
Indonesian Journal of Electrical Engineering and Informatics (IJEEI) 

Vol. 14, No. 3, September 2026, pp. 874~883 

ISSN: 2089-3272, DOI: 10.52549/ijeei.v14i3.7998      874 

  

Journal homepage: http://section.iaesonline.com/index.php/IJEEI/index 

Comprehensive Temperature Mapping and Stratification Study 

of an Ambient Pharmaceutical Warehouse Influenced by Local 

CTU Heat Sources 

 

Pujari Prasantha 
Antibody-Drug Conjugates Division, Manufacturing Site, 

 United States 

 

 

Article Info  ABSTRACT 

Article history: 

Received Mar 20, 2026 

Revised Sep 19. 2026 

Accepted Oct 10, 2026 

 

 This paper reports a temperature mapping study of a GMP-regulated ambient 

pharmaceutical warehouse of about 10,000 square feet (930 m²) whose storage 

space borders an interface zone with 44 controlled temperature units (CTUs). 

The study followed a risk-based IQ/OQ/PQ sequence with 63 calibrated 

wireless loggers sampling at 5-minute intervals in three 72-hour sessions: the 

empty warehouse (OQ, October 2023), the warehouse loaded to about 80 % 

(PQ, October 2023) and a winter session (February 2024). In the empty 

warehouse the mean over all channels was 21.87 °C; the global minimum 

(18.65 °C) was recorded on a wire-rack shelf and the global maximum (27.58 

°C) at a logger mounted on top of a refrigeration unit, at 04:20, outside working 

hours. In the loaded session the sharp equipment-cycle peaks of the empty 

session were absent and a slow diurnal wave dominated, with isolated peaks 

of about 30 °C on working days. In winter, regular peaks of 30–35 °C 

coincided with heating cycles, and one channel started above 40 °C and ran at 

28–32 °C for the rest of the session. The paper states the mean kinetic 

temperature (MKT) equation and its activation-energy convention and 

explains why MKT cannot replace a duration-based evaluation of excursions. 

The underlying time series and per-channel statistics could not be released, so 

the results are presented as a documented case with explicit limitations. The 

practical outcomes are recommendations on destratification, a buffer zone 

around heat-rejecting units and the placement of permanent monitoring points. 
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1. INTRODUCTION 

Regulatory attention in the pharmaceutical industry has extended from manufacturing (GMP) to the 

whole supply chain, where Good Distribution Practice (GDP) now sets the expectations for storage and 

transport [1], [2], [3]. Controlled room temperature (CRT) storage, defined by USP 〈659〉 as 20–25 °C with 

permitted excursions between 15 and 30 °C, is a central element of that chain [4]. Departures from this regime 

can alter the physicochemical properties of a product, reduce its potency and, in some cases, generate 

degradation products [5]. 

Large ambient warehouses present a particular problem because a uniform temperature field is 

required over hundreds or thousands of square metres. Unlike small climatic chambers (up to about 20 m³) 

built around forced-air circulation, a warehouse is exposed to diurnal and seasonal changes of the outdoor 

temperature, air infiltration through loading docks, heat release from lighting, handling equipment and process 

units, and the aerodynamic resistance of rack structures [6]. 
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Current guidance describes how such facilities should be mapped. USP 〈1079〉 and 〈1079.4〉 set 

out a risk-based approach to the qualification of storage areas, including probe placement maps and the 

requirement that a study be long enough to capture workflow and system variations and that seasonal extremes 

be considered [7], [8]. The WHO model guidance and its technical supplement on temperature mapping 

recommend a logger grid at 5–10 m spacing with loggers at high, medium and low level, a study duration of at 

least seven consecutive days (five working days and two weekend days) for warehouses and other ambient 

storage areas, and separate studies in the warmest and coldest seasons where seasonal variation affects the area 

[9], [10]. The EU GDP guidelines require an initial mapping exercise before use, repeated after significant 

modification, and the ISPE Good Practice Guide on cold chain management gives a comparable risk-based 

framework [3], [11]. Applying these requirements to a specific building still requires adaptation to its 

architecture and operating profile. One configuration that the guidance does not address in detail is a warehouse 

in which refrigeration equipment, up to a cluster of controlled temperature units (a CTU farm), shares the 

building volume with ambient storage and rejects condenser heat into it. 

The facility studied here is such a case: an ambient warehouse of about 10,000 square feet (930 m²) 

with no HVAC zoning between storage cells, bordered by an interface zone with 44 autonomous CTUs, and 

with further refrigeration units standing in the storage area itself. The question addressed is whether a passive 

ambient-control arrangement of this kind holds CRT conditions under variable external and internal loads, and 

where its permanent monitoring points should be placed. 

Several specific risks follow from this configuration. Thermal inhomogeneity may produce vertical 

stratification, in particular in winter and summer, with excursions at the upper rack levels [6]. Loading changes 

both the thermal inertia of the system and its airflow paths, so the same stored mass can act as a damping factor 

and as an obstacle to circulation; the coupled airflow and heat-transfer behaviour of packed storage has been 

modelled for other warehouse types [12]. Local anomalies may arise around heat-rejecting equipment. Finally, 

short excursions have to be interpreted: mean kinetic temperature (MKT) is widely used for this purpose, and 

its limits need to be stated [13], [14]. 

The aim of this work is to document the temperature mapping of this warehouse in the empty and 

loaded states and during a winter period, to interpret the results against current guidance, and to derive 

recommendations for the placement of permanent monitoring sensors. The objectives were: 

● to develop a risk-based mapping protocol that accounts for room geometry, equipment layout and 

material flows; 

● to collect temperature data in the empty (OQ) and loaded (PQ) warehouse and under winter 

conditions; 

● to compare the sessions using absolute temperature metrics and MKT, and to state the limits of 

the MKT approach; 

● to identify locations of elevated risk and to formulate recommendations for the permanent 

monitoring system. 

The contribution of the paper is a documented case rather than a new method. It describes how heat-

rejecting refrigeration units inside an ambient storage zone appear in the mapping record, compares empty and 

loaded profiles recorded with the same 63-channel grid, and shows how winter heating cycles affect the choice 

of control points for the environmental monitoring system. The underlying time series and per-channel statistics 

belong to the site's validation record and could not be released for publication. The paper therefore relies on 

the summary outputs reproduced in the figures and tables, and the limitations that follow from this are stated 

in Section 3.6. 

 

2. RESEARCH METHOD 

The study was conducted at a GMP-compliant warehouse used for pharmaceutical substances, 

components and consumables. The total storage area is about 10,000 square feet (930 m²). The warehouse is 

classified as an ambient temperature-controlled area with a target range of 20–25 °C and permitted operational 

excursions of 15–30 °C. Temperature is monitored continuously, with alarms, by the site's process automation 

system (PAS), which serves as the permanent monitoring system; temperature is not controlled at individual 

storage locations. 

Three parts of the facility define the thermal model: the main storage area, the receiving and shipping 

area and the CTU farm interface. The main storage area is built with multi-level pallet racks arranged in parallel 

rows, which set the characteristic directions of air movement. The receiving and shipping area, about 2,000 

square feet (190 m²), has roll-up dock doors fitted with air curtains to limit heat exchange with the outside; 

frequent door openings expose it to the outdoor temperature. The CTU farm interface covers about 1,500 square 

feet (140 m²) and houses 44 autonomous refrigerated units. Each unit controls its own interior independently 

of the ambient environment, but its condenser rejects heat into the warehouse, so the interface is treated as a 
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potential source of localized temperature elevation and airflow disturbance. A floor plan of the facility is not 

reproduced in this paper; the logger layout in Figure 1 serves as the spatial reference. 

The qualification followed the V-model lifecycle and the risk-based approach of USP 〈1079.4〉 [8]: 

installation qualification (IQ), operational qualification (OQ) in the empty warehouse, performance 

qualification (PQ) in the loaded warehouse, and seasonal mapping. 

During IQ the racks, the HVAC elements and the PAS sensors were verified against the design 

documentation, and all data loggers were calibrated before OQ. OQ mapped the empty warehouse to establish 

the baseline behaviour of the climate system without the damping effect of stored product. PQ mapped the 

warehouse loaded to about 80 % of rack capacity with a combination of actual materials and simulated loads, 

to confirm stability under the thermal inertia and airflow obstruction of real operation. 

The acceptance criteria of the qualification protocol were: all logger readings within 15–30 °C; the 

warehouse operating predominantly within 20–25 °C; MKT below 25 °C at every location; PAS probe readings 

consistent with the co-located loggers; and no alarm or excursion left without a documented investigation. 

Transient spikes up to 40 °C were acceptable only if they lasted no longer than 24 hours and MKT stayed 

below 25 °C, in line with USP 〈659〉 [4]. Wire-rack channels were recorded for information and were not 

part of the acceptance criteria. 

Seasonal mapping was planned for the coldest and warmest periods. The winter session (February 

2024) is analysed in this paper. A summer session was also performed at the site; its dates and results were not 

retrieved for this analysis and are not used here. 

The logger placement plan was derived from a risk assessment of the warehouse volume that 

considered the geometry, rack layout and height, airflow obstructions, heat-generating equipment, the positions 

of the fixed PAS probes and the door locations. Figure 1 shows the resulting layout in the main storage area. 

 

 

 
Figure 1. Layout of temperature data loggers in the main warehouse. L, M and H mark loggers at low, 

medium and high level, which correspond to the bottom, middle and top shelf positions in Table 1; blue: wire 

racking; orange: heat sources 

 



IJEEI ISSN: 2089-3272  

 

Temperature mapping of an ambient pharmaceutical warehouse with local CTU heat sources (Pujari) 

877 

In total 63 channels were used. Forty-nine loggers were mounted on pallet racks at three levels 

(bottom, middle and top shelf) with a horizontal spacing of no more than 18 ft (about 5.5 m); this spacing is 

consistent with the 5–10 m grid recommended by WHO [10]. Their positions, as recorded in the session channel 

list, are given in Table 1; the same channel assignment was used in the empty and loaded sessions. Six loggers 

were placed on wire racks used for auxiliary materials. Four loggers were co-located with the fixed PAS probes 

to compare the permanent system with the mapping loggers. Four loggers were placed at identified heat 

sources: on top of two refrigeration units in the storage area (designated MM refrigerators in the channel list) 

and on top of two QC refrigerators. These units are refrigeration equipment standing within or beside the 

ambient storage space; whether they form part of the 44-unit CTU farm interface is not recorded in the channel 

descriptions. Table 2 lists the fourteen supplementary channels. 

 

Table 1. Pallet-rack channels LC 1–LC 49 as recorded in the session channel list (rack index and shelf 

position; sampling interval 5 min for all channels) 

Channel Position Channel Position Channel Position 

LC 1 Rack 1A Bottom LC 18 Rack 18B Middle LC 35 Rack 35B Middle 

LC 2 Rack 2B Middle LC 19 Rack 19C Top LC 36 Rack 36A Bottom 

LC 3 Rack 3C Top LC 20 Rack 20B Middle LC 37 Rack 37C Top 

LC 4 Rack 4B Middle LC 21 Rack 21C Top LC 38 Rack 38B Middle 

LC 5 Rack 5B Middle LC 22 Rack 22B Middle LC 39 Rack 39C Bottom 

LC 6 Rack 6A Bottom LC 23 Rack 23A Bottom LC 40 Rack 40A Top 

LC 7 Rack 7B Middle LC 24 Rack 24B Middle LC 41 Rack 41B Middle 

LC 8 Rack 8C Top LC 25 Rack 25C Top LC 42 Rack 42C Bottom 

LC 9 Rack 9B Middle LC 26 Rack 26B Middle LC 43 Rack 43B Middle 

LC 10 Rack 10A Bottom LC 27 Rack 27A Bottom LC 44 Rack 44A Top 

LC 11 Rack 11C Top LC 28 Rack 28B Middle LC 45 Rack 45B Middle 

LC 12 Rack 12B Middle LC 29 Rack 29C Top LC 46 Rack 46C Bottom 

LC 13 Rack 13A Bottom LC 30 Rack 30B Middle LC 47 Rack 47B Middle 

LC 14 Rack 14B Middle LC 31 Rack 31A Bottom LC 48 Rack 48A Top 

LC 15 Rack 15C Top LC 32 Rack 32A Bottom LC 49 Rack 49B Middle 

LC 16 Rack 16B Middle LC 33 Rack 33B Middle   

LC 17 Rack 17A Bottom LC 34 Rack 34C Top   

 

Table 2. Supplementary channels LC 50–LC 63: wire racks, heat sources and PAS co-location points 

Channel Group Position as recorded in the channel list 

LC 50 Wire rack Wire rack adjacent to Rack 8, bottom shelf 

LC 51 Wire rack Wire rack adjacent to Rack 8 and Rack 7, middle shelf 

LC 52 Wire rack Wire rack adjacent to Rack 7 and Rack 6, top shelf 

LC 53 Wire rack Wire rack adjacent to Rack 6 and Rack 5, middle shelf 

LC 54 Wire rack Wire rack adjacent to Rack 5, bottom shelf 

LC 55 Wire rack Wire rack adjacent to the wall, middle shelf 

LC 56 Heat source Top of far-left MM refrigerator 

LC 57 Heat source Top of far-right MM refrigerator 

LC 58 Heat source Top of QC refrigerator 49380 

LC 59 Heat source Top of QC refrigerator 49381 

LC 60 PAS co-location PAS TT_EAST_50006 

LC 61 PAS co-location PAS TT_SOUTH_50008 

LC 62 PAS co-location PAS TT_NE_50009 

LC 63 PAS co-location PAS TT_NW_50011 

 

Data were collected using a validated wireless temperature monitoring system equipped with 

calibrated temperature sensors and validated data-acquisition software operated under the site’s applicable 

electronic-record controls in accordance with 21 CFR Part 11 requirements     . The sampling interval was 5 

minutes, which resolves the daily cycle and short events such as door openings while keeping the data volume 

manageable. All sensors were calibrated at three points with NIST traceability before and after the study; the 

acceptance criterion for drift was ±0.5 °C. 

Each session ran for 72 hours: OQ from 3 to 6 October 2023 (Tuesday to Friday), PQ from 7 to 10 

October 2023 (Saturday to Tuesday) and the winter session from 23 to 26 February 2024 (Friday to Monday). 
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The PQ and winter windows therefore include a weekend; the OQ window does not. A 72-hour window 

captures three diurnal cycles but is shorter than the seven consecutive days recommended by WHO for ambient 

warehouses [10]; USP 〈1079.4〉 requires a duration sufficient to capture workflow and system variations 

and consideration of seasonal extremes [8]. This point is taken up in Section 3.6. 

Processing comprised descriptive statistics (minimum, maximum and mean per channel and for the 

whole warehouse), visual time-series analysis to identify trends, HVAC cycles and outliers, and MKT 

calculation. MKT expresses a fluctuating temperature history as the single temperature that would produce the 

same cumulative thermal stress, assuming Arrhenius kinetics [15], [16]: 

MKT = (ΔH/R) / {−ln[(e^(−ΔH/RT₁) + e^(−ΔH/RT₂) + … + e^(−ΔH/RTₙ)) / n]}          (1) 

where ΔH is the activation energy, R = 8.314 J·mol⁻¹·K⁻¹, T₁ … Tₙ are the sampled absolute 

temperatures and n is their number. USP 〈1150〉 adopts ΔH = 83.144 kJ·mol⁻¹ as the convention for 

pharmaceutical storage [15]. The validation software was run at its default activation-energy setting, which 

was not changed for this study; the version-specific documentation of that default was not retrieved for this 

revision, so the USP value is quoted here as the reference convention. 

Where the text below quotes values that are not in the statistical reports (peak heights, peak spacing, 

approximate event durations), they are readings taken from the charts reproduced in the figures, with a precision 

of about ±1 °C and ±10 minutes. No per-channel statistics were computed from the images. 

 

3. RESULTS AND DISCUSSION 

 

3.1.  Temperature profile of the empty warehouse (OQ stage) 

OQ in the empty warehouse shows the behaviour of the HVAC system without the damping effect of 

stored product. Free air movement makes the volume responsive to external influences and to the on/off cycles 

of the climate equipment. Figure 2 shows the 72-hour profile. 

 

 
Figure 2. Temperature profile of the empty warehouse, 3–6 October 2023 (63 channels) 

 

The channels track each other closely, which indicates good mixing in the empty volume. Regular 

narrow peaks above 25 °C, reaching about 27–27.5 °C, appear in groups on the first and third days. Their 

regular spacing resembles the signature of control cycles of the climate equipment, but the cause was not 

established within this study. The mean over all channels and the full window was 21.87 °C, within the target 

range. Figure 3 reproduces the statistical report. 
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Figure 3. Statistical report of the empty-warehouse session (global minimum, maximum and mean over 63 

channels) 

 

The global minimum of 18.65 °C occurred at LC 50, a wire-rack bottom shelf adjacent to rack 8, at 

09:25 on 5 October, and the global maximum of 27.58 °C at LC 57 at 04:20 on the same day. LC 57 is one of 

the four heat-source channels, mounted on top of a refrigeration unit (Table 2). Both extremes therefore come 

from channels outside the 49 pallet-rack positions; the range of the pallet-rack channels alone is narrower but 

is not available in the released outputs. The maximum occurred at a heat-source position outside working hours, 

when no handling or door activity would be expected. This timing is consistent with local heat rejection from 

the unit; it would also be consistent with a night-time control mode of the HVAC system, and the available 

summary data do not allow the two contributions to be separated. 

Both extremes lie within the permitted 15–30 °C band. No top-versus-bottom comparison across the 

rack levels is available for this session, so the vertical gradient in the October sessions is not quantified here. 

 

3.2.  Impact of loading on thermal stability (PQ stage) 

PQ was performed with racks loaded to about 80 %. Loading obstructs airflow and may create dead 

zones, while the stored mass adds heat capacity and thermal inertia. Figure 4 shows the loaded-warehouse 

profile. 

 

 

 
Figure 4. Temperature profile of the loaded warehouse, 7–10 October 2023 (63 channels) 
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Compared with Figure 2, the loaded profile is dominated by a slow diurnal wave of roughly 21–26 

°C, and the sharp control-cycle peaks of the empty session are absent. The channels form a dense bundle, 

indicating homogeneous conditions across the racks. One channel shows a persistent high-frequency oscillation 

of about 1–2 °C superimposed on the diurnal wave, which resembles the on/off cycling of a refrigeration 

compressor; a second channel runs about 1 °C below the bundle. The channel-level statistics needed to attribute 

these two traces with certainty are not available in the released outputs. 

The comparison supports, qualitatively, the expected stabilizing effect of loading: the response to 

equipment cycles is attenuated and temperature fronts are more gradual. The two sessions were, however, 

recorded in different weeks under different outdoor conditions, and the diurnal amplitude in the loaded session 

is larger than the baseline drift of the empty session. The comparison should therefore be read as a difference 

in the character of the fluctuations, not as a measured damping ratio. 

Four isolated peaks reaching about 30 °C occur in the loaded session, all on Monday 9 and Tuesday 

10 October and none during the weekend; on the chart each lasts on the order of tens of minutes. Their timing 

points to operational events on working days, but the specific cause and the affected locations were not 

established in the records available for this paper. No statistical report was released for the loaded session, so 

its per-channel extremes are not stated; the chart places the highest readings at about 30 °C, at the upper limit 

of the permitted band. 

 

3.3.  Analysis of critical zones and local heat sources 

Channels LC 50–LC 63 (Table 2) covered the zones considered high-risk a priori: six wire-rack 

positions adjacent to racks 5–8 and to the wall, four heat-source positions on top of refrigeration units, and four 

positions next to the fixed PAS probes (TT_EAST, TT_SOUTH, TT_NE and TT_NW). 

Of the heat-source channels, only the extreme value of LC 57 is documented in the available summary 

outputs (27.58 °C, Section 3.1); per-channel statistics for LC 56–LC 59 are not reproduced here. The heat-

source positions are not product storage locations, but the warm plume above a condenser can reach adjacent 

pallet positions. The buffer zone recommended in Section 4 is a risk-based design measure that follows from 

this mechanism, not a quantified finding of this study. 

Table 3 gives the 72-hour means of the four PAS co-location channels in the empty-warehouse 

session. The instrument comparison between each PAS probe and its co-located logger was part of the 

qualification record and is not reproduced here; the table characterizes the positions of the fixed probes rather 

than the agreement of the instruments. 

 

Table 3. Mean temperature of the PAS co-location channels LC 60–LC 63, empty-warehouse session (3–6 

October 2023) 
Data series Start time Stop time Function Average, °C 

LC 60 10/3/2023 12:00 PM 10/6/2023 12:00 PM Average 22.11 

LC 61 10/3/2023 12:00 PM 10/6/2023 12:00 PM Average 22.17 

LC 62 10/3/2023 12:00 PM 10/6/2023 12:00 PM Average 22.03 

LC 63 10/3/2023 12:00 PM 10/6/2023 12:00 PM Average 22.08 

 

The four means lie within 0.14 °C of each other and 0.16–0.30 °C above the mean over all channels 

(21.87 °C). The fixed-probe positions therefore represented the warehouse mean closely during OQ, with a 

slight warm bias. Whether they also capture the worst-case locations is a separate question, taken up in Section 

3.4. 

 

3.4.  Winter mapping: stratification and heating-related risks 

The winter session showed a risk profile different from the October sessions: the dominant feature 

was overheating at individual positions coinciding with heating cycles. Figure 5 shows the 72-hour profile. 

 

 
Figure 5. Temperature profile of the winter session, 23–26 February 2024 (63 channels) 
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Most channels occupy a 20–25 °C corridor with regular narrow peaks spaced about two hours apart; 

the peaks reach 30–35 °C on several channels, and the largest group occurs on the night of Sunday 25 to 

Monday 26 February, in the last hours of the session. One channel (light grey trace) behaves differently: it 

starts near 50 °C at the beginning of the session, falls to about 30 °C within a few hours and then runs at 28–

32 °C with peaks up to about 38 °C. This channel was positioned in a hot zone next to a heat source. Its channel 

number, exact position, status as a storage or non-storage location, and the duration of its exposure above 30 

°C could not be established from the records available for this paper. Two explanations are possible on the 

evidence of the chart alone: a position in the discharge of a heater, or a logger that was warm when deployed 

and equilibrated during the first hours. The initial monotonic decay from about 50 °C to 30 °C is compatible 

with either. The trace is therefore reported as an unexplained observation and is included in the limitations 

(Section 3.6). Figure 6 shows a four-channel detail of the same period in degrees Fahrenheit. 

 

 
Figure 6. Four-channel detail of the winter session, 23–26 February 2024 (°F scale, 59–86 °F) 

 

The detail plot shows the same rhythmic pattern. Two channels (blue and red) reach about 85 °F (29.4 

°C) at each peak, whereas the other two (green and light blue) remain several degrees lower. The identity of 

the four channels is not stated in the source output and is not inferred here. 

The pattern is consistent with convective heating: warm air from the heaters rises and creates a vertical 

gradient, so positions in the discharge path or under the roof are expected to see the largest peaks. Which rack 

levels recorded the winter peaks cannot be stated, because the channel-to-location link for the winter session 

is not available (Section 3.6). Under USP 〈659〉, transient spikes up to 40 °C are permitted for CRT storage 

provided that they do not exceed 24 hours and that MKT does not exceed 25 °C; spikes above 40 °C are 

permitted only if the manufacturer so instructs [4]. The peaks of 30–35 °C in Figure 5 fall within this allowance. 

The grey-trace channel does not: its start above 40 °C and its sustained level of 28–32 °C place it outside the 

CRT definition unless it is confirmed to be a non-storage position. Independently of that question, regular 

exposure to peaks of 30–35 °C is undesirable, and corrective action such as destratification fans that return 

warm air to floor level is recommended; it would also reduce heat loss through the roof. 

 

3.5.  Compliance assessment via MKT and excursion analysis 

MKT, Equation (1), was used to interpret readings outside the 20–25 °C target range. According to 

the site's validation record, the MKT computed by the software did not exceed 25 °C at the locations included 

in the acceptance assessment. The per-location values are not reproduced in this paper, so this statement is a 

reported outcome of the qualification and not a result that the reader can verify from the figures. It also cannot 

apply to the grey-trace channel of Section 3.4 if that channel was part of the assessment: a channel that runs at 

28–32 °C for most of a 72-hour window has an MKT of about 30 °C by construction. Whether that channel 

was excluded from the assessment as a non-storage position is not documented in the records available, and 

the winter MKT statement is therefore limited to the storage-location channels. 

Regulatory guidance is explicit that MKT cannot be used to compensate for excursions that breach a 

product's stability budget and must not mask systematic control problems [4], [7], [13], [14]. In this study MKT 

and the duration-based criterion of USP 〈659〉 (transient spikes of at most 40 °C for at most 24 hours) 

address different risks: MKT integrates the cumulative thermal history, while the duration criterion limits single 

events. The regular peaks above 30 °C in winter carry little weight in a 72-hour MKT, yet they indicate a 
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heating-control problem that MKT does not resolve; and the grey-trace channel cannot be evaluated at all 

without its time series. 

Winter stratification also has an energy dimension: heat accumulated under the ceiling is ineffective 

for products on the lower levels and increases losses through the roof. Destratification and correct operation of 

the air curtains in the shipping zone would reduce the HVAC load and stabilize the temperature profile. 

 

3.6.  Limitations 

The findings are subject to the following limitations. First, a single facility was studied, so the 

quantitative results are specific to its geometry, HVAC configuration and refrigeration equipment. Second, 

three 72-hour sessions were analysed, which is shorter than the seven-day minimum recommended by WHO 

for ambient warehouses [10]; the summer session performed at the site is not included. Third, the underlying 

time series, the per-channel statistics (including MKT and time above 25 °C and 30 °C) and high-resolution 

chart exports could not be released for publication; the analysis therefore relies on the summary outputs 

reproduced in Figures 2–6 and Table 3, and the only values read from the charts are the approximate peak 

heights, spacings and durations identified as such in the text. Fourth, the channel-to-location link for the winter 

session, the identity and storage status of the grey-trace channel, and the identity of the four channels in Figure 

6 are not available in the published record. Fifth, the relation of the four heat-source refrigeration units to the 

44-unit CTU farm interface is not documented, and no channel is recorded as positioned at the interface itself. 

Sixth, the facility floor plan is not reproduced. Conclusions about the influence of refrigeration equipment on 

the ambient zone and about the effect of loading are correspondingly qualitative. 

 

4. CONCLUSION 

This paper documents the temperature mapping of a 10,000-square-foot (930 m²) ambient 

pharmaceutical warehouse that contains refrigeration equipment and borders a 44-unit CTU farm, using 63 

calibrated channels in three 72-hour sessions. In the empty session the mean over all channels was 21.87 °C 

and the reported extremes (18.65 °C on a wire-rack shelf, 27.58 °C on top of a refrigeration unit at 04:20) lay 

within the permitted 15–30 °C band. In the loaded session the sharp equipment-cycle peaks gave way to a slow 

diurnal wave with a few isolated peaks of about 30 °C on working days; per-channel extremes for this session 

were not released. 

The winter session identified the main vulnerability of the present configuration: peaks of 30–35 °C 

at several positions coinciding with heating cycles, and one channel next to a heat source that started above 40 

°C and ran at 28–32 °C thereafter. The cause, storage status and time series of that channel could not be 

established from the records available, so the compliance of the winter session is reported here only as the 

outcome recorded in the site qualification, limited to the storage-location channels. 

The practical recommendations are to install destratification devices that remove the winter vertical 

gradient; to keep a buffer zone around heat-rejecting refrigeration units and the CTU farm interface in which 

thermolabile products are not stored, as a risk-based design measure; to place permanent monitoring points at 

the positions where the extremes were recorded and, on the basis of the stratification mechanism, at the upper 

rack levels; and to accompany every peak above 30 °C with a root-cause review instead of relying on MKT 

alone. 

For other facilities that combine ambient storage with refrigeration equipment, the study offers a 

mapping configuration (a three-level grid at about 5.5 m spacing, co-location with the fixed probes and 

dedicated heat-source channels) that is consistent with the WHO spatial-grid recommendation, while its 72-

hour duration is shorter than the recommended study duration. Longer sessions, mapping of both seasonal 

extremes, and publication of per-channel statistics would be needed to turn these observations into quantified 

benchmarks. 
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