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Abstract. Preventive conservation of documentary collections requires
stable local conditions, yet whole-room conditioning can be energy intensive. This
study evaluates a sealed archival enclosure combining four Peltier modules, passive
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humidity buffering, environmental sensing, and dew-point-protected control. A 2.83
h laboratory campaign compared hybrid, active, and passive modes while ambient
temperature increased from 16 to 32 °C. Hybrid and active modes maintained the
internal temperature near 18.4 °C and achieved 100% compliance with the 18 + 2
°C target band, whereas passive operation achieved about 41% thermal compliance.
Relative humidity remained within 50 + 5% in all modes. Active and hybrid operation
consumed about 0.058 kWh, compared with 0.0055 kWh in passive mode. Conservative
peak comparisons indicated at least 83.0% attenuation of PM2.5 and 79.8% attenuation
of total volatile organic compounds. The results demonstrate the short-term feasibility
of localized, energy-aware archival microclimate control.

Keywords: preventive conservation, archival storage, microclimate control,
thermoelectric cooling, humidity buffering, energy efficiency, air quality
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AnHoOTauusl. KyXaTTBIK KOJUIEKIMSUIApAbI TPEBEHTUBTI KOHCEpBaIUsIIAY
TYPaKTHI KEPrUTIKTI KaFJaiaapapl Tauamn eTesl, anaiaa OyKia yi-Kalapl KOHIUIHO-
HepJiey e/19yip PHeprusl IIBIFBIHBIHA 9KeNyl MYMKiH. by 3eprreyne Tept [lenbThe Mo-
JyJTiH, BUTFaJIIBUIBIKTEI TACCUBTI Oydepreyni, Kopiaran opTa napaMeTpiepiHiy aat-
YHUKTEPiH JKOHE IIBIK HYKTECIH €CKepe OTHIPHIN KOHJCHCALUIAaH KOPFAaUThIH OacKapy
XKyHeciH OipIKTIpeTiH apXHBTIK CaKTayFa apHaJFaH TePMETHKAIBIK Kopmyc Oarana-
HaJbl. Y3aKThIFBI 2,83 caraT OONaThIH 3epPTXaHAIBIK ChIHAK OapbhICBIHIA KOpIIaFraH
opta Temmeparypacsl 16-gan 32 °C-ka eiiiH JorapbliaraH Ke3ae ruopuaTi, Oencen i
KOHE TTACCUBTI PEXHUMIIEP CABICTRIPBULIBL. [ MOpUATI skoHE OenceHni pexumaepae
imki Temmeparypa mamamet 18,4 °C neHreifinne cakranbii, ceiHakK ke3eHiHiH 100%-
piHga 18 + 2 °C MakcaTThl AUara3oHbIHA ColKec ke, [lacCuBTI pexkumIe OChl TeM-
nepaTrypaiblK IUama30HFa COUKECTIK YaKbITTHIH mamaMeH 41%-biH Kypaasl. bapmbik
PEXUMAEPE CaTBICTBIPMANBI bUTFAIABUIBIK 50 + 5% merinae cakranabl. bencenni
XKOHE TMOPHUATI pekumaepae sHeprus TyThiHy mamamen 0,058 kBT:car, an nmaccuBTi
pexumae 0,0055 kBt car 6onasl. EH Korapsl MoHAEP/II KOHCEPBATHBTI CaJBICTBIPY
PM2.5 xoHueHTpanusceiHbiH KeMiuae 83,0%-Fa jxoHe YImna OpraHuKaiblK KOCHUIbI-
CTap/IbIH KUBIHTHIK KOHIICHTPAIUSCBIHBIH KeMiHe 79,8%-Fa TOMEH/IETeHIH KOPCETTI.
AJIBIHFAH HOTIDKEINIEP SHEPTHUs TYTHIHYABI €CKEPETiH apXUBTIK MUKPOKIMMATTHI Kep-
TUTIKTI 0aCKapyIbIH KbICKa MEP3iM/Ii Ke3CHIE ICKE achIPhUTY MYMKIHIITIH PacTalIbI.

Tyiiinai ce3aep: MpeBeHTUBTI KOHCEPBAIHs, APXUBTIK CaKTay, MUKPOKJINMAT-
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TUIMJIUTIT], aya Ccaracsl
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AnHoTanus. [IpeBeHTHBHAs KOHCEpBALKs JOKYMEHTAJIBHBIX KOJUIEKIUN Tpe-
OyeT cTaOMIIbHBIX JIOKAJbHBIX YCIOBHMA, OJJHAKO KOHJUI[MOHUPOBAHHE BCETrO MOMEIIIe-
HUSI MOYKET COIPOBOXKJIAThCSI 3HAUUTENBHBIM dHEpronorpediaeHueM. B uccnenosanuu
OLICHUBAETCS T€PMETUYHBIN KOPITYC JUIsl apXUBHOT'O XpaHEHUs!, 00beANHSAIOIINN YeThI-
pe monyns Ilensrhe, maccuBHOE OyepupoBaHuE BIAXKHOCTH, JATUYUKH MapaMETPOB
Cpelibl U YIIpaBJICHUE C 3aIMTOM OT KOHAEHCALUU 10 TOYKe pockl. B xone naboparop-
HBIX MCTIBITAHUM MIPOAOIKUTENBHOCTBIO 2,83 4 CpaBHUBAJINCH THOPUIHBINA, aKTUBHBIN
U MaCCUBHBIN PEKUMBI IIPU MOBBIIIEHUN TEMIIEPAaTypbl OKpYy:Karolel cpeasl ¢ 16 10
32 °C. B ruOpuiHOM U aKTUBHOM peXUMaX BHYTPEHHsS TeMIleparypa Mojep>KuBa-
nack okosio 18,4 °C u B TeUeHHME BCETO MEePHO/ia UCTIBITAHUN HAXOAMIACh B I[EJICBOM
nuanazone 18 + 2 °C, Torja Kak B MaCCUBHOM PEXHMME COOTBETCTBUE 3TOMY JlMana-
30HY cocTaBmiIO 0KoJio 41% BpemeHu. OTHOCUTENBHAS BIAXXHOCTh BO BCEX PEKUMAX
octaBajack B npenenax 50 £ 5%. DuepronorpelieHre B aKTUBHOM U THOPHUIHOM pe-
kuMax coctaBmiio okoio 0,058 kBt 4, a B maccuBnom — 0,0055 kBT 4. Koncepparus-
HOE COIOCTABJIEHUE MHUKOBBIX 3HAUEHUN MOKa3aj10 CHI)KEHUE KoHUeHTpauuu PM2.5
He MeHee yeMm Ha 83,0%, a cyMMapHOW KOHIICHTPAIMH JIETYUYUX OPTraHUYECKUX COe-
TUHEHUN — He MeHee yeM Ha 79,8%. [lomyueHHble pe3yabTaTsl MOATBEPKIAIOT Kpa-
TKOCPOUHYIO PEaIN3yeMOCTb JIOKAJIbHOIO YIPABICHHUS apXUBHBIM MUKPOKJINMATOM C
y4€TOM SHEPronoTpeOIeHusI.
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Introduction.

Preventive conservation treats the environment surrounding a collection as a
controllable source of preservation risk. Temperature, relative humidity, light, airborne
particles, volatile compounds, and access events may interact with hygroscopic
and chemically sensitive materials during long storage periods. For archives and
repositories, where objects spend most of their service life in storage rather than on
display, the immediate storage environment becomes part of the preservation strategy
rather than a passive background condition.
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Conventional repository conditioning is usually organized at room scale.
Such systems can provide acceptable average conditions, but they do not necessarily
eliminate local gradients around individual shelves, boxes, or groups of documents.
Localized storage units are therefore attractive when different collections require
different environmental conditions, when only a limited number of objects need tighter
protection, or when reducing the volume of actively conditioned air is desirable.

A compact sealed enclosure creates a distinct engineering problem. Its small
air mass and high surface-to-volume ratio allow relatively rapid thermal response,
while the use of active cooling introduces a risk of condensation if a cold surface
approaches the dew point. Humidity control adds a second constraint because active
dehumidification increases complexity and power demand, whereas passive sorption
can buffer short-term moisture changes without electricity but has finite capacity.
Airborne particles and volatile organic compounds create an additional preservation
risk that cannot be addressed by temperature control alone.

The present study evaluates a sealed archival enclosure primarily as an energy-
aware microclimate stabilization device. The main research question is whether local
thermoelectric cooling, combined with passive humidity buffering and a sealed barrier,
can maintain preservation-oriented conditions during a strong short-term thermal
disturbance while avoiding condensation and thermal overload. A second question
concerns the energetic and environmental trade-off between active protection and
passive operation.

The working hypothesis is that hybrid and active modes will provide
substantially higher thermal compliance than passive-only storage as ambient
temperature increases, while internal relative humidity will remain comparatively
stable because of enclosure sealing and moisture buffering. It is also expected that
the sealed and filtered configuration will reduce short-term penetration of particulate
and volatile contaminants. The analysis is therefore organized around four measurable
dimensions: thermal compliance, humidity compliance, electrical energy demand, and
pollutant attenuation.

Materials and methods.

Experimental enclosure and laboratory implementation

The tested enclosure was designed as a sealed cubic storage volume with a
nominal side length of approximately 0.5 m and a useful internal volume of 0.125 m>.
The body was manufactured by fused-deposition modeling from acrylonitrile butadiene
styrene polymer and incorporated a removable lid. A silicone perimeter seal was used
to reduce uncontrolled air exchange. Internal slots allowed the storage volume to be
partitioned for different document formats, and the available volume was sufficient
for approximately 500-700 A4 sheets under the tested configuration. The enclosure
was mounted in a temporary laboratory rack assembled from 45 x 45 mm extruded
aluminum profiles. The rack served only as an experimental support for repeatable
positioning of the enclosure and associated devices.

Temperature regulation was provided by four thermoelectric Peltier elements
mounted beneath the enclosure through an aluminum heat-spreading plate. Heat was
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removed from the internal side and rejected through the external thermal path. Passive
moisture buffering was provided by an ArtSorb cassette based on conditioned silica
gel. Environmental sensing included air temperature and relative humidity, particulate-
matter channels, an air-quality channel used for total volatile organic compounds,
illuminance, and lid state. The broader prototype also included a local computing node
and access-control hardware; these functions were retained in the test platform but
were not used as outcome variables in the present analysis.

Control strategy and condensation protection

For the laboratory campaign, a preservation-oriented target band of 18 £2 °C and
50+ 5% relative humidity was adopted, with ISO 11799:2024 used as the documentary-
storage reference framework (International Organization for Standardization, 2024).
The target is treated as the engineering set point of this prototype campaign rather than
as a universal condition suitable for every archival material. The active thermal loop
was designed to avoid two failure modes: excessive temperature deviation and local
condensation at the cooling surface.

Fig. 1. Laboratory implementation used for the performance assessment: (a) aluminum-profile test rack;
(b) local humidity sensing module; (c¢) electromechanical locking interface.

The dew-point temperature was estimated from measured air temperature T
and relative humidity RH using the Magnus-Tetens formulation:

_ 1727.T RH
v(T,RH) = 2377+ T ln(ﬁ) (1)
2377y
d ™ 1727y 2)

At the nominal condition of 18 °C and 50% relative humidity, the calculated
dew point is approximately 7.42 °C. A safety margin of 2.5 °C was applied to the cold-
side constraint:

Tp,in(t) > Td(t) + ATsafe 3)

An additional hardware-oriented lower limit of 10 °C was imposed on the
cold plate. Because the small enclosure has appreciable thermal inertia relative to
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the response of the thermoelectric elements, direct single-loop control can produce
oscillation or overcooling. The prototype therefore used cascade proportional-integral-
derivative regulation with anti-windup and pulse-width modulation of the Peltier
current. The outer loop acted on internal air temperature, whereas the inner protection
logic constrained cold-plate behavior.

Operating scenarios and test disturbance

Three operating modes were compared during a laboratory exposure lasting
approximately 2 h 49 min 33 s, reported here as 2.83 h. The modes were selected
to isolate the contribution of active cooling and passive moisture buffering. External
temperature increased from approximately 16 to 32 °C over the test interval, creating
a strong thermal load on the enclosure. External relative humidity varied from
approximately 67% to 27%. Table 1 summarizes the configuration of each mode.

Sensors State est.
) Cascade PID PWM
Temp, RH Dew point,
PM2.5. TVOC limits Anti-windup Peltier element
Safety layer ey
Tplate > max(10°C, actuation
Tdew + 2.5°C)
. Enclosure o i
Buffering Filtering Archive
Sealed,
ArtSorb local air volume Pollutants contents
(] active control (] safety limit (] passive protection

Fig. 2. Functional control logic separating active thermal regulation from passive humidity and barrier

functions.

Table 1. Operating modes used in the comparative assessment

Mode Peltier cooling | ArtSorb | Pollutant | Purpose
buffering | filter

Hybrid H | On (4 modules) | On On Combined active and
passive protection

Active A On (4 modules) | Off On Isolate active thermal
control

Passive P | Off On Off Evaluate low-energy
passive response
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Performance indicators

The analysis was intentionally descriptive because the available laboratory
record represents one short proof-of-concept campaign and does not contain repeated
independent trials. Consequently, inferential statistics, confidence intervals, and claims
of long-term conservation efficiency are not reported. The primary indicators were
defined directly from the recorded or reported test outputs.

Thermal compliance was defined as the percentage of recorded time points
for which internal temperature remained inside 1620 °C. Humidity compliance was
defined analogously for the 45-55% relative-humidity band. Electrical energy was
integrated over the 2.83 h test and converted to mean electrical power for comparison
between modes. Controller safety was evaluated from the relationship between cold-
plate temperature, calculated dew point, and the 10 °C lower constraint, and by
comparing measured hot-side temperature with the thermal cut-off region used in the
prototype.

Discussion.

Recent preventive-conservation research increasingly frames storage as a risk-
management problem in which environmental measurements, collection characteristics,
and operational practice are considered together. Wickens (2026) emphasizes the
continuing evolution of preventive conservation as a practice that links theory with
operational decision-making. Elnaggar et al. (2024) demonstrate how risk analysis can
be used to prioritize preventive interventions. Museum-storage studies also show that
preservation performance depends on organization, available infrastructure, and local
management practices rather than on climate set points alone (Antomarchi et al., 2021).
Comparable dependence on storage infrastructure is reported by Hourcade (2021). The
importance of local management practice is likewise illustrated by Rasoarifetra (2021).

Environmental sensing has become an important enabling layer for this shift.
Microclimate monitoring studies report that compact and wireless systems can provide
continuous information on temperature, relative humidity, and air quality in heritage
environments (Bellazzi et al., 2026). Bucciero et al. (2026) likewise demonstrate
continuous wireless microclimate monitoring in cultural-heritage environments. Ceres
et al. (2024) show that affordable monitoring platforms can combine microclimate and
indoor-air-quality measurements. Ponce et al. (2024) further illustrate the use of Internet-
of-Things-based climate monitoring for hygrothermal assessment. Laohaviraphap and
Waroonkun (2024) summarize the growing role of artificial intelligence and Internet-
of-Things technologies in heritage risk management and environmental monitoring.

For archival enclosures specifically, the interaction between air exchange,
sorption, stored material, and enclosure geometry is central to short-term stability.
Novak et al. (2024) evaluate the environmental performance of archival boxes from
material and environmental perspectives. Markelj et al. (2025) model mass transfer and
buffering behavior in archival boxes. Ryhl-Svendsen (2026) extends this perspective to
ventilation, buffering, and pollutant dynamics inside boxes and paper stacks. Material-
based approaches can also contribute to passive protection. Gorgolis et al. (2023)
examine graphene-based materials intended to improve long-term storage conditions.
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Air quality remains relevant even when temperature and relative humidity
are controlled. Albert-Tortosa et al. (2024) show that airtight exhibition spaces may
accumulate or retain volatile organic compounds. Kammer et al. (2021) quantify
emissions from cellulose-acetate heritage materials. These studies support the
inclusion of pollutant sensing and barrier performance in enclosure assessment rather
than treating microclimate control as a purely thermal-hygrometric problem.

At the broader information-system level, heritage management is increasingly
connected to digital transformation, digital twins, knowledge representation, and
predictive decision support. Li et al. (2024) review digital-transformation technologies
used in museum environments. Guo et al. (2024) examine digital-twin approaches for
cultural-heritage risk management. Hatami and Koramaz (2024) propose a theoretical
digital-twin model for heritage-site management. Mazzetto (2024) discusses the
integration of emerging technologies with digital twins for heritage conservation.
Montuori (2024) addresses predictive-conservation technologies for built cultural
heritage. Knowledge-graph visualization can formalize relationships among heritage
information (Sevilla et al., 2023). Sugiyama et al. (2025) provide a structured
methodology for Heritage Digital Twin assessment. Zhang et al. (2026) demonstrate
a digital-twin approach for smart collection storage. The present study does not
implement a full digital twin; instead, it focuses on the physical and control layer that
such higher-level systems would depend on: a measurable, locally regulated archival
microenvironment.

Results.

Thermal stability and humidity compliance

The active thermal configurations maintained a stable internal condition
despite the imposed increase in ambient temperature. At the end of the test, external
temperature reached approximately 32 °C, while internal temperature in the controlled
enclosure remained near 18.4 °C. Both hybrid H and active A remained within the
16-20 °C target interval for 100% of the evaluated period. Under passive P operation,
internal temperature increased gradually to approximately 22 °C and remained within
the target interval for about 41% of the period.

Relative humidity showed a different response. Although external relative
humidity decreased from about 67% to 27%, internal relative humidity remained
close to 50% in all three modes and stayed within the 45-55% band for 100% of the
evaluated interval. The short-term experiment therefore separated the thermal-control
requirement from the moisture response: active cooling was necessary to maintain
temperature under the imposed load, whereas the sealed internal volume remained
humidity-stable even without active thermal operation.

Energy demand and thermal safety

Hybrid H and active A each consumed approximately 0.058 kWh over 2.83
h, equivalent to a mean power of about 20.5 W. Passive P consumed approximately
0.0055 kWh, corresponding to about 1.94 W. Active operation therefore required
approximately 10.5 times more electrical energy than passive operation during the
test. The energy reduction in passive mode was accompanied by substantially lower
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thermal compliance. Figure 3 and Table 2 summarize this trade-off.

The controller did not drive the cold surface below the imposed condensation-
protection limit. The hot side of the four Peltier modules reached approximately 37.2
°C at a 2 A pulse and remained well below the prototype thermal cut-off region of
approximately 80-90 °C. During the initial transient, the pulse-width-modulation
signal consisted of short actuation pulses and then moved toward a more stable duty
cycle as the external thermal load increased. No pronounced overshoot of the internal
temperature was reported.

Pollutant attenuation

The enclosure also reduced short-term penetration of particulate and volatile
contaminants. External PM2.5 increased from approximately 10 ug/m? to a peak near
88 nug/m?, whereas the internal concentration remained predominantly below 15 pg/
m?. Using 15 pg/m? as a conservative upper-bound comparison gives an attenuation
indicator of at least 83.0%. External total volatile organic compounds reached
approximately 445 pg/m?; internal values remained below approximately 80-90 pg/
m?, with the strongest decrease observed in the active mode toward about 15-20 pg/m?
later in the test. Using the conservative 90 pg/m? upper bound gives a peak-comparison
attenuation of at least 79.8%.

23 Temperature compliance (%) =@ Energy over 2.83 h (kWh)
[ Relative humidity compliance (%)
0.07
100 1
7 0y / 0.06
£ 801 - 0.05
3 ‘ R
g - g
] ' 0.04 =
o 601 : g
] s A g
- e >
= 0.03
: : g
2 40 5/ &
['])
E . ) - 0.02
= iy
20 1 :
/ ) / 0.01
0 / .e A /f .e 0.00
Hybrid H Active A Passive P

Fig. 3. Comparative environmental compliance and electrical energy use for the three operating modes.

Interpretation of results

The results support the central hypothesis that local active cooling is necessary
when a compact archival enclosure is subjected to a strong thermal disturbance.
Passive operation used very little energy, but internal temperature rose beyond the
adopted 20 °C upper bound for a substantial portion of the test. In contrast, both
active configurations maintained full thermal compliance while external temperature
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increased from 16 to 32 °C. This does not establish that a 20.5 W mean electrical load
will be sufficient in every repository; it demonstrates that the tested local thermal path
could reject the imposed short-term load without losing the selected internal set point.

Table 2. Comparative microclimate and energy performance

Mode Temperature in | RH in band | Energy | Mean End-point behavior
band (kWh) | power (W)
Hybrid H | 100% 100% 0.058 20.5 Inside ~18.4 °C at
32 °C outside
Active A | 100% 100% 0.058 20.5 Inside ~18.4 °C at
32 °C outside
Passive P | =41% 100% 0.0055 |1.94 Inside rose to ~22
°C
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Fig. 4. Conservative indoor-to-outdoor peak concentration ratios for PM2.5 and total volatile organic
compounds.

Table 3. Descriptive pollutant-exposure indicators

Indicator | Outdoor peak | Indoor upper Indoor/peak Attenuation
value ratio indicator

PM2.5 ~88 pg/m? <15 pg/m? <17.0% >83.0%

TVOC ~445 ng/m? <90 pg/m? <20.2% >79.8%

This localized behavior is consistent with the broader argument that repository-
wide conditioning and object-level protection solve different problems. Recent storage
and risk-management studies emphasize that preservation performance depends on the
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interaction among enclosure, collection type, building environment, and operational
practice (Elnaggar et al., 2024). Hourcade (2021) similarly emphasizes the influence
of storage infrastructure and operational conditions. A sealed local enclosure can
reduce the volume that requires tight control, but it also concentrates design risks:
heat rejection must remain reliable, seals must not trap harmful emissions, and interior
materials must be compatible with conservation requirements.

The humidity result requires careful interpretation. Relative humidity remained
within the target band for 100% of the short experiment in all modes, including the
active configuration without ArtSorb. This does not demonstrate that passive buffering
is unnecessary. The 2.83 h duration is too short to characterize sorbent capacity,
regeneration interval, behavior under repeated lid opening, or cyclic moisture loads.
The result is better understood as short-term humidity stability of a small sealed
volume, consistent with enclosure studies that emphasize air exchange and mass-
transfer dynamics (Novak et al., 2024). Markel;j et al. (2025) provide a related mass-
transfer perspective on archival-box buffering behavior. Ryhl-Svendsen (2026) further
addresses ventilation, buffering, and pollutant dynamics inside archival boxes and
paper stacks.

The energy comparison also explains why a hybrid strategy remains attractive
even though hybrid H and active A consumed almost identical energy during this
particular thermal ramp. ArtSorb does not remove the dominant sensible heat load and
therefore cannot be expected to reduce Peltier energy during a short, steadily increasing
thermal disturbance. Its role is moisture buffering and functional redundancy. A longer
supervisory duty cycle could keep active cooling off while conditions remain within the
thermal band and activate it only when temperature risk becomes significant; however,
such duty-cycle optimization was not tested here.

Air-quality protection is a second important result. Fine particles and volatile
compounds can contribute to soiling, oxidation, corrosion, hydrolysis, and other
degradation processes. The observed reductions are therefore encouraging, but they
should be described as exposure attenuation rather than formal filtration efficiency.
The comparison used external peaks and internal upper values whose maxima were not
proven to be time-aligned. A delayed transport response, adsorption, sedimentation,
sensor response time, and enclosure emissions may all influence the ratios. Albert-
Tortosa et al. (2024) support the relevance of monitoring volatile compounds in
closed heritage spaces. Kammer et al. (2021) likewise demonstrate the importance of
characterizing volatile emissions from heritage materials.

The three-dimensional thermal field reported for the prototype also indicated
vertical non-uniformity: the lower region near the cooling surface was colder, while
warmer zones remained near the lid and upper wall areas. This is physically plausible
because the Peltier plate extracts heat locally while natural convection and envelope heat
gain redistribute energy through the air volume. Consequently, a single sensor at one
height may overstate or understate the thermal protection experienced by documents
located elsewhere in the box. Bellazzi et al. (2026) support the broader emphasis on
distributed environmental sensing in heritage monitoring. Bucciero et al. (2026) also
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demonstrate wireless microclimate sensing in cultural-heritage environments. Ceres
et al. (2024) further show the value of distributed microclimate and indoor-air-quality
monitoring.

The control behavior provides useful engineering evidence. Cascade regulation
with anti-windup allowed the cooling command to increase with external load without
a reported temperature overshoot, while the dew-point constraint kept the cold
surface above the defined safety threshold. This is important for paper-based material
because accidental condensation can create a more immediate risk than a moderate
temperature excursion. At a higher system level, the same monitored state variables
could later support digital-twin or predictive-management layers described by Guo et
al. (2024). Mazzetto (2024) provides a related perspective on integrating digital twins
with heritage-conservation technologies. Sugiyama et al. (2025) describe a structured
Heritage Digital Twin assessment methodology. Zhang et al. (2026) illustrate the use
of a digital twin for smart collection storage.

Several limitations define the strength of the conclusions. The experiment
lasted only 2.83 h and represents a single laboratory campaign; there were no repeated
trials, uncertainty propagation, or statistical estimates. Sensor calibration error, air
leakage rate, enclosure thermal resistance, and Peltier coefficient of performance
were not quantified. Humidity-buffer saturation, filter loading, repeated access events,
power interruption, and different document fill levels were not tested. The pollutant
comparison does not constitute a standardized challenge test, and the experimental
rack was a temporary laboratory structure rather than a finalized archival installation.
The results should therefore be interpreted as functional feasibility and comparative
short-term behavior, not as validated service life or universal conservation suitability.

Conclusion.

This study evaluated a sealed archival storage enclosure from the specific
perspective of microclimate stability, exposure reduction, and energy demand. Under
a short laboratory disturbance in which ambient temperature increased from 16 to
32 °C, active and hybrid control maintained the internal temperature near 18.4 °C
and achieved 100% compliance with the adopted 16-20 °C band. Passive operation
reduced electrical consumption by roughly an order of magnitude but maintained the
target temperature for only about 41% of the period. Relative humidity remained close
to 50% in all modes during the short exposure, indicating strong short-term buffering
by the sealed internal environment while not allowing the long-term contribution of
the sorbent cassette to be isolated. The active modes consumed approximately 0.058
kWh in 2.83 h, corresponding to about 20.5 W mean power, and the control system
maintained the cooling surface above the defined condensation-safety threshold.
Conservative peak comparisons indicated at least 83.0% attenuation of PM2.5 exposure
and at least 79.8% attenuation of total volatile organic compounds. The results support
localized active thermal control as an effective short-term protection mechanism, with
passive moisture buffering and enclosure sealing serving complementary functions.
Longer repeated tests are required before the design can be treated as a validated long-
term conservation solution.
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