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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

For citation: Neftissov A., Biloshchytskyi A., Kazambayev I., 
Medetkhan A., Kirichenko L. (2026). Energy efficient microclimate stabilization 
for sealed archival storage enclosures // International journal of information and 
communication technologies. Vol. 7. No. 27. Pp. 405–420. https://doi.org/10.54309/
IJICT.2026.27.3.022. (In Eng.).

Conflict of interest: The authors declare that there is no conflict of interest.
Funding. This research was funded by the Science Committee of the Ministry 

of Science and Higher Education of the Republic of Kazakhstan within project 
BR28712621 “Manuscript Heritage of Kazakhstan: Registration, Restoration, 
Scientific Cataloguing, Digitization, and Comprehensive Codicological Research”. 

ГЕРМЕТИКАЛЫҚ АРХИВТІК САҚТАУ ҚАПТАМАЛАРЫНДА 
МИКРОКЛИМАТТЫ ЭНЕРГИЯ ТИІМДІЛІГІН ЕСКЕРЕ ОТЫРЫП 

ТҰРАҚТАНДЫРУ

А. Нефтиссов¹˒², А. Билощицкий¹˒³, И. Казамбаев¹, А. Медетхан¹*, 
Л. Кириченко¹

¹Astana IT University, Астана, Қазақстан;
²Қазақ ұлттық спорт университетінің ректоры аппараты, Астана, Қазақстан;

³Киев ұлттық құрылыс және сәулет университетінің ақпараттық технологиялар 
кафедрасы, Киев, Украина.

E-mail: ainur.medetkhan@astanait.edu.kz

Нефтиссов Александр — философия докторы (PhD), қауымдасты-
рылған профессор, ғылым және инновациялар жөніндегі проректор, Қа-
зақ ұлттық спорт университеті; «Industry 4.0» ғылыми-инновациялық ор-
талығының ғылыми қызметкері, Astana IT University, Астана, Қазақстан 
https://orcid.org/0000-0003-4079-2025;
Билощицкий Андрей — техника ғылымдарының докторы, профессор, ғылым 
және инновациялар жөніндегі проректор, Astana IT University, Астана, Қазақстан; 
Ақпараттық технологиялар кафедрасының профессоры, Киев ұлттық құрылыс 



INTERNATIONAL JOURNAL OF INFORMATION AND COMMUNICATION TECHNOLOGIES 2026. Vol. 7. Іs. 3 (27). INTERNATIONAL JOURNAL OF INFORMATION AND COMMUNICATION TECHNOLOGIES 2026. Vol. 7. Іs. 3 (27).

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 
International License407

және сәулет университеті, Киев, Украина
https://orcid.org/0000-0001-9548-1959;
Казамбаев Ильяс — техника ғылымдарының магистрі, «Industry 4.0» ғылыми-ин-
новациялық орталығының директоры, Astana IT University, Астана, Қазақстан 
https://orcid.org/0000-0003-0850-7490;
Медетхан Айнұр — техника ғылымдарының магистрі, «Industry 4.0» ғылы-
ми-инновациялық орталығының кіші ғылыми қызметкері, Astana IT University, 
Астана, Қазақстан
E-mail: ainur.medetkhan@astanait.edu.kz, https://orcid.org/0009-0003-3539-6930;
Кириченко Лалита — техника ғылымдарының магистрі, «Industry 4.0» ғылы-
ми-инновациялық орталығының ғылыми қызметкері, Astana IT University; 
Ғылым және коммерцияландыру департаменті, Қазақ ұлттық спорт универси-
теті, Астана, Қазақстан
https://orcid.org/0000-0001-7069-5395.

© А. Нефтиссов, А. Билощицкий, И. Казамбаев, А. Медетхан, Л. Кириченко

Аннотация. Құжаттық коллекцияларды превентивті консервациялау 
тұрақты жергілікті жағдайларды талап етеді, алайда бүкіл үй-жайды кондицио-
нерлеу едәуір энергия шығынына әкелуі мүмкін. Бұл зерттеуде төрт Пельтье мо-
дулін, ылғалдылықты пассивті буферлеуді, қоршаған орта параметрлерінің дат-
чиктерін және шық нүктесін ескере отырып конденсациядан қорғайтын басқару 
жүйесін біріктіретін архивтік сақтауға арналған герметикалық корпус бағала-
нады. Ұзақтығы 2,83 сағат болатын зертханалық сынақ барысында қоршаған 
орта температурасы 16-дан 32 °C-қа дейін жоғарылаған кезде гибридті, белсенді 
және пассивті режимдер салыстырылды. Гибридті және белсенді режимдерде 
ішкі температура шамамен 18,4 °C деңгейінде сақталып, сынақ кезеңінің 100%-
ында 18 ± 2 °C мақсатты диапазонына сәйкес келді. Пассивті режимде осы тем-
пературалық диапазонға сәйкестік уақыттың шамамен 41%-ын құрады. Барлық 
режимдерде салыстырмалы ылғалдылық 50 ± 5% шегінде сақталды. Белсенді 
және гибридті режимдерде энергия тұтыну шамамен 0,058 кВт·сағ, ал пассивті 
режимде 0,0055 кВт·сағ болды. Ең жоғары мәндерді консервативті салыстыру 
PM2.5 концентрациясының кемінде 83,0%-ға және ұшпа органикалық қосылы-
стардың жиынтық концентрациясының кемінде 79,8%-ға төмендегенін көрсетті. 
Алынған нәтижелер энергия тұтынуды ескеретін архивтік микроклиматты жер-
гілікті басқарудың қысқа мерзімді кезеңде іске асырылу мүмкіндігін растайды.

Түйінді сөздер: превентивті консервация, архивтік сақтау, микроклимат-
ты басқару, термоэлектрлік салқындату, ылғалдылықты буферлік реттеу, энергия 
тиімділігі, ауа сапасы
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Аннотация. Превентивная консервация документальных коллекций тре-
бует стабильных локальных условий, однако кондиционирование всего помеще-
ния может сопровождаться значительным энергопотреблением. В исследовании 
оценивается герметичный корпус для архивного хранения, объединяющий четы-
ре модуля Пельтье, пассивное буферирование влажности, датчики параметров 
среды и управление с защитой от конденсации по точке росы. В ходе лаборатор-
ных испытаний продолжительностью 2,83 ч сравнивались гибридный, активный 
и пассивный режимы при повышении температуры окружающей среды с 16 до 
32 °C. В гибридном и активном режимах внутренняя температура поддержива-
лась около 18,4 °C и в течение всего периода испытаний находилась в целевом 
диапазоне 18 ± 2 °C, тогда как в пассивном режиме соответствие этому диапа-
зону составило около 41% времени. Относительная влажность во всех режимах 
оставалась в пределах 50 ± 5%. Энергопотребление в активном и гибридном ре-
жимах составило около 0,058 кВт·ч, а в пассивном — 0,0055 кВт·ч. Консерватив-
ное сопоставление пиковых значений показало снижение концентрации PM2.5 
не менее чем на 83,0%, а суммарной концентрации летучих органических сое-
динений — не менее чем на 79,8%. Полученные результаты подтверждают кра-
ткосрочную реализуемость локального управления архивным микроклиматом с 
учётом энергопотребления.

Ключевые слова: превентивная консервация, архивное хранение, управ-
ление микроклиматом, термоэлектрическое охлаждение, буферизация влажно-
сти, энергоэффективность, качество воздуха
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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 m³. 
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 × 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:

                                                                            (1)
 

                                                                                                    (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) + ΔTsafe                                        (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.

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 

buffering
Pollutant 
filter

Purpose

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 µg/m³ to a peak near 
88 µg/m³, whereas the internal concentration remained predominantly below 15 µg/
m³. Using 15 µg/m³ as a conservative upper-bound comparison gives an attenuation 
indicator of at least 83.0%. External total volatile organic compounds reached 
approximately 445 µg/m³; internal values remained below approximately 80-90 µg/
m³, with the strongest decrease observed in the active mode toward about 15-20 µg/m³ 
later in the test. Using the conservative 90 µg/m³ upper bound gives a peak-comparison 
attenuation of at least 79.8%.

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 

band
RH in band Energy 

(kWh)
Mean 
power (W)

End-point behavior

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

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 

value
Indoor/peak 
ratio

Attenuation 
indicator

PM2.5 ≈88 µg/m³ ≤15 µg/m³ ≤17.0% ≥83.0%
TVOC ≈445 µg/m³ ≤90 µg/m³ ≤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). Markelj 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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