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This paper presents the findings of a case study of a rare
books archive that seeks to balance the environmental
needs of both the collection and users of the library. With
the aid of physical data collection and computer simula-
tions using computational fluid dynamics, the indoor envi-
ronmental performance of the archive was analyzed. Data
was collected on the archive’s air temperature, humidity,
light level, volatile organic compounds, particulates, mold,
and formaldehyde. In addition, the mechanical system was
investigated as was the design and construction of the
archive and its maintenance and operation. Specific areas
of investigation were ventilation effectiveness, tempera-
ture distribution, pollutant concentration, and possible
indoor and outdoor sources of pollutants specific to the
environment under investigation.  Focus was placed on
improving the overall local mean age of air and minimizing
potential sources of pollutants as a result of maintenance
and design. This study provides some insight into how
architects, preservationists, conservators, and environ-
mental engineers can collaborate to design more environ-
mentally sound archive spaces.

1 Introduction

The design, construction, and operation of archive environments are

unlike conventional buildings because they require the most stringent

of indoor environmental conditions for the preservation of their col-

lections.  Although these buildings may have been designed with the

best intentions, the actual conditions of the indoor environmental per-

formance may be compromised over time.  And without the approp-

riate team of specialist with knowledge of conservation environments

and needs involved in the design and maintenance of the building, the

indoor environmental performance may be further compromised.

This paper presents the findings of a pilot case study on the environ-

mental performance of a rare books library situated on the campus of

a major research university in the Midwest region of the United States

M O R A N A RTD d.o.o.

e-PRESERVATIONScience



of America.  The building was built in 1968 and

contains over 750,000 rare books and manuscripts

dating from antiquity to the present day.  The pro-

ject was initiated by the library’s staff because of

their growing concerns over the building’s ability to

properly provide conservation level environmental

control.  Environmental monitoring of the archive

by the staff was limited to air temperature and

relative humidity levels using data loggers which

only provided a narrow view of the indoor perfor-

mance.  In addition to those two variables, the

staff was aware of condensation occurring in the

gallery space (location D on Figure 1) during the

fall and winter and accelerated deterioration of

books on the perimeter due to ultraviolet (UV) light

exposure from the north façade.  

This study aimed to provide a wider view and

understanding of the archive’s performance.  The

goal was to examine the building’s ability to provi-

de a preservation level environment using both

quantitative and qualitative methods.  Based on

initial observation and interviews, it was hypothe-

sized that the archive was subject to inadequate

air circulation, uneven temperature distribution,

wide fluctuations in relative humidity, and unac-

ceptable levels of indoor air pollutants.

2 Materials and Methods

This study util ized the quantitative research

methods of experimental and numerical analysis

and qualitative methods in the form of interviews

and observations.  Because the onsite research

was limited to one week, focus was placed on the

library’s stacks and surrounding gallery.  The

stack area was chosen because it housed a majo-

rity of the collection.  Figure 1 shows the floor plan

of the test area.  The stacks are an enclosed area

separate from the surrounding gallery but share

the same environmental control system that condi-

tions the rest of the building.

While physical data collection is essential for

obtaining actual measurements of environmental

variables inside the stacks and gallery, they only

provide a limited view of the indoor conditions.

Therefore, numerical analysis using the computa-

tional fluid dynamics (CFD) software FloVENT by

Mentor Graphics Corp. was employed in addition

to the experimental data collection.  Using the

measured data and physical attributes of the archi-

ve, a numerical model of the environment was cre-

ated that allowed one to view the temperature and

ventilation performance of the entire volume of

space three dimensionally.  By using CFD, analy-

sis of the environment was no longer limited to the

number of sensors and the relative areas surroun-

ding them.  

Over a one week period during the spring, envi-

ronmental variables were measured and monitored

inside the stacks and gallery.  Air velocity and air

temperature were taken at the supply and return

gril ls with a Pacer Instruments Inc. Hygro-

Thermometer Anemometer HTA4200.  Six Onset

Computer Corp. HOBO U12-012 data loggers

placed 122 cm above the floor measured air tem-

perature, relative humidity, and light levels every 5

min.  Fine particulates were measured using a TSI
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Figure 1: Floor plan of library stacks and gallery. 1-6 sensor loca-

tions, A - security entry, B - stairwell, C - balcony, D - reading room

/gallery, E - stacks.

Table 1: Specifications of measurement equipment.

equipment variable accuracy resolution response time manufacturer / location

HTA4200

relative humidity ±2% RH ±1 digit 0.1% RH
90% in 15

sec.
Pacer Instruments Inc. / New

Hampshire, USAtemperature ±0.2% of reading ±1 digit 0.1 oC 1 min.

airflow ±1% of reading ±1 digit 0.01 m/s

HOBO U12
relative humidity ±2.5% from 10% to 90% RH 0.03% RH 90% in 1 min. Onset Computer Corp. /

Massachusetts, USAtemperature ±0.35 oC from 0 oC to 50 oC 0.03 oC 90% in 6 min.

8520 DustTrak aerosols
±0.1% of reading or

±0.001 mg/m3 TSI Incorp. / Minnesota, USA



Incorp. DustTrak Aerosol Monitor which measures

particle sizes ranging from 0.1 to 10 μm.  The

DustTrak measured the concentration in the air

and gave average, high, and low readings for the

one week measurement period for concentrations

corresponding to  PM2.5.  Table 1 lists the perfor-

mance specifications of the measurement equip-

ment.  Some passive and active samplers were

used to sample air for mold, volatile organic comp-

ounds (VOC), and formaldehyde (Figure 2).  These

air samples were analyzed by a third party labora-

tory, Air Quality Sciences in Atlanta, Georgia USA.

In addition to the environmental variables, data

was collected on the building’s design and con-

struction (i.e. dimensions and locations of supply

and return grills, shelves, light fixtures, building

material, etc.).  An infrared thermal imaging came-

ra was also used to measure the surface tempera-

tures of the archive (building structure).

Interviews were conducted with the staff and cam-

pus facilities management to collect information on

the facil ity’s usage and maintenance.

Observations were carried out as part of the visu-

al inspection of the building’s environmental con-

trol system.

3 Results and Discussion

3.1 Experimental Analysis

The measured indoor pollutants, air temperature,

and relative humidity within the archive were com-

pared against the recommended levels set by the

National Archives and Records Administration

(NARA),1 the National Information Standards

Organization (NISO),2 and the Library of

Congress.

Analysis of the environment showed ozone (O3) at

1.77 ppb and nitrogen dioxide (NO2) at 0.65 ppb

which were both under the limits for archives and

human health.  Sulfur dioxide (SO2) was at 0.74

ppb, within NARA and NISO guidelines.  But it was

above the 0.38 ppb limit of the Library of

Congress.  Formaldehyde (H2CO) was measured

at 39.6 ppb, acceptable from a human health per-

spective.  50 ppb is generally considered the maxi-

mum for a healthy environment.  However, from a

preservation standpoint, levels were far beyond

NARA guidelines of only 4 ppb.  Because a small

portion of the collection’s books contain metals as

part of the binding, the high ppb count can cause

accelerated deterioration of the material.  Total

volatile organic compounds (TVOCs) were meas-

ured at 642 μg/m.  That was above the 500 μg/m

level for human irritation and discomfort.  At 642

μg/m, it was approximately twice the targeted 300

μg/m level for indoor air.3 Fine particulate filtra-

tion was calculated at 80% for a concentration of

0.045 μg/m3, insufficient compared to NISO (90-

95%) and Library of Congress (90%).  Air samples

also found evidence of soil based mold spores.

By comparing the measured average concentra-

tions of the pollutants to Tetreault’s4 table of pol-

lutant levels for museum, gallery, library, and

archival collections, one can estimate the length of

time before a collection begins to show effects

from the pollutants.  Based on the measured data,

this archive was estimated to have a preservation

targeted life of less than ten years.  So within ten

years, material stored in this environment would

begin showing noticeable signs of deterioration.

Air temperature and humidity levels were a signifi-

cant problem.  The one week of measurements

showed a temperature range of 20.7 to 22.3 oC.

Temperature exceeded the maximum recommen-

ded by NARA (18.3 oC), NISO (18.3 oC), and the

Library of Congress (10 oC ±1.4 oC) by 2.4 to 12.3
oC.  Relative humidity ranged from 39.2% to

56.4%, a difference of 17.2%.  This was signifi-

cantly larger than the maximum 5% change recom-

mended by the other archives.  Furthermore, the

high of 56.4% far exceeded the limits of NARA (35-

45% ±5%), NISO (30-50%), and Library of

Congress (30% ±5%).

The humidity level needed to be lowered but by no

more than 2% per month to prevent paper from

cracking and becoming brittle.5 The air tempera-

ture should be lowered to 15.6 oC ±1.4 oC to meet
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Figure 2: Formaldehyde and VOC samplers hung from light fixture.



NARA and NISO guidelines and still remain at an

acceptable level for human comfort since the

archive is accessed by people throughout the day.

It is important to note that the physical data col-

lected over the one week period (single continuous

measurements of variables) is insufficient to

assess the overall indoor environmental conditions

of the archive.  Long term monitoring of the envi-

ronment is required to understand the impact of

changing seasons and archive usage on the indoor

environment.

3.2 Numerical /Computer Simulation
Analysis

Computer simulation of the stack’s indoor environ-

ment showed uneven distribution of air temperatu-

re and ventilation.  Figure 3 shows the temperatu-

re distribution (left hand side column) at two

heights.  Based on the CFD results, air temperatu-

re was higher on the north end than the south end

of the stacks.  The right hand column images show

ventilation effectiveness using local mean age of

air (LMA).  Results indicated LMA to range from

about 10 min (blue) on the north side to about 33

min (orange) on the south side.  The uneven dis-

tribution of air in the existing condition was prima-

rily a result of the return grills being concentrated

on the north end.  

Based on the CFD results of the existing condi-

tions, modifications were made to the CFD model

to address the uneven performance issues.  By

more evenly redistributing the existing supply and

return grills, in particular placing return grills on

the south side, both air temperature and LMA

resulted in more even distribution (Figure 4).

Although, contaminants were not simulated during

this portion of the study, the LMA analysis gives an

indication of how well or poorly an area of the

archive would be ventilated and therefore diluting

the pollutant concentrations.

By utilizing CFD, the entire volume of the study

site could be analyzed in a time efficient and cost

effective manner.  It also allowed easy testing of

different configurations of the supply and return

grills based on the existing conditions.  If used

throughout the design process of an archive, com-

puter simulation tools such as CFD can help signi-

ficantly minimize potential environmental perfor-

mance short comings before construction and

occupation of the building.

3.3 Interview and Observations

Based on interviews with the archive staff and

campus facilities maintenance, it was learned

knowledge on the operation of the building was not

shared at an appropriate level.  The staff did not

receive any detailed information on the environ-

mental performance of their building and therefore

had to conduct their own monitoring of air tempe-

rature and relative humidity using data loggers.

Facilities recently spent $100,000 USD on upgra-

ding the heating, ventilating, and air-conditioning

(HVAC) control system including monitoring capa-

bilities but the archive staff was not involved in

that process.  Nor were any of them aware of what

work was performed or who and how the monito-

ring was being utilized.  In this case, it would have

been beneficial for the staff to be involved or at

least made aware of the work so they could provi-

de very knowledgeable input on the needs of a

conservation level environment.  The campus faci-

lities management does not have this specialized

knowledge in their department.
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Figure 3: CFD images of existing conditions (top row shows second

floor stacks and bottom row shows first floor stacks).

Figure 4: CFD images of proposed conditions (top row shows second

floor stacks and bottom row shows first floor stacks).



It was also learned from facilities that the mecha-

nical system was the original from 1968 when the

building was built.  Furthermore, it is the oldest

building on campus yet to undergo major renova-

tion.  The filters were of a low Minimum Efficiency

Reporting Value (MERV) rating, same as those

used in other campus buildings which are primari-

ly classrooms and offices.  Such spaces do not

require the level of filtration of an archive.  This is

one of the causes for having only an 80% filtration

rate.  The archive staff were unaware nor had any

input on how often or what type of filters were

replaced. While the existing filters could be

replaced with high performance filters such as

high efficiency particulate air (HEPA) filters, it

should be checked with a mechanical engineer to

make sure it will not cause a drop in pressure wit-

hin the HVAC system. However the standard fil-

ters could be replaced with fiberglass/potassium

permanganate filters or pleated filters as a simple

but temporary solution6.

Interviews also revealed that the mechanical sys-

tem was without backup power.  This omission

became an issue a couple years ago when a storm

disrupted campus power for a couple days.  During

this period without an operating mechanical sys-

tem, the humidity level in the archive rose from

around 50% to 80% in less than twenty four hours.

Also the condensation that occurs in the gallery

during the fall and winter was caused by the archi-

tect specifying exterior windows without a thermal

break in the frames.  The deterioration of books

along the perimeter due to UV light exposure is a

result of windows not having proper UV light filter

applied to them.  If a conservator was part of the

design process, this particular issue could have

been caught and addressed before construction.

Visual inspection of the building showed great deal

of neglect and lack of understanding of how impor-

tant it is to maintain strict environmental perfor-

mance guidelines for archives.  Figure 5 shows the

effects of neglect and poor maintenance of the

mechanical system.  Figure 5A shows the access

door of the one and only air handing unit (AHU)
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Figure 6: Image showing fresh air intake grill located very near veg-

etation and damp soil.

Figure 5: Images of air handling unit showing (A) bent access door

with missing seals and (B) cooling coils with missing seals replaced

with cotton rags.

A

B



bent with missing seals.  The opening at the upper

left hand corner of the door causes cold conditio-

ned air to leak into the mechanical room causing

condensation to occur around the equipment.

Figure 5B shows the cooling coils of the AHU with

missing seals.  Instead of properly resealing the

points of penetration, cotton rags are used to fill

the gaps.  This also causes a good deal of con-

densation and corrosion on the equipment as

shown by the rust in the image.  The wet cotton

rags are also a potential source of mold growth.

The condensation in the mechanical room is a pos-

sible contributor to the high fluctuation in relative

humidity.

Figure 6 below shows the location of the fresh out-

door air intake grill.  It is situated very near ground

cover vegetation on the north side.  Because of its

orientation and the building to the south, the sur-

rounding area is always in shade and the ground

damp a good portion of the year.  Combined with

the poor performing air filters, this is a possible

source of the soil based spores found in the

stacks.

Although the building was originally designed as a

state-of-the-art archive environment in the late

1960s, today its environmental performance is in a

state of distress, unfit for archival needs.  This

downturn in performance is contributed by three

main issues.  First, the buiding and energy

codes/guidelines in the late 1960s were less strin-

gent then they are today.  An example of this are

the exterior windows without thermal breaks in the

frame which lead to temperature fluctuations,

severe condensation, and increased indoor humi-

dity levels.  Second, the entire l ibrary was

designed to operate as a single indoor environ-

mental zone.  This resulted in compromising the

more stringent archive environmental conditions

with those for human thermal comfort.  Third, faci-

lity maintenence lacks expertise in archive envi-

ronments and has provided improper maintenance

as evidenced by the findings in the mechanical

room.

4 Conclusions

This pilot study showed that employing both quan-

titative (experimental and computer simulation)

and qualitative (interviews and observations)

research methods helped to give a broader view of

a building’s environmental performance.  Based on

the findings, it is important to test out an archive’s

design before construction to address any poten-

tial performance issues.  Correcting problems

during or post construction can be very costly.

Also, conservators and preservationist must be

involved in providing input to facilities manage-

ment because the highly specialized knowledge of

archive environmental needs lie with them, not

mechanical engineers.  This is also the case

during the design stage.  Knowledge must be sha-

red across disciplines when dealing with such spe-

cialized environments.  Architects are knowledge

about the design of buildings, engineers with the

construction and building systems, and preserva-

tionists and conservators with the needs of the col-

lection.  Without collaboration, archives cannot be

designed and maintained to uphold conservation

level environmental control.

5 Acknowledgements

This work was in part supported by the Regional

Research Centers Program (Bio-housing Research

Institute), granted by the Korean Ministry of

Education & Human Resources Development.

Support was also provided by Greenguard

Environmental Institute and Air Quality Sciences.

6 References
1. J. Carlin, NARA Directive 1571: Archival Storage Standards,

National Archives and Records Administration, College Park, 2002.

2. W. Wilson, Environmental Guidelines for the Storage of Paper

Records, National Institute of Standards and Technology,

Bethesda, 1995.

3. M. Maroni, B. Seifert, and T. Lindvall, Eds., Indoor Air Quality: A

Comprehensive Reference Book. Elsevier Science B.V.,

Amsterdam, 1995.

4. J. Tetreault, Airborne Pollutants in Museums, Galleries and

Archives: Risk Assessment, Control Strategies and Preservation

Management, Canadian Conservation Institute, Ottawa, 2003.

5. A. Craddock, Control of Temperature and Humidity in Small

Collections, in: K. Bachmann, Ed., Conservation Concerns,

Smithsonian Institution Press, Washington, 1992, 15-22.

6. Managing the Museum Environment, Chicora Foundation,

Columbia, 1994.

185

© by M O R A N A RTD d.o.o.

Simulation of Environmental Performance of an Archive, e-PS, 2009, 6, 180-185


