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ABSTRACT
This paper proposes the use of simulation modelling to explore the effect of conservation
strategies on the preservation of paper collections. Agent-based simulation was chosen as the
simulation approach in order to capture the individual characteristics of the collections, their
size, and the values of pH and degree of polymerisation (DP) for individual items. This
approach enabled the simulation of the chemical degradation of different types of collections
during their lifetime and under different preservation scenarios. We conducted a series of
computational experiments on three types of collections, acidic, modern, and mixed, to
explore the effect of slightly lowering the temperature and relative humidity in the
repositories, the deacidification of part of the collection at different rates, and the delay in
making the decision to start a deacidification treatment. The results indicated that a small
change, lowering the storage conditions from 18°C to 16°C and from 50% to 40% RH, can
protect up to 30% of the collection from reaching the critical DP of 300 within a time horizon
of 500 years. On the other hand, to obtain similar results through deacidification, 45% of the
mixed collection and 70% of the acidic collection should be deacidified within a period of 100
years. The experiments also indicated that better results are obtained when the priorities for
deacidification are acidic records with a pH value below 5. This study shows that modelling
the heterogeneity of the collections can support preservation management, particularly if the
concern is not the preservation of a part of the collection but the collection as a whole.
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Introduction

Acid-catalysed hydrolysis has been identified as the
most important degradation mechanism in paper
(Zou, Uesaka, and Gurnagul 1996; Zervos 2010). This
is particularly the case for collections dating from the
nineteenth century when lower quality wood fibres
and alum-rosin sizing were introduced into paper
manufacture, resulting in acidic pH values of paper. In
order to manage the useful lifetime of collections con-
taining acidic paper, preservation strategies have been
proposed, consisting of a single or combined appli-
cation of two preservation measures: lowering the
storage temperature (T) and relative humidity (RH),
and the deacidification of (part of) the collection.

In order to support preservation planning, research
has been conducted to quantify the effect of these
preservation options on the lifetime of collections.
Regarding the study of the effect of changing the
storage conditions, different models have been pro-
posed to simulate the degradation of paper based on
the Arrhenius equation (Ligterink and Di Pietro 2018;
Tétreault et al. 2019). One of the proposed models is
the damage function for acidic catalysed degradation
of cellulose along with isochrone charts which show

the lifetime expectancy of paper with a certain initial
degree of polymerisation (DP) and pH value in
different environmental conditions (Strlič et al.
2015b). If data is available on the DP and pH of individ-
ual items, then the expected lifetime expectancy of the
whole of the collection can be calculated for long-term
preservation planning. Whereas surface pH measure-
ment does not require sophisticated equipment, the
measurement of the DP is complex, and requires
destructive sampling. However, in the last decade
advances have been made with the development of
a tool that derives DP values from the correlation
between near infrared (NIR) spectra and analytical
data obtained on a reference collection (Strlič, Kolar,
and Lichtblau 2007), and commercial initiatives have
become available that can be used during collection
surveys (Duran-Casablancas et al. 2019).

On the other hand, research has also shown that
deacidification can increase the lifetime of paper by a
factor of 3 (Balazic et al. 2007). Although these results
show the effectiveness of deacidification, they do not
necessarily provide information on how it could be
applied strategically, i.e. to optimise the preservation
outcome. Usually, a (small) part of the collection is
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selected for deacidification, depending on the available
budget. However, the benefits of such a strategy on the
whole of the collection and whether the same results
could be obtained by other strategies have not been
explored yet.

In view of this, the focus of this paper was to explore
the effect of preservation options, in particular deacid-
ification, when they are tested in realistic scenarios,
taking into account the type and size of the collection.
First, we analysed the importance of the selection cri-
teria for deacidification. Although paper with pH
below 7 is eligible for deacidification, institutions opt
to prioritise papers with a lower pH value, with 5.5 as
the upper limit (Porck 2006; Shenton 2006). Similarly,
some institutions would only select records for the
deacidification treatment when paper is still strong
and flexible enough, excluding brittle paper that will
not benefit from the treatment as long as strengthen-
ing is not part of the treatment (Grossenbacher
2006). After identifying the best selection criteria for
deacidification, we explored how similar preservation
outcomes can be achieved either by deacidifying or
by improving the environmental conditions of
storage. Lastly, we assessed the long-term effect of
delaying the decision of implementing a certain preser-
vation strategy.

A model to examine these questions should meet
two requisites: firstly, the degradation processes as
well as the implementation of preservation options
should be simulated over time, and secondly, the
model should capture the individual characteristics of
items of the collection. In order to capture the
dynamic behaviour of the collections over time, we
used mathematical modelling, specifically computer
simulation. The mathematical formulation makes it
possible to explore how changes of parameter values
impact the overall behaviour of the model.

Regarding the importance of capturing the charac-
teristics of the items to model the degradation of the
collections, there are two main simulation approaches:
system dynamics (SD) and agent-based simulation
(ABS) (Schieritz and Milling 2003). SD takes an aggre-
gate view. Stocks of population represent different
states of the items with different probabilities.
However, archival and library collections are a compo-
sition of individual items, with their own values of pH
and DP. In order to capture the heterogeneity of the
collections and the behaviour that follows from the
individual characteristics, then a higher level of detail
is needed. In that case, agent-based simulation seems
the most appropriate approach, as ABS has been
defined as ‘a modeling and computational framework
for simulating dynamic processes that involve auto-
nomous agents’ (Macal and North 2014). In ABS a com-
posite of agents with individual characteristics and
behaviour is modelled (Weimer, Miller, and Hill 2016),
in order to capture the heterogeneity of the agents

across a population. In our case, if the population is
an archival or library collection, then agents are a
single or a group of inventory numbers. Another impor-
tant element in ABS is the ‘environment’ which affects
the agent’s behaviour. In the case of heritage collec-
tions environment, it may refer to the storage con-
ditions or other preservation measures.

By using ABS, we were able to conduct simulations
of what-if scenarios with a high level of detail, where
each parameter regarding the selection of the agents
to be treated, the level of treatment, and the timespan
of the treatment could be adjusted at initialisation of
the run or any given timestep during the run.

Methodology

Modelling

The first step of the modelling process consisted of the
creation of a population of agents. In this model, the
population is the whole archive or library collection,
while agents are the inventory numbers (archival
records or books). A population can be created with
any desired number of agents. However, in order to
make the simulation computationally efficient, but
still close to the daily practice in institutions, we
created a population of 2000 agents. This implies that
in the case of a population representing a collection
of 50,000 linear metres, an agent is equivalent to 25
metres of archival records, and that the minimal
amount of metres to be selected for deacidification
per year is 25 metres, or in the case of a collection of
15,000 linear metres, one agent is 7.5 metres.

Then the individual characteristics of the agents
were defined. An initial DP and pH value and a state
(good, fair, and critical) was attributed to each agent:
good condition if the DP value is higher than 800, fair
condition if the DP value is between 301 and 800,
and critical condition if the DP has reached the critical
value of 300. This classification follows the characteris-
ation proposed by Strlič et al. (Strlič et al. 2015a) of
fitness-for-use, where papers with a DP lower than
300 are defined as unfit for purpose due to their poor
mechanical properties. During a run, the condition of
the agents may change depending on their actual
DP. As default, the agents were not deacidified, in
order to compare the effect of deacidification to
other preservation strategies.

As the focus of this study lay on the management of
the chemical degradation of paper collections, the
model included two conservation options: changing
the environmental conditions and deacidification. The
environment was controlled by modifying the values
of temperature and humidity. Deacidification was con-
trolled by setting three parameters: the number of
metres deacidified per year and the pH and DP
values used to select the agents to be deacidified.
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The impact of the inputs on the behaviour of the
agents was modelled using the damage function
developed for acidic catalysed degradation of cellulose
(Strlič et al. 2015b). This damage function calculates the
actual DP yearly, which decreases depending on the pH
of the paper and the storage temperature (T) and rela-
tive humidity (RH). In order to model the effect of dea-
cidification, when an agent was selected for
deacidification, then the pH value of the agent was
returned to a value between 7 and 9.5, following a
theoretical uniform distribution. As shown in the
study conducted by Ahn et al. (Ahn et al. 2011),
depending on the applied deacidification method
different frequency distributions of the surface pH
after treatment are obtained. Although it is not
further explored in this paper, the model allows one
to test different distributions to study the uncertainty
related to the effectiveness of the deacidification
treatment.

The output of the model was the annual percentage
of the collection in a certain state, as well the percen-
tage of collection deacidified. The experiment had a
run time of 500 years. Other time horizons could be
chosen if so desired. In addition, in every time step
the input values could be varied. This allowed us to
choose the duration of a certain measure as well as
the time of implementation.

AnyLogic® simulation software, version 8.5.1., was
used to build and run the simulation model.

Modelled data. To explore the impact of preservation
measures on different types of collections, we created
model datasets, representing archival and library col-
lections. To build the archival collections, the SurveNIR
historic reference paper collection (665 samples) (Strlič
et al. 2015b) and data from 431 papers of the collec-
tions of the Amsterdam City Archives and the Dutch
National, collected using the SurveNIR instrument
(Lichtblau e.K., Germany) (Duran-Casablancas et al.
2019) were used. First, the frequency distributions of
the DP of three datasets were created to represent: a
collection with mainly papers with low DP and pH
values (mostly groundwood paper), a second collection
dating from 1850 containing groundwood paper and
bleached pulp papers, and a third collection containing
rag, bleached pulp, and groundwood paper. Then the
pH values were created with randomly generated
data following a normal distribution. Different input
values were introduced for different DP values:

(1) mean = 5.150; SD=0.5169 if DP < 1000
(2) mean = 5.704; SD=0.6466 if 1000≤DP > 1500
(3) mean = 6.167; SD=0.6209 if 1500≤DP >2000
(4) mean = 6.34; SD=0.5907 if DP≥ 2000

The three generated datasets can be described as
follows (Figure 1):

(1) Acidic archival collection (C.1): The first dataset rep-
resents a collection of mostly groundwood paper,
solely including papers with a pH value below 6
(31% of them with a pH value below 5). Conse-
quently, the DP frequency distribution is clearly
positively skewed, with a mode peak around 700
and mean DP of 859.

(2) Modern archival collection (C.2): In this dataset the
DP frequency distribution is slightly positively
skewed and the peak value is around 1000 to rep-
resent the chemical characteristics of groundwood
and bleached pulp papers dating after 1850. Com-
pared to a mixed collection the percentage of
acidic paper is higher (71% with a pH value
below 6 and 22% below 5).

(3) Mixed archival collection (C.3): This dataset rep-
resents a collection containing rag, bleached
pulp, and groundwood paper. This results in a
bimodal DP frequency distribution, with a first
wave representing acidic paper with a peak value
around 600 and a second wave for rag paper and
good quality modern paper with a higher peak
value around 1800. Regarding the pH, 61% of the
collection has a pH value below 6, and 17% a
value below 5.

In addition to the acidic collection described above,
which represents acidic collections in archives, two
more datasets were created to characterise acidic
library collections dating from 1850. In this type of col-
lection, up to 90% of the printed books are acidic, and
the folding endurance is low (Bajzíková, Hanus, and
Bukovský 2008; Vinther Hansen and Vest 2008).
Figure 2 shows the DP frequency distribution of a
library collection (L.1) with a mean DP of 444, and a
second library collection (L.2) with an even lower
mean DP of 398. The acidic archival collection (C.1)
shown in Figure 1 is also included as comparison. The
Minitab-18 program (Minitab Inc., PA, USA) was used
to create the datasets.

Description of experiments

A collection of 50,000 metres was chosen to calculate
the number of metres that are deacidified depending
on the strategy. However, the calculations are shown
as relative values (i.e. percentages of the collection)
rather than absolute values (metres). As a result, the
model is applicable to collections of any size. The per-
centage of the collection unfit for the purpose of hand-
ling (DP < 300) during or after 500 years was used to
evaluate the output of different model runs.

The experiments conducted to explore the selection
criteria for deacidification and to compare the impact
of changing environmental conditions in repositories
versus deacidification are described in Table 1. A
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deacidification rate of 100 m of the collection in 100
years, equivalent to the deacidification of 20% of the
collection, was chosen in order to obtain a noticeable
difference in the results between the baseline (no dea-
cidification) and the deacidification experiment.

Two series of experiments were also conducted on
the archival collections (C.1, C.2, C.3) to explore the
effect of delaying the decision of deacidification. In
the first series, experiment 3.4 was repeated changing
the duration of the treatment between 50 and 350
years. In the second series, the deacidification treatment

conducted during 50 years to obtain the same results as
in 3.4 was delayed with time steps of 50 years.

The experiment results were compared using the
Minitab-18 program (Minitab Inc., PA, USA).

Results

Criteria of selection for mass deacidification

In the first experiment, we explored the long-term
effect of a deacidification strategy that prioritises the

Figure 2. Generated datasets for three acidic collections with different DP frequency distributions of a population of 2000 agents.

Figure 1. Generated datasets for (a) acidic (C.1), (b) modern (C.2), and (c) mixed (C.3) collections. The graphs show the DP frequency
distribution and the individual values of DP and pH of a population of 2000 agents.
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most acidic records. In the case of acidic and modern
collections, the rate of the treatment, 100 m per year
during 100 years, resulted in the deacidification of
20% of the collections. In the case of mixed collections,
the treatment could be solely implemented on 17% of
the collection, as this is the total percentage of the col-
lection with a pH lower than 5.

The results indicated that, in all three types of collec-
tions, lowering the pH value to 5 as the selection cri-
terion leads to a lower percentage of the collection in
critical condition in the long-term (Table 2). Modern
collections seem to benefit the most from this strategy.
When the DP value is used as a selection criterion, the
results indicate that excluding items which are too
brittle has little impact on the overall effectiveness of
the treatment. In summary, in these scenarios, using
pH as the selection criteria for deacidification is a
better strategy than using the DP.

Storage conditions vs deacidification

In the following series of experiments, preventive preser-
vation measures related to the storage conditions were
compared to the conservation measure of deacidifica-
tion of the collections. In the first experiment, we
tested the best results that can be achieved if it were
feasible to deacidify the whole collection within one

year and with no delay. The tests were conducted on
the three acidic collections, C.1, L.1, and L.2 (Table 3).
At the beginning of the run (time 0), the percentage of
the collection with a DP lower than 300 was 10% for
each of the collections. In the case of the acidic collection
with a higher DP average (C.1), if deacidification is con-
ducted, then just 14% of the collection would reach
the state of being unfit for purpose. The same results
were obtained if the collection is kept in storage con-
ditions of 5°C and 45% RH, which were also equivalent
to the results obtained when the storage conditions
are 8°C and 40% RH. However, in the case of the other
two acidic collections, we observed that the lower the
DP average of the collection the larger the differences
in effectiveness between the preservation strategies. In
these two cases (L.1 and L.2), even if the whole collection
was deacidified, more than 25% of the collection
reached a DP lower than 300 after 500 years. To
achieve a better level of protection, cold storage
(storage T below 5°C) seems to be the only option.

When considering archive collections as a whole, it
would not be affordable to implement deacidification
on such a scale, within a short time, or to change to
cold storage. Therefore, in the following experiment,
we explored scenarios that are more realistic: a small
change in the repository conditions, assuming 18°C
and 50% RH as baseline; or the deacidification of a

Table 1. Description of the experiments.

Experiment Collection T (oC) RH (%) Deacidification

Rate (m/year) duration (year) delay (year) pH DP <300

Experiments to explore selection criteria deacidification
Baseline 1 C.1 C.2 C.3 18 50 100 100 0 <6 included
1.1 C.1 C.2 C.3 18 50 100 100 0 <5 included
1.2 C.1 C.2 C.3 18 50 100 100 0 <6 excluded
1.3 C.1 C.2 C.3 18 50 100 100 0 <5 excluded

Experiments to compare environmental conditions vs deacidification
Baseline 2 C.1 L.1 L.2 18 50 0 0 0 – –
2.1 C.1 L.1 L.2 16 40 0 0 0 – –
2.2 C.1 L.1 L.2 5 40 0 0 0 – –
2.3 C.1 L.1 L.2 18 50 whole collection 1 0 – –

Baseline 3 C.1 C.2 C.3 18 50 0 0 0 – –
3.1 C.1 C.2 C.3 16 45 0 0 0 – –
3.2 C.1 C.2 C.3 16 40 0 0 0 – –
3.3 C.1 C.2 C.3 18 50 100 100 0 < 5 excluded
3.4 C.1 C.2 C.3 18 50 metres to obtain results as in 3.2 100 0 < 6 excluded

Table 2. Comparison of the effect of a deacidification treatment on the percentage of the collection unfit for purpose after 500
years when different selection criteria for deacidification are applied. The last column shows the difference in the end results
between the baseline and the experiment.
Type collection Experiment pH DP < 300 Collection deacidified (%) Unfit for purpose (%) Difference Baseline-Experiment (%)

C.1: Acidic Baseline 1 < 6 included 20 52.9 0
Exp. 1.1 < 5 included 20 46.9 6
Exp. 1.2 < 6 excluded 20 51.9 1
Exp. 1.3 < 5 excluded 20 44.9 8

C.2: Modern Baseline 1 < 6 included 20 29.1 0
Exp. 1.1 < 5 included 20 20.5 9
Exp. 1.2 < 6 excluded 20 28.7 0.4
Exp. 1.3 < 5 excluded 20 19.6 9.5

C.3: Mixed Baseline 1 < 6 included 17 25.2 0
Exp. 1.1 < 5 included 15 19.7 5.5
Exp. 1.2 < 6 excluded 17 24.6 0.6
Exp. 1.3 < 5 excluded 15 19.6 5.6
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part of the collection. The results showed visible differ-
ences in an early stage of the experiment conducted on
acidic collections (C.1) (Figure 3). In the case of the
other two collections (C.2 and C.3), the differences
became visible after 100 years. The largest impact on
the preservation of the collection was observed when
temperature and RH are lowered, particularly in the
case of acidic collections (C.1) (Table 4). In the case of
mixed collections (C.3), similar results were obtained
between the deacidification of 15% of the collection
and lowering the T and RH to 16°C and 45%.

These experiments illustrate that similar results can
be obtained by lowering T and RH and by deacidifying
a certain percentage of the collection, depending on
the type of the collection, i.e. the percentage of

acidic paper within a collection. In the next experiment,
we calculated howmany metres need to be deacidified
during a period of 100 years to obtain the same results
as when storage conditions of 16°C and 40% RH are
met. The experiments showed that it is not feasible
to achieve these results by deacidification of records
with a pH < 5 exclusively. For example, in the case of
the acidic archival collection (C.1), if only records with
a pH lower than 5 were deacidified (37% of the collec-
tion) then 38% of the collection would reach a DP lower
than 300. To obtain the same results as the ones
obtained by storage conditions of 16°C and 40% RH
(ca. 31% in critical condition), then records with a pH
value up to 6 need to be included. Table 5 shows the
percentage of the collection during 100 years that
needs to be deacidified to obtain the same results as
storage conditions of 16°C and 40% RH.

Effect of delay in decision-making

In the prior experiment (Table 5), a number of metres
were deacidified during a period of 100 years to
obtain similar results compared to storage conditions
of 16°C and 40% RH. However, similar results can also
be obtained by following other strategies. Figure 4
shows the number of metres that need to be deaci-
dified of for each of the archival collections (C.1 – C.3)
if another timespan for the treatment is chosen in
order to obtain the same results as stated in Table 5.
The longer the timespan the lower the number of
metres that needs to be deacidified per year.

Table 3. Comparison of strategies for three acidic collections
after a time horizon of 500 years. The last column shows the
difference in the end results between the baseline and the
experiment.

Type
collection Experiment

Experiment
description

Unfit for
purpose
(%)

Difference
Baseline-
Experiment

(%)

C.1 Baseline 2 18°C – 50% 62.5 0
Exp. 2.1 16°C – 40% 31.2 31.3
Exp. 2.2 5°C – 40% 12.5 50.0
Exp. 2.3 deacidification 14.4 48.1

L.1 Baseline 2 18°C – 50% 94.7 0
Exp. 2.1 16°C – 40% 68.2 26.5
Exp. 2.2 5°C – 40% 20.1 74.6
Exp. 2.3 deacidification 28.9 65.8

L.2 Baseline 2 18°C – 50% 97.3 0
Exp. 2.1 16°C – 40% 80.2 17.1
Exp. 2.2 5°C – 40% 25.4 71.9
Exp. 2.3 deacidification 39.4 57.9

Figure 3. Results of four preservation strategies conducted on (a) acidic, (b) modern, and (c) mixed collection, in the time horizon of
500 years.

Table 4. The preservation strategies presented in Figure 3 are compared at the end of the time horizon of 500 years. The last
column shows the difference in the end results between the baseline and the experiment.
Type collection Experiment Experiment description Unfit for purpose (%) Difference Baseline-Experiment (%)

C1: Acidic Baseline 3 18°C – 50% 62.5 0
Exp. 3.1 16°C – 45% 39.1 23.4
Exp. 3.2 16°C – 40% 31.2 31.3
Exp. 3.3 20% deacidification 44.9 17.6

C2: Modern Baseline 3 18°C – 50% 37.8 0
Exp. 3.1 16°C – 45% 16.9 20.9
Exp. 3.2 16°C – 40% 12.4 25.4
Exp. 3.3 20% deacidification 19.6 18.2

C3: Mixed Baseline 3 18°C – 50% 32.5 0
Exp. 3.1 16°C – 45% 18.7 13.8
Exp. 3.2 16°C – 40% 15.6 16.9
Exp. 3.3 15% deacidification 19.6 12.9
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However, as the collection degrades over time, and the
part that that has not been treated yet degrades even
faster, slowing the treatment rate will have the conse-
quence that a higher percentage of the collection will
need to be treated to obtain the same results.

In the last experiment, we explored the conse-
quences of delaying the decision to deacidify. As an
example (Figure 5), we delayed in steps of 50 years
the strategy of deacidifying the collections within 50
years (first strategy in Figure 4). The effect of the
delay in implementing a preservation measure is
most noticeable in acidic collections, where the percen-
tage of metres unfit for purpose increases linearly with
the delay. The effect is also clear in the case of modern
collections, but rather than being linear, the conse-
quences are more severe further in the future. Similar
results were obtained when the implementation of
lowering in T and RH in the repositories was delayed.

Discussion and conclusion

Simulation modelling was used to examine the impact
of different preservation strategies on the chemical
degradation of paper collections within a time
horizon of 500 years. The aim of this study was to
explore whether the positive effect of a small change
in the storage environmental conditions on the preser-
vation of paper collections could be achieved by other
means, namely deacidification, following different
selection strategies.

The experiments showed that the prioritisation of
the most acidic records, with a pH value below 5, has
a noticeable positive effect on the effectiveness of
the treatment. In this study, effectiveness is measured
in terms of preventing records reaching the critical
DP of 300. Naturally, by narrowing the records eligible
for deacidification, the probability of selecting those
records which would benefit the most increases.

When dealing with limited financial resources, the
prioritisation of those records that would benefit
from a deacidification treatment the most becomes
relevant. In this case, the records that would benefit
the most are those with a higher rate of degradation
due to the low pH value, and a DP value close to the
critical DP value of 300. To illustrate the scale within
which chemical degradation occurs, according to the
damage function for acidic catalysed degradation of
cellulose (Strlič et al. 2015b), it is expected that DP
loss for records with a pH value of 6 will be 120 in
100 years, and 220 for records with a pH value of 5,
assuming storage conditions of 18°C and 50% RH
(Figure 6). Although the benefits of a comprehensive
selection are clear, such a detailed selection can be
extremely time-consuming, particularly when inven-
tory numbers are a composite of different types of
paper. Institutions must therefore balance the
thorough process of selection against the chance of
treating part of the collections with a lower priority
leading to higher costs of deacidification.

We showed that when the goal is to optimise the
preservation of the whole of the collections, depend-
ing on the percentage of acidic papers within the
collection, similar results could be achieved if the
entire collection is deacidified or alternatively kept
in a cold storage of 5°C and 40% RH. However,
when dealing with acidic collections with a mean
DP lower than 500, such as in the case of library col-
lections, the same level of protection cannot be
achieved by deacidification, with cold storage the
most effective measure, in agreement with the

Table 5. Number of metres that need to be deacidified per
year during a period of 100 years to obtain similar results on
the preservation of the collection of 50,000 metres compared
to storage conditions of 16°C and 40% RH.
Type collection Deacidification (m/year) Collection deacidified (%)

C.1: Acidic 350 70
C.2: Modern 300 60
C.3: Mixed 225 45

Figure 4. A comparison of strategies for deacidification with
the same effectiveness as storage conditions at 16°C and
40% RH. The strategy is described by the number of metres
that need to be deacidified per year (y left axis) and for how
long (x axis). The resulting percentage of deacidified collection
after the treatment is also shown (y right axis).

Figure 5. Effect of the strategy of deacidifying part of the col-
lection in 50 years (delay 0 years) and the effect of the same
strategy if implementation is delayed in steps of 50 years.
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predictions presented in other studies (Vinther
Hansen and Vest 2008).

We also explored various less demanding scenarios,
for example decreasing the T to 16°C and the RH to
40%. Results indicated that all types of collections
would benefit from a small decrease in the T and RH
in the repositories. When dealing with acidic collec-
tions, differences in preservation were already visible
within the timespan of the next 100 years. The
improvement was most noticeable for acidic collec-
tions, with a mean DP of 800. However, we observed
that when dealing with collections with a mean DP
lower than 500, a small decrease in T and RH has a
limited impact and more rigorous measures, such as
cold storage, are the only option to keep the percen-
tage of brittle paper lower than 25% of the collection.

Compared to deacidification, changing the environ-
mental conditions seems to be more effective as the
whole collection benefits from this preservation
measure. Moreover, when the concern is the preser-
vation of the collections as a whole, deacidification
might turn into a highly expensive option. For
example, institutions holding small size mixed collec-
tions have the option to deacidify a relatively small
part of their collection (ca. 15%) in 100 years, achieving
similar results as when changing the environmental
conditions to 16°C and 45% RH, if the selection criteria
for deacidification are pH lower than 5 and records with
DP lower than 300 are excluded. If the selection criteria
are pH lower than 6, then the percentage to be deaci-
dified rises to 35%. To obtain the same level of effec-
tiveness as storage conditions of 16°C and 40% RH,
the percentage of the collection that need to be
treated rises from 45% for mixed collections to 70%
for acidic collections. Table 6 shows an overview of
the simulations conducted comparing the effect of
different environmental conditions and deacidification,
when records with pH lower than 6 are deacidified.

Preservation planning is generally driven by the
available budget within the operational planning of
3–5 years (Bell, Cassar, and Strlič 2018). However, to
save financial resources in the long-term, institutions

that choose deacidification as a conservation strategy
need to keep in mind that the most efficient strategy
is to deacidify as much as possible and as soon as poss-
ible. Through simulations, we could examine the effect
of preservation measures over time, while degradation
of the collection takes place. We calculated that if an
institution opts for a lower rate of deacidification,
then deacidification treatment needs to be carried
out longer period to obtain the same results, and con-
sequently a higher percentage of the collection will be
deacidified at a higher cost.

This study has shown the potential of agent-based
simulation when the individual characteristics of the
collection are a determinant factor. The use of simu-
lations also allows testing what-if scenarios taking
into account the changes that occur over time, such
as degradation processes. Moreover, the level of
detail of simulation is high, as any single element of
the model can be modified during the runs. Although
it has not been further explored in this study, combi-
nations of preservation measures can be done and
uncertainty can be introduced by using probability dis-
tributions, for example, to capture the uncertainty of
the effectiveness of deacidification regarding the pH
value after treatment. For this study, datasets were
generated representing typical paper collections.
However, any collection with its own characteristics
can be introduced in our model. The model can also
be further developed to include other aspects of

Figure 6. Expected DP loss in 100 years depending on the pH
value of the record, assuming storage conditions of 18°C and
50% relative humidity, according to the damage function
developed for acidic catalysed degradation of cellulose (Strlič
et al. 2015b).

Table 6. Comparison of environmental strategies versus
deacidification for acidic (L.1, C.1), modern (C.2) and mixed
(C.3) collections after a time horizon of 500 years. First
column shows different environmental strategies. Second
column shows the percentage of the collection that should
be deacidified to get the same results as the environmental
strategies. Records with a pH value lower than 6 were
selected for deacidification. The duration of the
deacidification treatment was 100 years.
Storage conditions Collection deacidified (%) Unfit for purpose (%)

Library collection (L.1)
18°C – 50% – 95
16°C – 45% 30 77
16°C – 40% 45 68
10°C – 45% 100 39
5°C – 40% – 20

Acidic archival collection (C.1)
18°C – 50% – 62
16°C – 45% 50 39
16°C – 40% 70 31
10°C – 45% 100 17
5°C – 40% – 13

Modern archival collection (C.2)
18°C – 50% – 38
16°C – 45% 45 17
16°C – 40% 60 12
10°C – 45% 71 6
5°C – 40% – 4

Mixed archival collection (C.3)
18°C – 50% – 33
16°C – 45% 35 19
16°C – 40% 45 16
10°C – 45% – 8
5°C – 40% – 7
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preservation management, such as costs and access.
Agent-based simulation has the potential to become
a tool to be used to examine current strategies as
well as to develop new ones.
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