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Abstract

Objective—To evaluate the ability of different types of vaccine storage units to maintain 

appropriate temperatures for the storage of vaccines and to characterize deviations from 

recommended temperatures.

Data sources—Continuous temperature monitoring devices, or digital data loggers, from 

vaccine providers who participated in a continuous temperature monitoring pilot project.

Study design—We computed descriptive statistics on the percentage of runtime with an out-of-

range temperature, or excursion, for different storage unit types (freezers and refrigerators) and for 

different storage unit grades (household-grade combination, household-grade stand alone, and 

purpose-built or pharmaceutical grade). We developed frequency histograms for the percentage of 

storage unit runtime outside of the normal range. We plotted the duration and temperature extrema 

for identified excursions. Analyses were stratified by storage unit type and grade.

Results—Household-grade combination units underperformed relative to household-grade stand-

alone and purpose-built units. Among refrigerators, household-grade combination units operated 

in the normal temperature range an average of 98.9% of their observed runtime, which was lower 

than 99.4% (p value = 0.038) for household-grade stand-alone and 99.9% (p value < 0.001) for 

purpose-built units. Among freezers, household-grade combination units operated in the normal 

temperature range an average of 95.0% of their observed runtime, which was lower than 99.3% (p 

value < 0.001) for household-grade stand-alone units and 99.7% (p value < 0.001) for purpose-

built units.

Conclusion—These findings, in particular the underperformance of household-grade 

combination units relative to household-grade stand-alone and purpose-built units, support current 

CDC recommendations to avoid the use of household-grade combination storage units when 

possible.
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The management of temperature levels in vaccine storage units and vaccine supply systems 

is an important issue for maintaining viable supplies of vaccine for immunization programs 

[1–3]. This is an issue that affects immunization programs in the United States [4] and those 

around the world [5, 6]. Recent studies have suggested that cold-chain lapses were potential 

causes of vaccine wastage [7–9]. Given the substantial public health and economic value 

attributed to vaccines [10–13], research and intervention efforts have emerged to promote 

and maintain the cold-chain in vaccine distribution. Recent research efforts have investigated 

vaccine transportation [14], packaging and logistics [15, 16], thermostability [3, 17–19], 

environmental factors [15], and improved temperature monitoring of vaccine storage units 

[2, 20–24]. The thermostability of vaccines has been a long-standing subject of research, 

recognized as a source of vaccine supply reliability and a way to ensure potency under 

diverse storage and handling conditions [18, 19].

The most recent Vaccine Storage & Handling Toolkit (Toolkit) provides several 

recommendations for vaccine storage practices [25]. The Toolkit recommends vaccines be 

stored between 2°C and 8°C (36°F and 46°F) for refrigerated vaccines and between −50°C 

and −15°C (−58°F and 5°F) for frozen vaccines. The Toolkit recommends the use of 

purpose-built storage units, also called pharmaceutical-grade storage units, over household-

grade stand-alone storage units or household-grade combination storage units. If a purpose-

built storage unit is not available, the Toolkit recommends household-grade stand-alone 

storage units over the use of combination storage units, which may also be referred to as 

dual-zone units [26]. In addition, the Toolkit explicitly recommends against the use of either 

dormitory-style units or the freezer compartments of combination units. The Toolkit also 

recommends using digital data loggers (DDLs) to monitor temperatures in storage units [25]. 

DDLs are electronic devices connected to a temperature probe that is usually suspended in 

buffered material such as a glycol solution. Temperature data is collected by DDL at small 

time intervals, such as 5, 10, or 15 minute intervals and recorded electronically. The value of 

DDLs in monitoring storage unit temperatures has been supported by findings from a series 

of reports by the National Institute of Standards and Technology [15, 22, 26].

In terms of both the numbers of storage units assessed and the length of the observation 

periods, recent research on vaccine storage units has focused on a smaller scope, with 

sample sizes equal to seven vaccine providers [15, 26], seven digital data loggers [22], or 45 

provider offices over 2 weeks [4]. Our study adds to the literature by investigating the 

stability of vaccine storage unit temperatures collected in a real-world setting from a large 

number of provider offices, capturing 320 provider offices with 783 storage units 

implementing DDLs. Our study evaluates the performance of different types of storage units 

and provides evidence that supports the Toolkit recommendations on the prioritization of 

purpose-built storage units.
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Methods

In 2012 a cooperative agreement funded by the Prevention and Public Health Fund (PPHF) 

was awarded to twenty-two state immunization programs to improve vaccine storage and 

handling at the awardee and provider level. One of the priorities for this cooperative 

agreement was to promote and expand the use of DDLs [27]. Raw DDL data was 

transmitted from provider offices to the immunization program project staff. Data included 

in this study came from three immunization programs and included 320 providers. The 

immunization project staff utilized a software application to compress and aggregate the raw 

data into a processed format that was easier to store and more amenable to later analysis and 

interpretation. Each observation in the processed data is associated with a time period of 

normal temperature or a time period of out-of-range temperature. For each time period, the 

minimum and maximum observed temperature was recorded. An illustrative example of the 

raw DDL data and the corresponding processed data can be found in Table 1. This study 

used processed data from 783 storage units. From the processed data, two analytical datasets 

were constructed. One analytical dataset aggregates the observations from the processed data 

into a dataset where each individual storage unit is the observational unit. The other 

analytical dataset contains only the observations representing temperature excursions. In the 

cases where household-grade combination storage units stored vaccines in both the 

refrigerator and freezer compartments, these two compartments are evaluated as separate 

units in the analytical dataset. For this study, storage units were characterized by their type, 

which indicates if the storage unit is a refrigerator or a freezer, and by their grade, which 

indicates if the storage unit is a household-grade combination unit, household-grade stand-

alone unit, or a purpose-built unit. The characterizations of the storage units were all self-

reported. As an analysis of data without reference to any human subjects or any other 

identifiers, the study did not require institutional review board review.

Data cleaning

As part of the data verification process, we checked that the reported temperature ranges 

were appropriate for the type of storage unit that was identified. Some data appeared 

inconsistent, for example, data was labeled as being from a ‘freezer’ but temperatures were 

consistent with refrigerator units. These observations were excluded from the analysis. In 

other cases, several observations appeared to represent a storage unit that had only one 

recorded time interval, which was outside of the normal temperature range. These 

observations were also excluded due to the likelihood that the DDLs could have been 

installed improperly or could represent a single erroneous reading. We excluded data from 

storage units for which the observation period was less than one week. Having an 

observation period of less than a week might indicate a test or trial period for the DDL or for 

the storage unit. The one week threshold was partially based on the Toolkit recommendation 

that new storage units and recently repaired storage units undergo a trial period of 2 to 7 

days before being used to store vaccine [25]. As a final precaution, in the main analysis 

excursion observations that were in the most extreme 2.5th percentile of temperatures 

observed were excluded. This removed additional excursions that appeared to be 

inconsistent with unit type, such as a temperature of −15°C in a refrigerator unit. We 

conducted two sensitivity analyses where we repeated our main analysis where (1) we 
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remove this restriction so these extreme observations are included and (2) we increased this 

restriction so that excursion observations in the 5th percentile of extreme temperature were 

excluded.

Analysis

For the first analytical dataset, which contains data aggregated to the level of individual 

storage units, the means and standard errors were computed for the percentage of runtime 

that a storage unit experienced high excursions, low excursions, and normal temperatures, 

and for the number of high or low excursions per 30 days. The number of excursions per 30 

days was computed from an excursion rate, which was equal to the number of observed 

excursions divided by the cumulative observed runtime for each storage unit. This excursion 

rate was then scaled up to a 30-day interval to be more concrete and to simplify presentation. 

To provide additional context and to make our results more comparable to a previous study 

[4], we extrapolated the average percentage of runtime to represent a two week period and 

reported cumulative hours of runtime with high, low, and normal temperatures for each type 

and grade of storage unit. Welch two-sample statistical tests were used to compare the mean 

percentage of runtime without excursions between the groups of different storage unit 

grades. Results from the Welch two-sample statistical tests are reported in terms of statistical 

significance and estimated p-values. A difference in means that is statistically significant at 

the 5% level reflects that the probability of the null hypothesis being true is equal to or less 

than 0.05. In our case the null hypothesis for each of the tests is an equal mean runtime 

without excursion between two groups of storage units. For both refrigerators and freezers, 

these tests compared household-grade combination vs. household-grade stand-alone, 

household-grade combination vs. purpose-built, household-grade stand-alone vs. purpose-

built, and household-grade combination vs. non-combination, where the non-combination 

group was the pooled sample of household-grade stand-alone and purpose-built. In 

sensitivity analyses, the Welch two-sample statistical tests on the difference mean percentage 

of runtime without excursions across vaccine storage unit type were conducted on the two 

subsamples with different exclusion criteria for extreme value temperatures.

To visualize the distribution of storage unit performance and to characterize temperature 

excursion data, we generated two figures. The percentage of runtime with any excursion for 

each storage unit was presented as a frequency histogram, with a histogram bin width of 

0.5% in Figure 1. The second analytical dataset is used to characterize temperature 

excursions. For the second analytical dataset, which tabulated individual excursions, the 

temperature level and length of time of each duration are plotted in Figure 2. All analyses 

were stratified by storage unit type and storage unit grade. This analysis was conducted 

using the R statistical package, version 3.53.

Results

From a total of 43,951 hours of observation time, household-grade combination refrigeration 

units exhibited normal temperatures 98.9% of observed runtime and exhibited low (and 

high) excursions 0.5% (and 0.6%) of the time (Table 2). Of a total of 18,428 hours of 

observation time, stand-alone refrigeration units exhibited normal temperatures 99.4% of 

Leidner et al. Page 4

Vaccine. Author manuscript; available in PMC 2021 April 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



observed runtime and exhibited low (and high) excursions 0.2% (and 0.3%) of the time. Of a 

total of 15,012 hours of observation time, purpose-built refrigeration units exhibited normal 

temperatures 99.9% of observed runtime and exhibited low (and high) excursions less than 

0.1% (and less than 0.1%) of the time. The difference in observed time across storage-unit 

grades is related to sample size. This sample contained more household-grade combination 

units (243) than household-grade stand-alone units (105), and more household-grade stand-

alone units than purpose-built units (71) (Table 2). In Welch two sample t-tests, the mean 

percentage of runtime in the normal-temperature range was statistically different at the 5% 

level (p value = 0.038) between the household-grade combination and household-grade 

stand-alone units, and was statistically different at the 1% level (p value < 0.001) between 

the household-grade combination refrigerator and the purpose-built units. Household-grade 

stand-alone units were statistically different at the 1% level (p value = 0.005) from the 

purpose-built units. Household-grade combination units were found to be statistically 

different from non-combination units at the 1% level (p value < 0.001). When these 

statistical tests were repeated in sensitivity analyses, all results were qualitatively similar 

except the household-grade combination unit was not statistically different from the 

household-grade stand-alone unit (p value = 0.209) in the sample with no exclusions 

(Appendix).

Of a total of 37,735 hours of observation time, household-grade combination freezer units 

exhibited normal temperatures 95.0% of observed runtime and exhibited high excursions 

5.0% of the time (Table 2). Of a total of 24,576 hours of observation time, household-grade 

stand-alone freezers units exhibited normal temperatures 99.3% of observed runtime and 

high excursions 0.7% of the time. Of a total of 5,840 hours of observation time, purpose-

built freezer units exhibited normal temperatures 99.7% of observed runtime and exhibited 

high excursions 0.3% of the time. As with the refrigerators, the difference in observed time 

across storage unit grades is related to sample composition, which contained more 

household-grade combination units (193) than household-grade stand-alone units (137), and 

more stand-alone units than purpose-built units (34) (Table 2). In Welch two sample t-tests, 

the mean percentage of runtime in the normal-temperature range was statistically different at 

the 1% level (p value < 0.001) between household-grade combination and household-grade 

stand-alone units, and was statistically different at the 1% level (p value < 0.001) between 

household-grade combination refrigerator and purpose-built units, but was not statistically 

different (p value = 0.193) between household-grade stand-alone and purpose-built units. 

Household-grade combination units were found to be statistically different from non-

combination units at the 1% level (p value < 0.001). All results were qualitatively similar in 

sensitivity analyses with different exclusion criteria for the most extreme temperatures. The 

number of excursions per 30 days follows a similar pattern as the percentage of runtime in a 

given temperature state. In particular, household-grade combination storage units exhibit 

larger average number of excursions per 30 days (13.6), followed by household-grade stand-

alone (1.9) and purpose-built units (1.5).

In the frequency histograms of Figure 1, for all but household-grade combination freezers, 

the majority of storage units appear to exhibit an average excursion percentage of runtime 

between 0 to 0.5%. We observed the greatest dispersion among combination freezer units. 

The figure also makes apparent the volume of data available for each unit type and unit 
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grade, which corresponds to the number of storage units identified in Table 2. There are 

fewer purpose-built storage units in this sample relative to the household-grade units. 

Characterizations of observed temperature excursions, the duration and extreme 

temperatures, are presented in Figure 2, stratified by storage unit type and grade. A larger 

number of temperature excursions appear in the combination units (Figure 2a and 2d), due to 

both the performance of combination units and due to the characteristics of this sample 

which contains a disproportionately larger number of combination units. In terms of 

excursion duration, a majority of temperature excursions appear to be relatively short, and 

therefore excursions tend to be clustered around the lower levels of time in each panel of 

Figure 2. This seems particularly the case for most storage unit types (Figure 2a, 2b, 2c, 2e, 

2f), perhaps except for the freezer compartments of household-grade combination units 

(Figure 2d). The freezers belonging to household-grade combination storage units appear to 

experience excursions with longer durations than the other storage unit types. The fewest 

number of excursions occurred among purpose-built units, likely due to both the higher 

performance of these units and the nature of this sample, which contains relatively fewer 

purpose-built storage units.

Discussion

This study presented an analysis of data collected from DDLs that were placed in different 

types and grades of vaccine storage units. The primary findings of this study reinforce 

several recommendations that have been adopted by the CDC regarding the storage and 

handling of vaccine supplies. We found household-grade combination units underperform 

relative to both household-grade stand-alone units and purpose-built units. In particular, 

among refrigerator units, statistically significant differences in cumulative excursion rates 

were found between household-grade combination and purpose-built units. Among freezer 

units statistically significant differences in cumulative excursion rates were found between 

household combination units and both purpose built units and household stand-alone units. 

These results were consistent across the main analysis and in sensitivity analyses. The 

underperformance of household-grade combination freezer units comports with findings 

from a study on storage units in Michigan [23]. The poor performance of household-grade 

combination freezer units also supports the guidance laid out by the Storage & Handling 

Toolkit [25] and the findings of a study by the National Institute of Standards and 

Technology [26], both of which advise against the use of household-grade combination 

freezer compartments for the storage of vaccines.

Among refrigerators, we found evidence for differences in performance between household-

grade stand-alone units and purpose-built units. However, among freezers, we did not find a 

statistically significant difference in the percentage of runtime without excursions. This 

result could be due to a few potential factors. First, among freezers, temperature stability 

performance may in fact be very similar across household-grade stand-alone and purpose-

built storage units. Secondly, while the Storage and Handling Toolkit [25] describes 

purpose-built storage units as having a microprocessor-based temperature control and fan-

forced air circulation, in practice and by extension in our dataset, the distinctions between 

stand-alone storage units and purpose-built units may not be sufficiently clear or well-known 

to providers, who self-reported the storage-unit grade. By contrast, the distinction between 
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combination and non-combination units would likely be less ambiguous for providers to 

discern and report. In the main analysis and in the sensitivity analyses, combination units 

underperformed relative to non-combination units.

In the most recent version of the Toolkit [25], an update was made to the Fahrenheit-based 

range of normal temperatures for refrigeration units. Prior to June 2016, the range in the 

Toolkit had been 35–46°F, whereas the new, current range is 36–46°F1. The data used in this 

project came from data logger systems that were using the older Fahrenheit range of 35–

46°F. The revision to the normal range on the Fahrenheit scale would shift the low 

temperature excursion threshold in refrigeration units from 1.67°C to 2.22°C. This change 

would potentially reduce the number of excursions observed across all refrigerator units in 

the study but would be unlikely to affect any of the conclusions drawn by looking across 

storage unit grades, such as the underperformance of household-grade combination units.

The Advisory Committee on Immunization Practices provides recommendations for 

immunizations against 17 vaccine-preventable diseases with storage temperature 

recommendations for 22 different vaccines [28]. Several vaccines, including the diphtheria-

tetanus-containing vaccines, the pneumococcal conjugate vaccine, and the human 

papillomavirus vaccine, are accompanied by the explicit recommendation of “do not freeze” 

and a justification that “irreversible loss of potency occurs with exposure to freezing 

temperatures” [28]. Since a onetime exposure to freezing temperatures may render all or part 

of a vaccine supply ineffective, evaluating storage unit performance on the basis of 

cumulative excursion rate alone would be an incomplete assessment of storage unit 

performance. In some cases, excursions might only account for 1–2% of the runtime for a 

vaccine storage unit, but if any single excursion exposes vaccine supplies to freezing 

temperatures then some vaccines may lose potency. With this in mind, particular attention 

may be directed towards the number of low excursion instances as opposed to just 

accumulated excursion time. Even if freezing excursions are short in duration, these 

excursions may have substantial consequences for the effectiveness of certain vaccines.

This dataset and analyses are subject to some limitations and therefore a cautionary 

discussion around the generalizability of results is warranted. Refrigerators and freezers 

from this dataset may not perform the same as would be found in the broadest possible 

sample of storage units, because the data used in this study comes from a convenience 

sample. Furthermore, this sample consisted of DDL measurements occurring in practice, so 

provider staff may have made adjustments to improve storage unit performance and if so, we 

would not be able to observe any of these adjustments. Information on the types and grades 

of storage units were all self-reported. Therefore, there is a risk of incorrect categorization 

by type or grade if, for example, in practice the distinctions between household-grade stand-

alone and purpose-built storage units are at all ambiguous.

Temperature variability may occur due to other factors, such as the placement of the DDL 

probe within a storage unit or improper implementation of the buffered temperature probe, 

1This change was made to bring the normal range presented in the Toolkit into better alignment with the normal range presented in the 
majority of vaccine package inserts.
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which could not be captured by our data sample and analysis. To account for the influence of 

temperature outliers, we conducted two sets of sensitivity analyses, which on balance 

yielded similar qualitative findings as the main analysis.

Overall, this study underscores the benefits of DDLs in the context of the vaccine supply 

system and, in particular, monitoring temperature stability in vaccine storage units. A large 

portion of storage units in this study, with the notable exception of household-grade 

combination freezer units, appear to perform with greater than 98.9% of observed runtime in 

the normal temperature range. Immunization program managers and vaccine providers who 

observe substantially lower levels of performance from storage units may want to investigate 

further to identify any issues with their storage units and any risks to their vaccine supplies. 

Given differences in performance across storage unit grades and the prevalence of 

household-grade combination storage units, future research could investigate the preferences 

among providers for the selection of different vaccine storage units. Another potential 

avenue for future research would be to better understand the costs of improving cold-chain 

supply systems, including the costs of different types of vaccine storage units and different 

temperature monitoring and data management systems. These improved systems can yield 

substantial benefits in terms of reducing the risk of loss of potency and minimizing potential 

replacement costs associated with any vaccines in storage that may experience temperature 

excursions. DDL-based temperature measurements, or any assessment of temperature 

excursions, in vaccine provider offices is just one of many factors that contribute to a 

resilient and effective immunization system, which includes among others: vaccine 

temperature stability along vaccine distribution networks, vaccine expiration dates, and 

vaccine coverage at the local, state and national levels.

Appendix A.

Table A1.

Welch two-sample statistical tests on the difference in percentage of runtime without 

excursions between types of vaccine storage units, stratified by sample exclusion criteria

Unit types Comparison
Sample description, the percentile of extreme temperature that was 

excluded

Exclude 2.5% most 
extreme temperatures 

(main analysis) No exclusions
Exclude 5% most 

extreme temperatures

p-value p-value p-value

Refrigerators

Household-combination 
vs. household stand-
alone

0.0378 ** 0.2089 0.0232 **

Household-combination 
vs. purpose-built 0.0000 *** 0.0000 *** 0.0000 ***

Household stand-alone 
vs. purpose-built 0.0050 *** 0.0106 ** 0.0048 ***

Combination vs. non-
combination 0.0008 *** 0.0073 *** 0.0005 ***

Freezers
Household-combination 
vs. household stand-
alone

0.0000 *** 0.0000 *** 0.0000 ***
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Unit types Comparison
Sample description, the percentile of extreme temperature that was 

excluded

Exclude 2.5% most 
extreme temperatures 

(main analysis) No exclusions
Exclude 5% most 

extreme temperatures

p-value p-value p-value

Household-combination 
vs. purpose-built 0.0000 *** 0.0000 *** 0.0000 ***

Household stand-alone 
vs. purpose-built 0.1927 0.1502 0.5469

Combination vs. non-
combination 0.0000 *** 0.0000 *** 0.0000 ***

Note(s):*, **, and *** refer to statistical significance at the 10%, 5%, and 1% levels.
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Key points:

• Both refrigerator and freezer compartments of household-grade combination 

storage units do not perform as well as household-grade stand-alone or 

purpose-built storage units, in terms of maintaining stable temperatures in the 

normal range.

• Performance estimates support current vaccine storage and handling 

guidelines to minimize the use of household-grade combination storage units, 

particularly the freezer compartments.
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Figure 1. Frequency histograms of the percentage runtime with out-of-range temperatures 
(either high or low) from several types of vaccine storage refrigerators: (a) household-grade 
combination, (b) household grade, stand-alone, (c) purpose-built; and freezers: (d) household-
grade, combination, (e) household-grade, stand-alone, and (f) purpose-built.
Note(s): Histogram x-axis bin width is 0.5%. The x-axis limit of 0.2 was chosen to simplify 

presentation and ease comparison across panels. This truncation resulted in dropping from 

presentation the following number of observations: 2 from panel a, 16 from panel d, and 1 

from panel e.
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Figure 2. Duration and temperatures associated with identified excursions from several types of 
vaccine storage refrigerators: (a) household-grade combination, (b) household-grade, stand-
alone, (c) purpose-built; and freezers: (d) household-grade, combination, (e) household-grade, 
stand-alone, and (f) purpose-built, purpose-built.
Note(s): Refrigerator out-of-range temperature thresholds are high > 8 °C, low < 2 °C, and 

freezer out-of-range threshold is high > −15 °C. Each point in the figures above represents 

the most extreme temperature and the duration of a single excursion. Points are partially 

transparent so the regions with greater numbers of observations appear darker.
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Table 1.

Illustrative example of (a) raw data from a digital data logger and the corresponding (b) processed data from 

one refrigeration storage unit.

(a) Raw data

Observation Provider ID Storage unit ID Date Time Temperature
a
 (°C)

1 1234 R1 7/1/14 8:00 AM 5.0

2 1234 R1 7/1/14 8:20 AM 5.0

3 1234 R1 7/1/14 8:40 AM 5.5

4 1234 R1 7/1/14 9:00 AM 6.0

5 1234 R1 7/1/14 9:20 AM 6.5

6 1234 R1 7/1/14 9:40 AM 7.0

7 1234 R1 7/1/14 10:00 AM 7.5

8 1234 R1 7/1/14 10:20 AM 7.7

9 1234 R1 7/1/14 10:40 AM 8.5

10 1234 R1 7/1/14 11:00 AM 9.0

11 1234 R1 7/1/14 11:20 AM 9.0

12 1234 R1 7/1/14 11:40 AM 9.0

13 1234 R1 7/1/14 12:00 PM 8.7

14 1234 R1 7/1/14 12:20 PM 8.5

15 1234 R1 7/1/14 12:40 PM 8.2

16 1234 R1 7/1/14 1:00 PM 7.4

17 1234 R1 7/1/14 1:20 PM 7.1

18 1234 R1 7/1/14 1:40 PM 7.0

19 1234 R1 7/1/14 2:00 PM 6.5

20 1234 R1 7/1/14 2:20 PM 5.0

21 1234 R1 7/1/14 2:40 PM 5.0

22 1234 R1 7/1/14 3:00 PM 4.5

23 1234 R1 7/1/14 3:20 PM 4.0

24 1234 R1 7/1/14 3:40 PM 10.1

25 1234 R1 7/1/14 4:00 PM 7.0

26 1234 R1 7/1/14 4:20 PM 5.0

27 1234 R1 7/1/14 4:40 PM 4.5

28 1234 R1 7/1/14 5:00 PM 5.0

(b) Processed data

Observation Provider ID
Storage 
unit ID

Start date-
time

End date-
time Excursion

Min. 
Temp. 
(°C)

Max. 
Temp. 
(°C)

Duration
b 

(Hours)

1 1234 R1 7/1/14 8:00 
AM

7/1/14 10:20 
AM No 5.0 7.7 2.50

2 1234 R1 7/1/14 10:40 
AM

7/1/14 12:40 
PM Yes 8.2 9.0 2.33

3 1234 R1 7/1/14 1:00 
PM

7/1/14 3:20 
PM No 4.0 7.4 3.67
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(b) Processed data

Observation Provider ID
Storage 
unit ID

Start date-
time

End date-
time Excursion

Min. 
Temp. 
(°C)

Max. 
Temp. 
(°C)

Duration
b 

(Hours)

4 1234 R1 7/1/14 3:40 
PM

7/1/14 3:40 
PM Yes 10.1 10.1 0.33

5 1234 R1 7/1/14 4:00 
PM

7/1/14 5:00 
PM No 4.5 7.0 1.17

Note(s): C refers to Celsius.

a.
The acceptable temperature range for this example is 2–8°C, so the out-of-range temperatures found in the raw data correspond to observations 

numbered: 9 to 15, and 24.

b.
When calculating durations, the amount of time in between two observations (20 minutes in this example) is divided equally between two 

sequential observations.
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