based on the prevalent composition of the library
collections (Fig. 3), in this study we used DP = 826.3 and pH = 5.2
typical of acidic collections [47]. Since it was not experimentally vali-
dated yet, the TWEL value expresses only a weighted average of the

Building and Environment 206 (2021) 108394

chemical degradation risk based on the EL.

Demographics of collections were used to investigate the combined
effect of paper handling and indoor climate conditions over the time
required for objects to become unfit for use. It was estimated that each
handling event could develop, on average, at least one large missing
piece every 100 pages for objects having DP < 300, thus losing their
fitness for use [4,9]. The Collection Demography App [17], was used to
run simulations for estimating the accumulation of large missing pieces
per number of handlings. To calculate the demographic curves, the
yearly average temperature and relative humidity and an average access
every 2 years in the library were used. This analysis was based on the
percentage of paper typologies constituting each library collection
(Fig. 3). The effect of deacidification of 10% of the acidic collection was
finally explored by recalculating the demographic curves while model-
ling the deacidified fraction with DP = 640 and pH = 8.1.

3. Results and discussion
3.1. Indoor climate characterisation

The comparative analysis carried out in this study was based on the
periods reported in Table 3. The measurements collected by the TRH
probes at 1.4 above floor for Ca’ Granda and Delfiniana and TRH probe
on the shelf at 2.5 m above floor for Collegio Romano (Fig. 2) were taken
into account. The quality of T and RH time series was objectively eval-
uated before analysing microclimate data in the three libraries and
resulted to be complete (Col = 1) and continuous (CI = 1) for the
considered periods.

On a yearly basis, the indoor median temperatures were higher than
the outdoor ones (Fig. 5). The outdoor temperatures differed depending
on the site, with Udine having cooler average values and larger

n observations of
T and RH at time t

Taan

L 24-hour moving average

of T observations

RH304
30-day moving average
of RH observations

EL(T24n, RH30q)
Expected Lifetime based on cellulose hydrolysis

4

t
ELrunsurn =Z EL—:
i=1

Running sum of the reciprocal of the EL at time t

.

TWEL =n/EL,

Time Weighted Expected Lifetime for historic paper

nsum

Fig. 4. Workflow of the procedure to calculate the Time Weighted Expected Lifetime (TWEL).
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Fig. 5. Left: box-and-whisker plots of indoor (in) and outdoor (out) temperature (a), relative humidity (b) and mixing ratio (c) observations. Right: time plots of
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below 1.5 x IQR (IQR = interquartile range), with black circles.

variability (from —7.4 °C to 37.8 °C) if compared to Milan (from —5.4 °C
to 36.7 °C) and Rome (from 0.4 °C to 36.0 °C). The indoor temperatures
in the three libraries showed comparable levels and trends from June to
September, except for some sporadic T drops in Collegio Romano (red
line) occurred in July/August caused by the cooling system. In cold
periods, Ca’ Granda and Delfiniana behaved similarly, whereas Collegio
Romano experienced higher T due to the switching on of the heating
system in the working days (from Monday to Friday).

The indoor relative humidity observations were found to be signifi-
cantly lower than the outdoor ones (Fig. 5), with medians of indoor
relative humidity around 50% in Ca’ Granda and Delfiniana and around
40% in Collegio Romano. The outdoor RH variability, ranging from 11.8
to 100% in Ca’ Granda, from 13 to 98% in Delfiniana and from 20 to
100% in Collegio Romano, was smoothed out inside the libraries. The
drops in the RH observations in the libraries were mainly driven by MR;
however, in Collegio Romano the RH drops were also associated with T
rises caused by the heating system.

No significant differences in the median of the indoor MR levels
(Fig. 5) were observed between Ca’ Granda, Delfiniana and Collegio
Romano libraries (MR in ~7.0 g/kg), with outdoor MR medians equal to
7.7 g/kg in Milan, 7.1 g/kg in Udine and 8.6 g/kg in Rome. Although the
indoor MR levels in Collegio Romano were only slightly different from
those in the other two libraries from spring to autumn, in winter a
different MR behaviour was observed, probably due to the moisture

release from hygroscopic materials caused by the heating system.

The Normalized Diurnal Range index is shown in Fig. 6 to compare
the thermal buffering capacity of the buildings housing the historic li-
braries. Ca’ Granda had NDR values ranging from —0.1 to +0.1 and the
highest frequency of zero values, meaning that the building envelope cut
off most of the largest outdoor thermal variability, probably due to
massive building envelopes and low air exchange rates [67]. The latter
assumption could be evaluated by specific methods (e.g. the decay
curves of tracer gas), which however are beyond the scopes of this work.
The NDR values obtained in Delfiniana showed a different behaviour in
the cold seasons with respect to the warm ones, with NDR values around
zero in winter and negative NDR values during summer. The negative
NDR values, meaning that T 2; > Tp 14, Were probably due to indoor
summer T peaks being delayed after the outdoor T peaks. In Collegio
Romano, summer NDR values ranged from —0.1 to +0.1 whereas
distinct features characterised the heating period (from November until
April), with a higher variability of NDR values. The short-term fluctu-
ations caused by the active climate control system could be limited
allowing for more relaxed climate targets in winter (e.g. switching off
the radiators or lowering their temperature setpoints), with relevant
beneficial effects also in terms of energy consumption [68]. The NDR
values in Collegio Romano highlighted a higher heat accumulation
(NDR<0) due to both the use of the radiators and the low air exchanges
in summer. It was not possible to establish a correspondence between
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Fig. 6. Normalized Diurnal Range (NDR): time plots (left) and histograms (right). NDR values in time plots (black dots) are shown together with the curves of the 90-
day moving average (thick coloured curves) and double moving standard deviation (thin coloured curves).

the anomalous NDR values (i.e. those lying outside the coloured band in
Fig. 6) and particular events occurred in the libraries. This latter fact was
interpreted as the consequence of the operation of averaging the daily
outdoor values over the reference period, that might have smoothed out
the real pattern of the outdoor thermal variability occurred in the
monitored years.

In Fig. 7 the thermal vertical gradients (AT/Az) in Ca’ Granda and
Delfiniana were compared with the adiabatic gradient of vertical

temperature for dry air (Iq = — 0.05 °C/5 m). Air instability occurs
when AT/Az >Iq. In Delfiniana air instability (i.e. upraising flow of
warmer air masses from the floor and descending flow of colder air
masses from the ceiling) occurred in winter due to the higher T
measured at 1.4 m above floor with respect to those at 6.5 m (Fig. 7). Air
instability can affect paper conservation as it could be responsible for
transporting pollutants and other airborne particulate matter, thus
causing soiling and deposition of dust and fungal spores that are

! o~ o~ |
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Fig. 7. Thermal vertical gradient (AT/Az, where AT = T1-T2), shown as 30-day centred moving averages, together with the adiabatic gradient of vertical tem-
perature for dry air (4 = — 0.05 °C/5 m). Thermal vertical gradients exceeding I'y indicate vertical instability.
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Fig. 8. Frequency distribution plots of the indoor (opaque) and outdoor (transparent) RH observations in a year. The secondary vertical axis refers to the frequency

of outdoor RH values in each class.

ubiquitous. The lower temperatures collected near the ceiling were
interpreted as the possible consequence of the poorly insulated roof
causing heat losses, which were mitigated by the thermal masses in the
lower air layers. As expected, during the warm season the air tempera-
tures near the ceiling were higher than those collected at lower levels
above the floor. The natural summer negative peaks were observed from
mid-May to mid-June in Ca’ Granda and from mid-June to August in
Delfiniana. Thermal stratification may affect the conservation of the
collections closer to the ceiling due to accelerated rates of chemical
deterioration.

Fig. 8 shows the frequency distribution plots of the indoor and out-
door RH observations in the three libraries over the selected periods. All
the libraries were characterized by high RH stability if compared to the
outdoor variability. Indeed, the spread of the indoor RH observations
was narrow and almost symmetric around the medians, as opposed to
the markedly skewed distributions of the outdoor RH towards the
highest values. Ca’ Granda had RH observations centred around 48%
(median) varying between 44% (7th percentile) and 52% (93rd
percentile), Delfiniana RH median = 52% (varying between 48% and
57%) and Collegio Romano RH median = 43% (varying between 39%
and 46%). It is worth noticing that, in the case of a Gaussian distribution,
7th and 93rd percentiles correspond to 1.5 standard deviations [24].

The RH ratio results are summarised in Table 4 together with the
average absolute differences between the indoor MR observations and
the outdoor ones (AMR) and the estimated hygroscopic ratio, calculated
as the ratio between the volume of total hygroscopic materials (i.e.
collection and wooden shelves), and the volume of library room. Ca’
Granda had the relatively highest RH ratio (i.e., 24.1%), whereas Del-
finiana had the relative lowest hygroscopic ratio (i.e., 6.2%). Although
the libraries had comparable values of AMR (i.e., 1.3 g/kg and 1.2 g/kg,
respectively), the RH ratio resulted to be almost doubled in Ca’ Granda
(RH ratio = 24.1%) with respect to Delfiniana (RH ratio = 12.7%).
Collegio Romano showed the relatively highest value of AMR (i.e., 1.8
g/kg), together with the lowest value of RH ratio (i.e., 9.3%). Since it
was not possible to measure the air exchanges, the MR values were used
as a proxy of the indoor/outdoor air masses exchanges [57,61], as
already done in literature [62,63]. For this reason, the relatively higher
value of AMR in Collegio Romano was interpreted as the possible
consequence of reduced indoor/outdoor air masses exchanges with the
outdoors.

Fig. 8 and Table 4 seem to confirm a key aspect of the buffering
behaviour of hygroscopic materials [42,69] in confined environment:
when the percentage of storage space occupied by hygroscopic materials
(i.e., the hygroscopic ratio) is high and air exchanges are low, the hy-
groscopic materials actively contribute to the stabilisation of RH (i.e.,
lower values of the RH ratio). However, even though stable relative
humidity values limit the risk of tensile creep of paper [5], it has to be
considered that reduced ventilation may favour fungal growth and
pollutant accumulation.
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3.2. Conservation risk assessment

Fig. 9 shows the temporal difference of the expected lifetime (EL)
from the planning horizon of 500 years in the libraries. The conservation
risk assessment took into account acidic historic paper, since it was the
predominant paper type in the library collections as well as the one
needing more attention due to its high sensitivity to indoor climate.
From March to December, the EL values resulted to be lower than 500
years, meaning that temperature and relative humidity levels affected
the durability of acidic historic paper. In winter, the low temperatures
observed in Ca’ Granda and Delfiniana (where indoor climate is not
controlled) led to a significant increase in the expected lifetime of the
collections. In Collegio Romano, in which radiators were active from
Monday to Friday during the heating season (from November till April),
the paper collection was under risky conditions.

The T and RH observations collected in the libraries are shown in
Fig. 10 together with the T and RH ranges recommended by some of the
standards in Table 1 (i.e., [18-20,29,31]). The microclimate conditions
inside Ca’ Granda and Delfiniana fitted the selected specifications for a
small amount of the year and substantially never in the case of Collegio
Romano.

In Fig. 11 the temperature and relative humidity observations
collected in the libraries were plotted over the isochrones for acidic
paper collections to evaluate the expected lifetime associated with the
indoor climate. The TWEL index was used to average the overall
chemical risk on both a yearly and a seasonal basis. The value of TWEL
in all the libraries was lower than 350 years in autum, lower than 460
years in spring and only around 135 years in summer. In winter, TWEL
was equal to 1540 and 1230 years respectively in Ca’ Granda and Del-
finiana but only 400 years in Collegio Romano. It is worth noticing that,
since the calculation of TWEL does not linearly weight the expected
lifetime over time, lower values of EL have a higher influence on the
final output, thus considering a worst-case scenario. For this reason,
although the winter TWEL values in Ca’ Granda and Delfiniana were
more than three times higher than in Collegio Romano, the yearly TWEL
values in the three libraries were comparable in magnitude (293, 299
and 235 years, respectively). In Ca’ Granda, the heat accumulation
observed in summer (Fig. 7) caused the yearly TWEL near the ceiling to
be reduced of a further 5% with respect to the TWEL at 1.4 m above
floor. These results better highlighted not only that winter heating
should be avoided whenever possible as a preventive conservation
measure, but also that it is necessary to reduce indoor temperatures
exceeding 20 °C in order to significantly mitigate the risk of cellulose
hydrolysis. Moreover, the comparison among the libraries showed that
the natural unconditioned indoor climates within historic buildings are
preferable and thus could be suggested as a sustainable and effective
preservation strategy for paper collections.

Looking at Fig. 10 in light of the isochrones in Fig. 11, it can be
noticed that the T and RH ranges recommended by EN 16893 [29] are
advisable for the preservation of acidic paper collections; conversely, the
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T and RH ranges recommended by Italian standards UNI 10586 [18],
UNI 10829 [19] and legislative decree D.lgs. 112/98 [20] may not
prevent from the chemical decay of acidic paper collections before the
planning horizon of 500 years. It has to be borne in mind that, although
the 500-year planning horizon was here used as a reference to guide the
evaluation, each cultural institution should seek the expected lifetime
being more appropriate for its collection given the peculiar contextual
factors (e.g., the mission, the purpose, the building performance and the
climate forcing due to its geographic location [10]). In this sense, the use
of the TWEL index can be advantageous to inform preventive conser-
vation strategies through an evidence-based criteria.

Fig. 12 shows the current scenario of the time required for the library
collections to become unfit for use based on the proportions of paper
types in each library (Fig. 3) and the average thermo-hygrometric con-
ditions inside the libraries (Fig. 5). Over the next 200 years, large
missing pieces could occur in Ca’ Granda and Delfiniana to up to 20% of
their collections and in Collegio Romano to up to 40%. If considering the
conservation planning horizon of 500 years (vertical dashed black line),
Collegio Romano could experience the whole collection being damaged
from the combination of handling and chemical decay, while the wear
and tear risk in Ca’ Granda and Delfiniana could affect more than a half
of the collections.

Table 5 summarises the increase in the fraction of collection fit for
purpose through the preservation measure scenario of the deacidifica-
tion of 10% of the acidic collection with respect to the current scenario
(Fig. 12). Deacidification is a conventional treatment for the restoration
of acidic paper that rises the pH by removing the accumulated acid
components as well as introducing an alkaline reserve that protects the
material from further acid degradation. In the tested scenario, 10% of
the acidic part of collections was replaced by an identical amount of
paper having DP = 640 and higher pH = 8.1. Taking into account the
high investments and time required to accomplish such an intervention,
the expected benefit after the deacidification is low in terms of the in-
crease in the fit-for-use fraction of the total collection if compared to the
current scenario (Table 5). For this reason, if the current indoor climate
conditions will be maintained, the deacidification of 10% of the col-
lections might be not an effective preservation measure.

Finally, based on the EL definition (Equation (4)), it was possible to
explore the effect of mitigation measures -such as climate control and
deacidification on the resulting chemical risk for acidic paper preser-
vation. Fig. 13 illustrates some examples of the changes in the EL values
of severely deteriorated acidic paper collections (DP = 600) from the
initial conditions (where EL = 68 years, at T = 30 °C and RH = 50%) to
the final conditions (highlighted in bold on the y-axes), where temper-
ature (T), relative humidity (RH) or paper acidity (pH) were changed. As
shown in the graphs, a RH reduction of 20% (Fig. 13a) and a T decrease
of 10 °C (Fig. 13b) are not sufficient to make EL > 255 years; deacidi-
fication up to pH = 8 (Fig. 13c) increases the EL value up to 369 years;
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Table 5

Fit-for-use fraction of the total collection before (current scenario in Fig. 12) and
after the deacidification of 10% of the acidic collection fraction in 200 and 500
years.

Fit-for-use fraction of collection (%) before (left) and after (right) deacidification

Time horizon Ca’ Granda Delfiniana Collegio Romano
200 years 83 87 79 81 64 65
500 years 35 42 28 34 6 13

however, only through the concurrent T and RH reduction (Fig. 13d) itis
possible to reach the planning horizon of EL = 500 years.

4. Conclusions

The study of the historic libraries can be addressed both to the book
collections and the building itself. For the first time, the availability of
long thermo-hygrometric series collected in three historic libraries
located in northern and central Italy allowed us to comparatively study
their indoor climate conditions to provide more insight into the pre-
ventive conservation of paper. The study provided the indoor climate
characterisation of the historic buildings housing the libraries and the
climate-induced risk assessment based on the chemical risks for the
preservation of the library collections.

The approach developed in our study enables a wide-ranging
investigation on historic libraries. Indeed, the Normalized Diurnal
Index (NDR) was used to compare the natural thermal inertia of the
unconditioned buildings of Ca’ Granda and Delfiniana with respect to
that of Collegio Romano where winter heating is active. In addition, the
proposed Time Weighted Expected Lifetime (TWEL) index proved to be
useful to explore the effect on paper conservation of changes in the in-
door climate conditions resulting from climate control strategies, ret-
rofitting measures and/or the possible future climate change.

The results of the investigation highlighted that the historic libraries
had high thermal inertia and moisture buffering capacity due to the
possible combined effect of the massive building envelopes, low air
exchanges and large total volumes of hygroscopic materials (i.e., paper
collections and wooden shelves). In terms of paper preservation, it was
found that the monitored microclimate conditions in all the libraries
would lead to the loss of their acidic collections in less than 300 years,
mostly because of the high temperatures typically occurring in summer.
Besides, the use of winter heating in Collegio Romano further reduced
the expected lifetime with respect to that estimated in the free-floating
climates of Ca’ Granda and Delfiniana in the same season. For this
reason, the natural unconditioned indoor climates within historic
buildings could be suggested as a sustainable preservation strategy for
paper collections in winter. This can be relevant for library conservation,
since nowadays the increased fruition, the extensive use of heating

—— Ca Granda
= Delfiniana
—— Collegio Romano
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Fig. 12. Scenario of lifetime profiles over time showing the percentage of collection fit-for-use (i.e., items that can be safely handled) if stored at the current average
thermo-hygrometric conditions inside the libraries. The vertical dashed lines highlight the current scenario in 200 and 500 years.
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Fig. 13. Examples of mitigation strategies through T/RH reduction (a, b, d) or deacidification (c) by changing temperature (T), relative humidity (RH) or paper
acidity (pH): changes in the expected Lifetime (EL) of severely deteriorated acidic paper collections (DP = 600) from the initial condition (I) at T = 30 °C and RH =

50% (EL = 68 years) to the final conditions (F).

systems and the latest climate change scenario [70] are leading the
microclimate within historic buildings away from the natural one.

Some considerations about the limitations of our study are here
outlined. First, the limited number of thermo-hygrometers per case
study made it unfeasible to analyse spatial differences in T and RH
values within each library. Moreover, the impact of the solar radiation
entering the room and the air exchanges with the outdoors could not be
quantitatively assessed because specific instruments for their measure-
ments were not available. Finally, the proposed TWEL has not been
experimentally validated yet, hence its value only expresses a weighted
average of the chemical degradation risk based on the expected lifetime.

The above reflections stimulate further research on the conservation
of historic libraries in view of the climate change predictions.
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