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Ultra-low temperature (ULT) freezers are used to store perishable biological contents and are among
the most energy-intensive equipment in laboratory buildings, biobanks, and similar settings. To ensure
reliable and efficient operation, it is essential to implement data-driven fault detection and diagnostic
algorithms, along with energy optimization techniques. This study presents labelled and long-term
ULT-freezer performance dataset, the first of its kind, derived from 53 ULT freezers featuring two
different control strategies. The dataset comprises high-resolution historical operation data spanning
up to 10 years. More than 10 attributes are recorded from the freezing chamber and critical locations

in the refrigeration systems. The dataset is labelled with regular events, such as door openings, as well
as fault events obtained from 46 service reports. A scalable data pipeline, consisting of extraction,
transformation, and loading processes, is developed to convert the raw data into a format ready for
analysis. The dataset can be utilized to support the development of data-driven models and algorithms
that advance the intelligent digital operation of ULT freezers.

Background & Summary

Ultra-low temperature (ULT) freezers play an essential role in the pharmaceutical business, research organi-
zations, and food industries for preserving perishable biological materials. Their significance has been further
emphasized during the Covid-19 pandemic, where they have been used for storing vaccines!. ULT freezers
operate at temperatures ranging from —40 to —86 °C. This extreme temperature places them among the most
energy-intensive equipment in hospitals, biobanks, and laboratory buildings®. A typical ULT freezer can con-
sume up to 20 kWh per day*, which is nearly three times the daily power consumption of an average Danish
household®. Given the high energy consumption, there is significant potential for improving their energy per-
formance and optimising their operational strategies. In addition, the detection and diagnostics of faults or
malfunctions in ULT freezers are also crucial to ensure the integrity and quality of stored samples.

With the fast development of digital technologies, data-driven approaches have gained increasing attention
in the realm of smart surveillance and operation optimization of energy systems, particularly in domains includ-
ing buildings®-%, urban heating networks*'’, and manufacturing processes'""!2. These data-driven approaches
have proven effective in safeguarding energy systems against failures through automated fault detection and
diagnostic (FDD) and enhancing their working efficiency through energy flexible operations with model pre-
dictive control (MPC). Considering the increasing focus on green transitions in society, it is also imperative to
incorporate data-driven techniques in ULT freezers to ensure their controllable, flexible, and reliable operations.
Such integration is expected to yield not only economic benefits through reduced energy costs but also substan-
tial social benefits through curbing carbon emissions and mitigating environmental pollution from refrigerant
leakage. Therefore, the provision of a comprehensive dataset becomes crucial in facilitating these advancements.

Unlike large-scale energy systems, ULT freezers are more vulnerable to external disturbances from imme-
diate thermal environment and human activities, resulting in continuous changes in its system dynamic states
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over time'®. Consequently, short-term operational data would not be able to uncover their holistic dynamic fea-
tures. Utilizing long-term data, which contains a higher level of information on practical operational features, is
more suitable for data-driven models or algorithms to learn their actual dynamic characteristics under different
operational scenarios. This is essential for maximising the practical applicability and sustaining the long-term
performance of these data-driven approaches. However, no open-access dataset for the long-term performance
of ULT freezers currently exists. This has hindered the development of data-driven models and algorithms that
can support smart digital operations of ULT freezers.

Furthermore, in the context of ULT freezers, FDD can frequently hold higher significance than
energy-saving, given the potentially high monetary value associated with the stored materials. However, the
development of (semi-)supervised FDD algorithms typically necessitates labelled data, which provides veri-
fied ground truth information on the presence and absence of faults. The labelled data is pivotal as it facilitates
training the data-driven approaches with real-world examples, enabling them to predict equipment failures or
malfunctions based on specific patterns or anomalies in the time series data. In addition, the manual simulation
of additional faulty scenarios that resemble actual fault events can be undertaken, thereby enriching the dataset.
All these aspects can strongly contribute to the development of the FDD algorithms and proactive maintenance
strategies of the ULT freezers. This augmentation, consequently, ensures the timely identification and resolution
of potential issues prior to escalation, secures uninterrupted operations, and minimises the ramifications of
costly downtime and potential loss of invaluable samples. Unfortunately, there is currently no labelled dataset
available for ULT freezers, similar to the lack of long-term performance data. This significant gap hampers the
development of reliable FDD algorithms for ULT freezers.

To address the aforementioned data challenges, this paper presents a dataset derived from 53 ULT freezers
utilised in regular daily operations in Danish National Biobank. To the authors’ best knowledge, the presented
dataset is the first of its kind focusing on the long-term performance of ULT freezers as well as the first labelled
dataset for ULT freezers. The distinguishing element of this dataset lies in the following key features:

« Encompassing high-resolution historical operational data spanning up to 10 years;

o Including data collected from ULT freezers equipped with conventional ON/OFF and variable speed control
systems;

» Containing the measurements from not only freezing chambers but also multiple critical locations in the
cascade refrigeration systems;

o Labelled with regular events, such as door opening/closing, alongside fault events that derived from service
reports describing the repair history of the freezers.

The dataset aims to fill the gap of accessible labelled datasets for ULT freezers and can offer various potential
applications, such as:

o Promoting the understanding of long-term performance variations and gaining insight into the dynamic
behaviours;

« Allowing for a detailed exploration of the relationships and synergies between different components in the
refrigeration systems and the freezing chambers;

o Serving as a benchmark for evaluating simulation tools for ULT freezers;

« Allowing for recognizing pattern changes during different events at different locations in the refrigeration
systems and promoting the understanding of the evolving patterns leading from a soft fault to a hard fault
and, potentially, a failure;

 Guiding the fault diagnosis algorithms developments as well as the design of resembling faulty scenarios for
further analysis;

» Facilitating the development and validation of dynamic models employed for predictive control and mainte-
nance of ULT freezers;

o Supporting the development of reliable and transferable FDD and MPC algorithms and contributing to the
enhancement of ULT freezer reliability and energy efficiency.

Methods

ULT Freezers. The data were collected from 53 ULT freezers operated by the Danish National Biobank. All
ULT freezers are located in a room where the air temperature is conditioned using fan coils, see Fig. 1a. Among
the 53 ULT freezers, 38 freezers were manufactured by Thermo Fisher Scientific with model version Revco
UxF70086V (referred to as Revco freezers), while remaining 15 freezers were manufactured by Haier with model
version DW-86L959W (referred to as Haier freezers). Both manufacturers are well-regarded for producing ULT
freezers, and their products are widely sold worldwide. The Revco freezers have been in operation since 2012,
while the Haier freezers are relatively newer and have been in operation since 2021-2022. All freezers are identi-
fied by a six-digit ID number, e.g. 806016.

The two types of freezers have comparable interior chamber dimensions (W x D x H): 1016 x 716 x 1310 mm
for Haier freezers and 1016 x 686 x 1300 mm for Revco freezers, which are typical sizes used in the relevant pro-
fessional settings. The freezing chamber has 4 shelves, each with its own thermal insulated door, in addition to the
external door. Both types of ULT freezers are equipped with a Two-Stage-Cascade Refrigeration System (2CRS).
The working principle of the 2CRS is illustrated in Fig. 2. The 2CRS comprises two separate refrigeration cycles:
a high-temperature stage named 1° stage and a low-temperature stage, named 2" stage. Each stage includes a
compressor, a condenser, an evaporator and an expansion device. These two stages are connected through an
inter-stage heat exchanger (HEX), which acts as the evaporator in the 1* stage and the condenser in the 2" stage.
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Fig. 1 (a) The room accommodating 53 ULT freezers. (b) The insulated chilled water pipes and multi-particle

filters.
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Fig. 2 Schematic of the working principle of 2CRS and sensor locations in two types of ULT freezers. Refer to
Table 2 for respective sensor indices.

Freezer model Quantity 1° stage compressor 2" stage compressor Refrigerant (19/2"4%)
Revco UxF70086V 38 Copeland RFT42C1E-PFZ-382 EmbracoNT2212GKV

R404A/R508B +R290
DW-86L959W 15 Embraco VNEU217U Embraco VNEU217U

Table 1. Information on the compressors and refrigerant of the ULT 4Freezers. * The 2" stage uses a blend of
two refrigerants. For Revco freezers, the blend comprises a mixture in the ratio of 7.1% R290 and 92.9% R508B.
For Haier freezers, the blend consists of a ratio of 8.2% R290 and 91.8% R508B.

In both ULT freezers, hermetic reciprocating compressors are used. The Revco freezers have fixed-speed com-
pressors regulated by thermostatic ON/OFF controllers, while the Haier freezers are equipped with variable-speed
compressors. The working fluids used for the two ULT freezers are different. Please refer to Table 1 for detailed
information regarding the compressor models and refrigerants used by two types of ULT freezers.

All ULT freezers are cooled by water, meaning the condensers exchange heat with a separate chilled water
circuit. The chilled water pipes are connected to each freezer in parallel, see Fig. 1b. Prior to December 2019,
the chilled water temperature was maintained at approx. 10°C, afterwards the water temperature is maintained
at 20 °C throughout the year. To reduce the calcium content and air bubbles, multi-particle filters are installed
on the chilled water branch pipes for each freezer, see Fig. 1b. Furthermore, a chemical controller is installed on
the main water circuit to regulate the pH values, thereby mitigating the presence of metal particle impurities in
the pipes. The multi-particle filters are replaced four times per year to prevent fouling problems and preserve
cooling performance. The water-based cooling system also eliminates the issue of air intake blockage by dirt, a
common occurrence in air-cooled systems.

Data acquisition. Raw data collection and description. Both the Revco and Haier freezers are integrated
with multiple temperature sensors located in various positions by the manufactures, see Fig. 2. In addition, a
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Attributes Revco freezers | Haier freezers | Unit
Datetime v v Y-m-d H:M:S
0: Chamber temperature v v °C

1: 1% stage compressor suction temperature v v °C
2: 1% stage compressor discharge temperature v °C

3: Ambient air temperature v °C

4: Condenser air inlet temperature v v °C

5: Chiller water inlet temperature v °C

6: Interstage heat exchanger temperature v v °C

7: Evaporator inlet temperature v v °C

8: Evaporator outlet temperature v v °C

9: 2™ stage compressor suction temperature v °C
10: 2" stage compressor discharge temperature 4 °C
11: 27 stage compressor sump temperature v °C
Setpoint temperature v v °C
Main voltage v v 14
Freezer state signal v

Event logs v v

Table 2. Recorded attributes from two types of ULT freezers.

logging system is integrated into both freezers, allowing the recorded measurements to be stored for a minimum
of 15 years. Table 2 presents the attributes measured by the two types of ULT freezers. Apart from the chamber
temperature, which is measured by a Resistance Temperature Detector (RTD), all other temperatures are meas-
ured using standard thermocouples. These temperature measurements are taken at critical positions in the refrig-
eration loops, which facilitates performance monitoring and fault identification. However, certain measuring
positions appear in only one type of freezer, such as 2" stage compressor sump temperature for Revco freezers
and the compressor discharge temperatures in Haier freezers.

A notable difference in the temperature measurements obtained from the refrigeration systems is that the
values recorded by the Revco freezers are floating-point numbers with one decimal precision, while the values
recorded by the Haier freezers are integers. Furthermore, the sampling rate for measurements in Revco freezers
is 1 min, whereas it is 6 min for Haier freezers.

The raw data collection process was quite time-consuming due to the manual extraction. The data had to be
downloaded individually from each freezer using a USB drive. Extracting the data from the 15 Haier freezers,
being the newer models, took approximately 1h. The extracted raw data was in . db format, stored as an SQLite
database consisting of multiple tables containing temperature measurements and event logs.

However, the raw data extraction process from the Revco freezers presented some limitations. Due to the
restrictions imposed by the freezers, the data for nearly a decade could only be exported in 6-month intervals at
a time. Consequently, extracting the data from each 6-month data period of a single freezer took approximately
8 min. Moreover, the event log data had to be downloaded separately from the temperature data, further pro-
longing the data collection time. The exported raw data is in . dat format as separate files.

A rather useful “State” signal is recorded by the Revco freezers. The “State” signal reflects what components
are activated by the control system, see (1). It is represented as an integer but should be interpreted in a binary
manner. In the binary code, 0 signifies a component that is not energised, while 1 represents an energised com-
ponent. The state signal is a sum value ranging from bit zero (b0) to bit six (b6), as represented in (1). For
example, the most common and meaningful state signals are 1 (0000001) and 3 (0000011), which indicates that
only the 1% stage compressor is activated and compressors on both stages are activated, respectively. Thus, the
transition between the state signal 0 to 1 indicates the initiation of a duty cycle and vice versa.

b6 b5 b4 b3b2 bl bo
- - - —— - —
Backup system Backup system Door status Incoming 2ndstage  1ststage
tank status  injecting status voltage status compressor COMpressor ( 1 )

In addition to the numeric data, certain events that occurred at the freezers are also logged. The event logs
obtained from the Revco freezers consist of three columns describing the event in detail, including “Type”,
“Event”, and “Description”. The “Type” column indexes a unique event class (e.g. [3]), the “Event” column dis-
plays the name of the event class (e.g. “Shutdown”), and the “Description” column provides further information
about the events. The column “Description” is merged with the “Event” column during data processing for better
readability. The event logs from the Haier freezers contain only one column indicating the event name. In the
raw data, there are 59 event classes for the Revco freezers and 7 event classes for the Haier freezers. These event
classes can be accessed in Data Records.

Faulty events collection from the service reports. In addition to the data recorded by the freezers themselves, a
total of 83 service reports were collected from a third-party service company responsible for conducting repairs
and scheduling service inspections. These service reports, written in Danish, pertain exclusively to the Revco
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Fig. 3 Count of categories of faults summarised from the service reports.

freezers as the Haier freezers are still under warranties and had not required any services. The service reports are
in . pdf format and include 37 reports for regular inspection and 46 reports for fault repairs. The oldest service
report for repair dates back to 2014-07-29, while the most recent one is from 2023-04-12.

The fault repair reports provide descriptions of the symptoms, malfunctional components, and the corre-
sponding solutions. In addition, the replaced parts are also listed. This information proves valuable as it enables
further labelling the data with specific fault events. However, the fault types are not well categorized in the
reports by the service company. Upon careful examination of the service reports, seven types of faults are sum-
marized, see Fig. 3. Among these, the most frequently occurring fault is the Refrigerant Leakage, succeeded by
electrical malfunctions like fuse blow and wiring issues, along with compressor malfunctions in both stages.
Note that, the data is missing for four fault events. Thus a total of 42 events are labelled in 24 Revco freezers.
Detailed information on all fault events is summarised in a spreadsheet and can be found along with Data
Records.

Data ETL pipelines. The data is processed through a data pipeline, which is a digital process through which
raw data from different sources is processed and transformed to make it ready for analysis. The present study
specifically applied an ETL (Extracted-Transformed-Loaded) pipeline, which is a specific subcategory of data
pipelines that follows a sequential order of operations. First, the raw data is Extracted from various sources. Then,
the extracted data is Transformed into an analysis-friendly format. Finally, the transformed data is Loaded into its
intended destination, like a database, data warehouse, or data lake'*.

The ETL pipeline for the ULT freezer data is developed using separate Python utility functions. The
Extract.py, which contains a RevcoExtracter anda HaierExtracter,is responsible for extracting
the freezer-brand-related data from different formats and directories and loading it into a data frame. In addi-
tion, it identifies all observed event classes and can locate missing and corrupted files. Due to the limitations of
the selected ULT freezers, the data is fed through the data pipeline in batches.

The Transform. py file performs the necessary transformations on the extracted data to a format suitable
for analysis. Similarly, it contains a RevcoTransformer and a HaierTransformer. Due to differences
in the raw data structure, distinct methods are employed to perform the transformations for the two types of
freezers. The transforming process includes operations such as casting data types, removing duplicates, renam-
ing columns, calibrating the timestamps, and filtering out events with no interest. The original column names
of the raw datasets and the renamed column names from two types of ULT freezers are tabulated in Table 3.
Timestamp calibration was performed to rectify time deviations between the set time and the actual time in spe-
cific freezers due to inaccuracies in the system time settings. Subsequently, the temperature data are labelled with
regular events from event logs and fault events from the service reports. Note that events are logged at the exact
time they occured, the exact timestamps in seconds for event and fault labels may not align with those for tem-
perature timestamps, as temperature recordings are captured on a per-minute basis. Hence, the merge procedure
searches for the closest temperature timestamp for each event and fault label. In addition, the outliers present in
the raw dataset were intentionally kept. This decision was made because the freezing room is inspected regularly,
and any irregular readings in the temperature measurements are likely attributed to external disturbances such
as human activities or technical malfunctions. Thus, preserving these data allows for the potential retention of
underlying information.

Finally, the Load . py file is responsible for storing the processed data in a retrievable format. In this study,
the output data format is . parquet'?, a binary format compatible with most of the popular programming
languages for data analysis.

Data Records

The data processed through the ETL pipelines along with the Python scripts for ETL algorithm are stored in
figshare'® and also in an open-access GitLab repository!”. The overall structure of the repository is presented in
Fig. 4. The repository contains two main folders: data and src. A Python script named data pipeline.
py can also be found, which invokes three ETL utility functions, meaning the complete ETL pipeline can be
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Original
Description Revco | Haier Renamed
0: Chamber temperature RTD RTD RTD
1: 1* stage compressor suction temperature TC1 H_IN Ist Suc.
2: 1% stage compressor discharge temperature H_OUT 1st Disc.
3: Ambient air temperature AMBIENT Ambient
4: Condenser air inlet temperature TC2 CONDENSER gfrnli
5: Chiller water inlet temperature TC7 I(;‘lhﬂ' Water
6: Interstage heat exchanger temperature TC10 | HOT_EXCHANGER H.E.
7: Evaporator inlet temperature TC3 EVAPORATOR_IN Evap. In
8: Evaporator outlet temperature TC4 EVAPORATOR_OUT | Evap. Out
9: 2" stage compressor suction temperature TC6 2nd Suc.
10: 2" stage compressor discharge temperature L_OUT 2nd Disc.
11: 2" stage compressor sump temperature TC9 2nd Sump

Table 3. Column names of raw data and processed data.

easily run by executing data_pipeline.py. Additionally, the repository includes a setup.py fileand a
README . md file for reference and setting up required environments, respectively.

In the data folder, the archive file raw _data. zip contains all the necessary raw data files, including the
raw data for both types of ULT freezers. The processed data is available in the dataset folder, which includes
two subfolders named Haier and Revco. Each subfolder contains the processed data in the format of . par-
quet. The.parquet files are named using the format [freezer index] [events/temp], where
'events' or 'temp' represent the event logging and merged labelled data, respectively. The event classes are
also summarised in respective folders named distinct event classes.txt. Additionally, the ‘dataset’
folder includes the file fault summary.xlsx, which summarises fault events, including associated dates,
fault conditions, and categories. This information is extracted from the service reports by the authors. Within
the data folder, the documentation folder contains a subfolder named re frigerants, which includes
Pressure-Enthalpy diagrams for three refrigerants used by the ULT freezers for potential thermodynamic analy-
sis. It also includes a subfolder named service reports, containing all the service reportsin . pdf format
from the service company. Lastly, there is a subfolder named user manuals, which contains the manuals
(brochures) for the two types of ULT freezers provided by the manufacturers.

Within the s rc folder, two subfolders named ETL and resources can be found. The ETL folder contains
the three ETL pipeline functions, which are responsible for extracting, transforming, and loading the data.
The resources folder includes a file named constants . py that contains the parameters used in the ETL
pipeline.

Technical Validation

Figure 5 displays the availability of the time series data of all ULT freezers based on chamber temperature (RTD)
measurements. A break is added when there is a missing data recording. The Haier freezers, which have not
undergone any services, do not have any breaks in their data. Additionally, fault events extracted from the ser-
vice reports are depicted with a vertical bar in Fig. 5a to demonstrate their temporal occurrences. Figure 5a
shows that some shutdowns align directly with the faults, while others can be resolved without disrupting oper-
ations. Therefore, data breaks occurring without associated faults are presumably linked to other factors, such as
maintenance and standby periods when ULT freezers are not in use. Unfortunately, maintenance activities like
defrosting are not documented. Eventually, the datasets for the Revco freezers vary in length, with the longest
dataset (No. 806020) containing 5,489,043 observations per attribute and the shortest dataset (No. 806023)
containing 847,575 observations per attribute. The Haier freezers have a shorter overall data length, with the
longest dataset (No. 810637) containing 119,307 observations per attribute and the shortest dataset (No. 809169)
containing 88,582 observations per attribute. The non-compressed raw data has a size of 16.9 GB, while the
processed dataset has a size of 5.6 GB.

The collected data has been obtained from routine operations over the past several years, rather than
from controlled experiments. As a result, it cannot be strictly validated against any benchmark experiments.
Therefore, the technical validation for the presented dataset is conducted by assessing the physical meaning and
interpretation of the time series data, specifically with respect to four scenarios: (1) Duty cycle variation, (2)
regular operational patterns, (3) operational patterns during door events, (4) operational pattern during typical
fault events. Representative examples from selected freezers are used to demonstrate each scenario. The qual-
ification of the data collection systems is guaranteed by the manufacturers, and thus should not be a concern.

Variations in the duty cycle lengths in Revco freezers. Due to the ON/OFF control of the Revco
freezers, the duty cycle lengths can be quantified. Figure 6 exemplifies the duty cycle lengths of Revco freezer
No. 806830. The plot exhibits an overall increasing trend of duty cycle lengths, with occasional spikes indicat-
ing significantly longer duty cycles. These spikes correspond to door-opening events, as indicated by the event
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Fig. 4 Data repository structure.

logs. From 2014 to 2016, the duty cycle length remains relatively stable. Subsequently, it gradually increases to
approximately 50 min by 2019. At this point, a data break occurs, which aligns with what is shown in Fig. 5. When
the freezer is turned on again, the duty cycle length returns to a comparable level from 2014 and then gradually
increases again.

The data break period does not indicate any equipment failures, as confirmed by the service reports. Instead,
it is most likely attributed to the manual defrosting activity. The ULT freezers used for storing perishable bio-
logical contents typically lack automated defrosting functions to ensure content quality. Therefore, the selected
freezers require manual defrosting. Moreover, as shown in Fig. 6, door-opening events have a significant impact
on the increase of duty cycle lengths. In 2021, when intensive door-opening events occur, the duty cycle length
increases noticeably. This is reasonable since direct contact with warm ambient air leads to ice buildup on the
interior chamber surface, thereby increasing the cooling load. Consequently, the duty cycle lengths continue
to rise to meet the cooling demand and reach nearly 70 min towards the end of the time series. Overall, the
observed phenomena align with the practical expectation.

Typical regular operational patterns.  Figure 7a,b showcase the operational patterns during two 6h peri-
ods with different duty cycle lengths for the Revco freezer No. 806830. It could be observed that the duty cycle
length has a significant impact on the temperature dynamic patterns. Moreover, a notable feature is that the
chamber temperature measured by RTD shows a delayed response compared to shifts of the state signals. When
the state signal transitions from 0, the chamber temperature still keeps rising. The slope of the increase gradually
reduces and becomes flat for a period before the pull-down phase begins. This distinct chamber temperature pro-
file is consistent across all Revco freezers. The delayed response can be explained by the thermal inertia between
the evaporator and the chamber. The mismatch between the pull-down duration and the ON state span is due
to the placement of the RTD sensor. The RTD is placed in the lower part of the chamber. Experimental results
reported in'® indicate that the temperature measurements in the lower part of ULT freezing chambers tend to be
consistently higher and exhibit slower responses compared to measurements from the core regions. This discrep-
ancy arises because the lower part of the chamber is close to the outlet of the evaporator, where most refrigerants
have become gaseous, leading to a higher evaporation temperature and lower cooling intensity. Therefore, the
RTD temperature can be inferred to represent a local temperature and possibly the warmest temperature in the
chamber. Despite this bias, the location ensures that the entire chamber remains below the temperature set-
point, making it a signal suitable for control and fault detection purposes. Additionally, notable correlations are
observed among the responses of different temperature evolution. All temperatures measured from the refrig-
erant loops show a noticeable increase during the OFF period when the refrigerant circulation ceases, which is
expected in practice. In contrast, the 2" stage oil sump temperature experiences a reduction during the OFF
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Fig. 5 Availability of the data through ETL pipelines for 53 freezers. Gaps in the lines represents a period where
data is missing. The fault events from the service reports are marked with a vertical bar.
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Fig. 6 Evolution of the duty cycle length of Revco Freezer No. 806830.

period. This is due to no piston friction'®. These phenomena show reasonable alignment with the physical under-
standing, supporting the validity and usefulness of the dataset.

Figure 7c depicts an 8 h regular operation period for a Haier freezer No. 809216. Despite utilizing
variable-speed compressors, Haier freezers still exhibit periodic operational patterns. This observation suggests
that the compressors of the Haier freezers may still undergo ON/OFF regulations, with the variable adjustments
in the compressor speed occurring only during running time. The periodic patterns can also be observed in tem-
perature measurements at other locations, indicating that the operational patterns of both types of ULT freezers
tend to exhibit periodicity regardless of the compressor operational methods. Consistently, there are strong
correlations between the dynamic responses of temperature measurements, which are physically meaningful.

Operational pattern during door events. The door opening/closing is the most typical regular event
recorded by the ULT freezers. Figure 8 shows the temporal evolution of the chamber temperature for two ULT
freezers in response to door-opening events. As expected, the chamber temperature exhibits a rapid increase
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Fig. 7 Temporal evolution of the temperatures during regular operations.

immediately after the door is opened. The logging system of the Revco freezers registered the time of the opening
and closing activities, along with the opening duration. The logged event description indicates that the opening
duration for the event shown in Fig. 8a is 54, which is relatively long. Consequently, the chamber temperature
rises significantly to approximately —60 °C and takes nearly 1h to reach the desired setpoint level of —80°C.

For the Haier freezer, the door opening results in a chamber temperature increasing to approximately —77°C,
which is only a few degrees higher than the setpoint (—80 °C). Despite registering 6 consecutive door-opening
activities, the chamber temperature remains relatively low. This could be attributed to the possibility of short
opening duration (16s-27s) or the high-efficiency variable-speed compressors.

Figure 8 demonstrates the observed temperature profiles following the door-opening events align well with
the expected physical behaviour, validating the usefulness of the temperature measurements.

Operational pattern at a fault event. Figure 9 illustrates the operational patterns during the most prev-
alent fault event: Refrigerant Leakage. To provide a better insight, we present the performance during Refrigerant
Leakage happening in both stages. Note that, a limitation of the service reports is that the exact occurrence time
of the faults is unknown. The fault time recorded in the service reports represents the time when the service
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(b) Haier Freezer No. 808783 on 2022-03-16.

Fig. 8 Temporal evolution of the chamber temperature during door opening events.

company receives the request from the Biobank, which is likely delayed relative to the actual fault occurrence.
Therefore, in the data processing procedure, the fault events are labelled at 12:00:00 on the date registered in the
service reports.

Figure 9a illustrates the temporal evolution of the temperatures during refrigerant leakage at the 2" stage
compressor. The vertical dashed line is the time reported in the service report for this fault event. However, the
irregular temperature patterns indicate that the fault had been occurring for several days prior to the reported
time. Therefore, this time should not be used to represent the actual fault occurrence time. Instead, earlier data
should be examined to identify when the temperature patterns start showing irregular changes.

To highlight the regular operation period before the occurrence of the fault, we have shaded a specific area in
each plot. The plots are deliberately ordered based on when the 500-min moving average values start to change.
This metric is selected subjectively for demonstrative purposes. More sensitive approaches can be used for more
precise identification of the occurrence time. Figure 9a shows that all temperatures during refrigerant leakage at
the 2" stage compressor display noticeable changes in their patterns, with the 2" stage sump temperature being
the first to exhibit irregular behaviour, followed by other temperatures, and the RTD chamber temperature being
the last. Since the fault occurred in the 2™ stage, it is physically plausible that all temperatures measured from the
2" stage show faster responses than those from the 1% stage.

Figure 9b presents the temperature patterns during refrigerant leakage at the 1* stage compressor caused by
the valve malfunction. As the fault occurred in the 1* stage, the temperatures related to the 1% stage show faster
responses. Consistently, the RTD temperature appears to be the last to respond to the faults. This delay can be
attributed to the thermal inertia of the chamber, implying that chamber temperature may be a suboptimal indi-
cator for fault occurrence. The observed physically plausible phenomena further support the validity of the data.

Usage Notes

The data has undergone necessary transformation, aggregation, and labelled treatments, making it suitable for
various applications in understanding the dynamic behaviours and advancing the digital operations of the ULT
freezers, such as dynamic model establishment and FDD and MPC algorithms developments. The processed
data is stored in . parquet format, which can be read, analyzed and further processed using mainstream pro-
gramming languages, like Python and R.

The provided code for the ETL pipeline is written using principle of object-oriented programming and is
thoroughly documented with docstrings to facilitate understanding for users. The overall ETL pipeline structure
is written in an object-oriented programming manner, allowing for easy modification and scalability to other
data sources with similar raw data structures. Furthermore, we plan to keep expanding the dataset with more
data and service reports in the future to further enhance its diversity and utility.

It is important to note that the fault labels in the dataset are based on the registered time of service requests,
which may not accurately represent the actual fault occurrence time. Users should exercise caution in this aspect.
In Fig. 9, the authors have used the moving average to estimate the likely occurrence time of the fault. However,
this metric may not be sufficiently robust and sensitive. More advanced approaches, such as Motif Discovery*’
and Hidden Markov models*!, can be employed for more precise pattern recognition, particularly when changes
are subtle.

In Haier freezers, it should be noted that the temperatures measured at the refrigeration system are stored as
integers. This representation of temperatures can result in the loss of information on the temperature dynam-
ics, as depicted in Fig. 7c. Therefore, analysts should be aware of this when utilizing this data for analysis.
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Fig. 9 Temporal evolution of the temperatures during faulty events. The blue lines are moving average values
with a sliding window width of 500 min. The shaded areas represent the regular pattern during the fault-free
period.

To mitigate this issue, techniques such as smoothing or interpolation can be considered to recover some of the
lost dynamics.

The identification of fault events in this study involved a manual summarization of service reports, a process
that proved time-consuming and burdensome, particularly when dealing with a substantial number of service
reports in the future. To enhance efficiency, automating the event summary process through the application of
character identification techniques, such as Optical Character Recognition (OCR), is advisable.

The data has great potential for modelling the heat dynamics of the ULT freezer due to the presence of
diverse dynamic operational behaviours. This is crucial for ensuring the model identifiability as the short-term
data may have a low level of information on the systems?’. When utilizing the data for dynamic modelling, it is
suggested to use smoothed data, particularly for Revco freezers with a sampling resolution of 1 min. This can
improve the stability of the model identification, as the unsmoothed data may contain larger random noise or
short-frequency fluctuations. In addition, down-sampling the data from Revco freezers can also be considered.

Code availability
The Python code for ETL pipelines is available on the open-access GitLab at https://lab.compute.dtu.dk/tachu/
ult-freezers-labelled-dataset-sci-data.git.
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