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Steam composition, defined as the fraction of non-condensable gases (NCGs) in the steam, is an
essential parameter to ensure the efficacy and reliability of the steam sterilisation process. Standard
EN 285:2015 + A1:2021 defines an operative method for measuring NCG fraction (NCG%) in the
steriliser steam pipes, but lacks specifications about the process profile, timing and volume of
condensate, and environmental conditions. This study aimed to quantify the effects of this lack of
specifications on NCG% measured values to enable a more effective and informative testing procedure.
Sterilisation processes, with different profiles and load amounts, were run in a medium-sized steam
steriliser. NCGs and steam condensate volumes were measured every 30 s using the standard method,
and NCG% values were calculated at different time points and condensate volumes. NCG% variations
associated with environmental temperature and pressure were theoretically estimated. NCG% values
and test outcomes showed dependence on the process profile, load, condensate collection timing

and volume. Environmental conditions had a non-negligible impact on measurements. Overall, NCG
measurement variability impacted standard method reliability to qualify the steriliser and to estimate
steam composition in the steriliser chamber. Real-time quantitative monitoring of steam composition
during every production process is advocated to improve steam sterilisation efficacy and quality.

Keywords Sterilisation efficacy, Steam composition, Non-condensable gases, Standards, Steam quality,
Equipment qualification

Steam sterilisation is worldwide recommended for processing heat-resistant instruments in hospital settings,
combining the nontoxicity of the sterilising agent with the reliability and cost-effectiveness of the process!2.
However, the efficacy and consistent quality of the steam sterilisation process are strongly related to the guarantee
of sterilisation conditions at the load surface. The literature indicates time, temperature, and steam composition
as the essential parameters for monitoring steam sterilisation conditions**. Appropriate combinations of time
and temperature in the presence of saturated steam were identified by Perkins in 1956 and demonstrated to be
able to inactivate heat-resistant microorganisms’. The Medical Research Council revised those time-temperature
combinations by adding a safety margin to account for the inevitable presence of gases in the steriliser chamber
that do not liquify at the conditions reached during the process’. These gases, typically part of air constituents,
do not contribute to the effective and rapid heating of the load®~, since they are unable to transfer heat to the
load surface by condensation!®!!. For this reason, they are usually referred to as non-condensable gases (NCGs)
in relevant standards!?>-!> or, more properly, to non-condensing gases in the technical literature!®17.

In the current standards for steam sterilisation!?!>15, recommended time-temperature combinations
are still those indicated by the Medical Research Council®. The steam composition is listed as one of the key
physical parameters in relevant standards, and is considered part of the steam quality descriptors, together with
dryness value, superheat, and pressure fluctuation, as well as chemical purity metrics like ions, conductivity, pH,
endotoxins, and contaminants in the steam condensate!>!315. Steam composition can be operationally defined
as the amount of NCGs in the steam, and indications for the maximum acceptable amount of NCGs during the
sterilisation phase are provided in the literature and standards. According to?, the volume of NCGs should not
exceed 5% of the steam volume (V. .,) in any part of the load. In w1dely accepted standards, such as EN
285:2015 + A1:2021 and AAMI/ANSI ST79 2017 this recommendatlon was transposed into an upper threshold
of 3.5 mL of NCGs in 100 mL of steam condensate (V,./V)'>".
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Several methods are reported in the current standards'>!*!® and technical memoranda!* to assess steam

composition. However, only clause 21.1.1 of EN 285:2015 + A1:2021 provides a test method to obtain the NCGs
amount in the steam, expressed in terms of mL of NCGs in 100 mL of condensate (V,./V,) and indicated as
NCG%?!2. Although EN 285:2015 + A1:2021 clarifies that the method “should not be regarded as measuring the
exact level of non-condensable gases during normal use of the sterilizer”12, it remains the only standard test used
in the current practice during the qualification and requalification of steam sterilisers. The method is considered
essential to check the steriliser performance and to safely release the processed load!®.

An accurate evaluation of the test method specifications pointed out the lack of precise indications about
the time when the steam condensate collection should be initiated and terminated, as well as the amount of the
condensate to be collected. This lack of specifications leaves the setting of these parameters at the discretion
of the professional performing the test. This gives rise to heterogeneous field practices, such as sampling of
condensate during the conditioning phase or the exposure phase, or collecting variable condensate amounts. In
addition, the test method indicates that steam composition measurements should be performed with an empty
chamber, but no evidence is provided that measurements in this condition are representative of the composition
of the steam generated when the load is present inside the chamber. Moreover, the standard method does not
consider the steam destination of use, i.e. it does not differentiate time periods when the generated steam is
injected into the chamber from those when the steam is used for other purposes. Finally, the environmental
conditions at which the volume of condensate and the volume of NCGs should be determined are not specified
in the standards, and only the maximum temperature for the condensate is indicated to avoid bubble generation
and difficulty in reading the condensate volume.

This study aimed to quantify the effects of the lack of specifications in the test method of clause 21.1.1 of
EN 285:2015+A1:2021 and of the consequent heterogeneity in field practices on NCG measurements and
test outcomes, to enable a more effective and informative testing procedure. Specifically, systematic tests were
performed to quantify the effects of the following factors: (i) the profile of the sterilization process, (ii) the
amount and timing of the collected condensate, (iii) the presence of load in the chamber, (iv) the destination
of use of the steam, (v) the environmental conditions during the test. We hypothesised that NCG measurement
variability arising from the lack of specifications may impact the method’s reliability to qualify the steriliser and
to estimate steam composition in the steriliser chamber.

Materials and methods

Steam steriliser and supplies

A validated, commercially available steam autoclave (VS8/2, Steelco, Riese Pio X, Italy) with a chamber volume
of 614 L was used. Reverse osmosis water (conductivity of 1.3 uS) was heated at 95 °C in the onboard 15 L steam-
heated water degassing tank to remove most of the dissolved NCGs before admission into the electric steam
generator. A liquid ring vacuum pump was used to achieve sub-atmospheric pressure in the steriliser chamber
during the conditioning phase and the drying phase. To reduce the amount of NCGs in the steriliser chamber,
the controller was programmed to avoid refilling water in the boiler when steam injection in the chamber was
active during the conditioning phase.

In order to limit the possible sources of steam composition variability during the study, all working
parameters, equipment settings, and external supplies were maintained, apart from the process profile and the
load amount, where indicated. No changes in the settings of the chamber thermometric and pressure probes, the
boiler level probes, the boiler operating temperature and pressures probes, the steam admission pathway, and the
temperatures of the degassing tank were introduced.

Test protocol and NCGs quantification

At the beginning of each experimental day, a Steam Quality Test Kit D (Dekon Solutions, Dunkeswell, UK)
was connected to the steam piping system of the steriliser using a dedicated port, located in a horizontal pipe
section before the steam access point to the steriliser chamber (Fig. 1). This NCG measurement equipment was
claimed by the manufacturer to comply with the method specified in clause 21.1.1 of EN 285:2015+A1:2021.
The test kit was calibrated by the manufacturer. The steriliser was warmed up, and an air leakage test followed
by a Bowie&Dick (B&D) test was performed in accordance with ISO 17665:2024 recommendations for routine
monitoring and control of the sterilisation process'®. The leak test and the B&D test had to be passed before
experimental activities could start. To implement NCG amount measurements according to the method specified
in clause 21.1.1 of EN 285:2015+A1:2021, the Steam Quality Test Kit D was used following the manufacturer’s
instructions. The kit allowed for the separate collection and measurement of the volume of steam condensate
and the corresponding volume of NCGs into two separate graduated glass tubes (Fig. 1b). The two volumes were
measured over time with a resolution of 2 mL and 0.2 mL, respectively. The temperature of the steam condensate
during all the experiments was maintained between 75 and 80 °C by adjusting the flow rate of the independent
water cooling circuit integrated in the test kit.

The flow rate of the sampled steam was regulated to about 40 mL/min of steam condensate. Measurements
were consistently initiated at the exact start of the conditioning phase of each sterilisation process, and the
volumes of the steam condensate (V) and of NCGs (V) were recorded every 30 s. Measurements were
terminated by the end of the exposure phase, since the steam composition in the drying phase is not relevant for
sterilisation purposes.

Process profile and load amount

Two experimental sessions were performed. In the first session, the impact of the process profile on NCG
measurements was investigated. A typical sterilisation process includes three consecutive phases, characterised
by specific pressure and temperature values in the steriliser chamber that define the process profile (e.g. top
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Fig. 1. Experimental set-up used in the study: schematic diagram (a) and real equipment (b). The steam
quality Test Kit D (Dekon Solutions, Dunkeswell, UK) was used to measure steam composition. The water
levels in the two glass pipes indicate the volumes of the steam condensate (left pipe) and of the NCGs (right
pipe), respectively.

panels of Fig. 2). The three phases are: (i) a conditioning phase, aimed at substituting the air with steam in the
sterilizer chamber; (ii) an exposure phase, when steam effectively heats the load to a target temperature mainly
by condensation heat transfer; (iii) a drying phase required to dry the load and safely open the sterilizer door'.
The duration of the overall process can vary, since only the duration of the exposure phase is specified, while the
duration of the preconditioning and drying phases is dictated by the specific equipment, services?’, and load?""?2.

In this study, three different sterilisation process profiles, referred to as A, B, and C in the following, were
performed. The processes were characterised by different conditioning phase profiles chosen among the variety
of process profiles used in hospital practice. Process A included sub-atmospheric conditioning with four vacuum
control points set at the target pressure of 7 kPa. The pressure of the steam injection control points was set at
80 kPa. Process B included a short-duration, trans-atmospheric conditioning phase with five steam injections
at increasing control point pressures. Process C had a long-duration, trans-atmospheric conditioning phase,
including two vacuum pulses at 7 kPa, seven steam injections at increasing control point pressures, and a five-
minute holding time at 280 kPa. All the processes had the same target temperature of 134.5 °C and pressure
of 308 kPa during the exposure phase. The exposure phase conditions were maintained for 3.5 min. All the
processes of the first experimental session were run in an empty chamber (i.e., in the absence of load and loading
trolley in the steriliser chamber) during a single experimental day.

In the second experimental session, tests were performed to evaluate the effect of load on NCG measurements.
To this aim, the load amount was varied while running repetitions of the same process (process A). Three load
amounts were considered: no load (i.e., empty chamber with no load or loading trolley), half, and full loads.
The load was composed of stainless-steel bulky (non-porous, non-hollow) material in the shape of vertically-
oriented disks (120 mm in diameter, 5 mm thick), spaced by 10 mm and positioned in stainless steel nets for a
total weight of 15 kg for each net. The “half load” was composed of four nets (a total of 60 kg of stainless steel
plus the trolley). The “full load” was composed of 8 nets (a total of 120 kg of stainless steel plus the trolley).
The load was cooled down to environmental temperature before running the process. No wrapping was used.
Experiments were performed in triplicate for each of the three load amounts, on two different experimental
days. The load amount was randomised between different processes to avoid temporal correlation.

In both experimental sessions, the drying phase was shortened to a minimum to reduce experimental time.
Environmental pressure and condensate temperature were monitored during each experimental session.

Condensate volume and timing of condensate collection
In the EN 285:2015+ A1:2021, NCG% is expressed as mL of NCGs per 100 mL of condensate according to

Eq. (1):

NCG% = INCS 19 (1)
Ve

where Vivcc and Ve are the net volumes (expressed in mL) of the non-condensable gases and of the condensate,
respectively. Since the standard does not specify the amount of condensate volume to be collected, the calculation
of NCG% was performed according to different time intervals, which resulted in different condensate amounts.
To evaluate the effects of time intervals on the estimated NCG% values, the calculation of NCG% was performed
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Fig. 2. Effects of the process profile on non-condensable gas quantification. Measurements of steam
composition in the steam supply line according to the method specified in clause 21.1.1 of EN

285:2015 + A1:2021 for three different process profiles (A, B, and C) run in the first experimental session,
with no load (empty chamber). Data referring to a specific process are consistently colour-coded in all the
panels. The top panel shows the time course of the pressure in the steriliser chamber for each process. The
start and end of the exposure phase are indicated by the dashed and dashed-dotted vertical lines, respectively.
The second panel shows the volume of the accumulated NCGs, measured every 30 s. The third and fourth
panels report the time course of NCG%,, and NCG%,, . values, respectively. The error bars represent the
total uncertainty (related to environmental and instrumental factors) associated to each NCG% measurement.
The maximum amount of NCG% recommended by clause 13.3.1 of EN285:2015 + A1:2021 is indicated by the
horizontal dashed line.

over two sliding windows of 30 s and 210 s. The first calculation yielded the time series NCG%,, according to
the formula:

AV; .
NCG% 305 = ﬁ - 100 )

where AV ;,, and AV ;, are the increments in the volume of the accumulated NCGs and in the volume of
the collected steam condensate over a 30 s time window. The calculation on the 210 s sliding window yielded the
time series NCG%,,, given by:

NCG% 9100 = M . 100 (3)

A‘/vC 210s

where AVy . ,,, and AV, o are, respectively, the increments in the volume of the accumulated NCGs and of
the collected steam condensate over a 210 s time window.

At the condensate flow rate of about 40 mL/min, measurements of NCG%30: and NCG%,, 0 corresponded
respectively to about 20 mL and 140 mL of condensate for each measurement. This range covers the condensate
volumes typically used in practice during qualification activities.

To evaluate the impact of the starting point for the condensate collection in NCG% measurements, the time
courses of both NCG%,, and NCG%,,, were plotted, and individual values were compared to the maximum
admissible NCG% threshold of 3.5%, adopted by both clause 13.3.1 of EN 285:2015 + A1:2021'? and clause
3.3.3.2 of AAMI/ANSI ST79:2017"3.
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Destination of use of the steam

To estimate the actual contribution of the steam composition measured in the piping system to that in the
steriliser chamber, the process was divided into subphases in which the steam was actually injected into the
steriliser chamber, and subphases in which the steam was addressed to other districts (e.g. chamber jacket, water
degassing unit). Average and dispersion of NCG%,, values were separately calculated for: (i) steam injection
subphases in the preconditioning phase (when the steam is injected into the sterilizer chamber), (ii) evacuation
subphases in the preconditioning phase (when the steam is addressed to other sterilizer districts), and (iii)
the exposure phase (when steam is again admitted into the sterilizer chamber). Different subphases in the
preconditioning phase were automatically detected by measuring the first derivative of the pressure curves. For
comparison, global average and dispersion of NCG%,, values were also calculated over the whole sterilisation
process (i.e., conditioning phase plus exposure) for the different load amounts, considering triplicate data.

Environmental conditions during measurement of NCG%

The effects of environmental factors on NCG measurements were theoretically evaluated. The variability
of NCG% values due to temperature (T) and pressure (p) variations was estimated within the specifications
provided by the standard test method.

The variability of NCG% related to temperature and pressure depends on the definition of NCG% in terms
of the ratio between NCG and condensate volumes. Indeed, while the mass (1) of a substance depends solely on
the number of molecules of that substance, the volume (V) and the density (p) of a gaseous or liquid substance
are affected by temperature and pressure conditions:

m

V=V p; p=pcr, p):m; (4)

Thus, for the mass of NCGs and steam condensate obtained according to the standard test method, both Vxca
and V are sensitive to T and p. Considering the volume of a given mass of NCGs, measured in two different
measurement conditions characterized by temperature T, and T, and pressure p, and p,, it held:

Woa(t1, p1) _ PNCG(T2, p2)

(5)

VNca(re, p2)  PNCG(TL, p1)

where Vca(ri, piy and pnca(ri, piy indicates respectively the volume and the density corresponding to a
certain NCG mass at the thermodynamic condition i, defined by temperature T, and pressure p.,.

The same relation holds for the volume Vi (r;, piy and density po(ri, pi) of a mass of steam condensate
(water) measured in two different conditions defined by temperature T, and T, and pressure p, and p,:

VC(T1, pl) _ PC(T2, p2)

(6)

VC(TQ, p2) N PC(T1, pl)

Given Egs. (1), (5) and (6), for a given mass of the NCGs and condensate obtained during a steam composition
test, the NCG% values determined at two different environmental conditions, defined by temperatures T', and
T, and pressures p, and p,, vary according to:

%
NCG% (11, p1) i= ——=TL 2D 100

Ver, p1)
Vi . .
_ YNoG(T2, p2) PNCG(T2, p2) " PC(T1, pl) 100 )
Vo(re, p2) * PNCa(T1, p1) * PO(T2, p2)
_ PNCG(T2, p2) * PO(T1, pl) NCG% (72, 2
PNCG(T1, pl) * PC(T2, p2)

The method specified in clause 21.1.1 of the EN 285:2015 + A1:2021'2 allows to operate with the condensate
and the accumulated NCGs at temperatures ranging from 20 °C (temperature of condensing water at the start
of measurements) to 75 °C (maximum temperature allowed by the standard test method for the collection of
the condensate).

Volume measurements should be performed with the condensate and the accumulated NCGs at environmental
pressure, which can be roughly estimated to range from 97.1 to 104.7 kPa for a central EU country (without
considering the pressure change occurring in the case of measurements performed at a relevant altitude above
sea level).

Based on these pressure and temperature ranges and assuming that the main contribution to the NCGs in
the steam comes from air, an estimate of the variability in NCG% measurements was calculated considering
two extreme cases: condition 1, characterized by T,=20 °C, p,=104.7 kPa, and condition 2, characterized by
T,=75°C, p,=97.1 kPa. Because the NCG volume was in direct contact with the condensate, NCG density was
assumed equal to the density of the air at a 100% relative humidity.

Quantification of NCG measurement uncertainty

The uncertainty of NCG% measurements related to environmental factors was estimated using Eq. (7),
considering the variability of condensate temperature and environmental pressure measured during each
experimental session. All experiments were performed by collecting and measuring the condensate and
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NCG volumes using the Steam Quality Test Kit D in a stationary temperature range, which limited variations
of condensate temperature to less than 5 °C. This largely reduced the possible temperature excursion of the
collected condensate with respect to the apparatus described in the standard EN 285, where the steam condensate
temperature can vary from environmental temperature (around 20 °C) to 75 °C.

The uncertainty of NCG% related to the measuring procedure (instrumental uncertainty) was obtained
by considering the uncertainties related to the measurements of NCG and steam condensate volumes and
propagating these uncertainties by applying error propagation to Eq. (1).

The total uncertainty on NCG% measurements was finally obtained by the quadratic sum of the environmental
and instrumental uncertainties.

Statistical analysis

NCG%,,, average and dispersion values on the whole process and in subphases were expressed as median and
interquartile range values. The effects of different process subphases and loads on measured steam composition
were quantitatively evaluated on pooled data from triplicate experiments, using the single NCG%,, measurement
as the statistical unit. Specifically, statistical differences between NCG%,,, measurements obtained in the two
subphases of the conditioning phase (i.e. when the steam was injected into the chamber vs. elsewhere) were
evaluated using the Mann-Whitney U test, which was applied separately to data for each load amount (empty,
half, full). Differences among NCG%,,. measurements in the exposure phase among different load amounts
were assessed using the Kruskal-Wallis test, followed by post-hoc multiple comparisons on all pairs of loads. Test
results were adjusted for multiple hypothesis testing using Benjamini-Hochberg correction. All analyses used
two-sided tests with a significance level of p<0.05. Statistical analyses were performed using Matlab R2024b
(The MathWorks, Inc., Natick, Massachusetts, US).

Results

Effects of the process profile on NCG quantification

Figure 2 presents the results obtained in the first experimental session, using different process profiles in the
absence of load in the steriliser chamber. The pressure profiles of processes A, B, and C are shown in the top
panel of the figure. The vertical dashed and dash-dotted lines indicate the start and the end of the exposure
phase to facilitate the identification of the main process phases. To enhance comparability, data from the three
processes were time-synchronised according to the start of the exposure phase. The second panel of Fig. 2 shows
the measurements of NCG volume (V;), performed every 30 s from the start of the process to the end of the
exposure phase. The time courses of the calculated NCG%,, and NCG%,,, values are shown in the third and
fourth panels, respectively. In the first experimental session, condensate temperature and environmental pressure
ranged from 75° to 80 °C and from 99.60 kPa to 99.78 kPa, respectively. According to Eq. (7), the uncertainty
associated with environmental factors was less than 5% of measurements. Total uncertainty in NCG% values is
indicated by error bars in Fig. 2.

Data inspection pointed out that the accumulated NCG volume changed over time, showing stationary
plateaux and abrupt increases, despite the constant increase of the condensate volume. This resulted in variable
NCG%,,, values over time, where null values corresponded to stationary measurements of V., and peaks to
abrupt ncg increases. Notably, NCG%,, values were occasionally above the 3.5% standard threshold. In the
three tested processes, NCG%,, values exceeded the threshold during the exposure phase of processes B and C,
while they remained below the 3.5% threshold during the conditioning phases of all three processes. Although
no changes in the steriliser and in the feeding water were present, steam composition and conformity to clause
13.3.1 varied depending on the process profile, as summarised in Table 1.

Effects of condensate volume and steam collection starting point on NCG quantification
NCG%,,,, measurements showed lower variability than NCG%,, during the whole process, and values below
the standard threshold in all three tested processes during both the conditioning and exposure phases. Table 1

NCG% below 3.5%?2 *
Methodological option | Process A | Process B | Process C
Collection of @20 mL of
condensate during the Pass Pass Pass
conditioning phase
Collection of @140 mL of
condensate during the Pass Pass Pass
conditioning phase
Collection of @20 mL of
condensate during the Pass Fail Fail
exposure phase
Collection of @140 mL of
condensate during the Pass Pass Pass
exposure phase

Table 1. Outcomes of the steam composition test according to the volume of the collected steam condensate
(20 or 140 mL) and the sampling time (during the conditioning or the exposure phase) for three different
process profiles (A, B, and C). *Compliant with clauses 13.3.1 of EN285:2015 + A1:2021 and clause 3.3.3.2 of
AAMI/ANSI ST79:2017.
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summarises the results of the conformity test to clause 13.3.1 when considering different condensate volumes
(i.e., 30-210 s time windows) and steam collection starting points (i.e., conditioning versus exposure phase),
which complied with clause 21.1.1 of EN 285:2015 + A1:2021. Considering the conformity requirement in clause
13.3.1, test outcomes were non-consistent in two out of the three tested processes.

Effects of the load amount on steam composition

Figure 3 presents the results of the second experimental session, where we tested the effects of variable load
amounts in the steriliser chamber by repeating processes with profile A. During this session, the condensate
temperature and environmental pressure ranged from 75° to 80 °C and from 101.55 kPa to 102.58 kPa,
respectively, accounting for a variation in NCG% values of less than 6% of measurements. Total uncertainty in
NCG% values is indicated by error bars in Fig. 3.

Data inspection showed that the composition of the generated steam was impacted by the presence of
load. Major peaks in NCG%,, were observed during the exposure phase of the processes with larger loads.
Consistently, additional peaks, occurring during the conditioning phase, displayed higher amplitude in the
presence of larger loads.

The comparison of data obtained from triplicate experiments performed with the same steriliser, process
profile, and load amount evidenced additional variability in NCG% measurements. Major differences were
observed in NCG% 308 values, both in terms of time course and absolute values, pointing out the uniqueness of
every single process.

Table 2 summarises the outcome of the steam composition test with the 3.5% standard threshold. The
outcome of the test and the conformity to the standard requirements showed a dependence on the collection
timing and the amount of condensate considered in the NCG% calculation. In addition, the test results were
strongly impacted by the load amount, and non-consistent results were present among process replicates.

Effects related to the steam destination of use

The detailed analysis of NCG% time course in relation to different subphases of the sterilisation process is
exemplified in Fig. 4, which presents the process pressure profiles together with the time course of NCG%,,
corresponding to one exemplary process of each tested load amount. The exposure phase and the process
subphases with a positive pressure gradient in the conditioning phase are highlighted by pink-shaded areas and
correspond to temporal windows when the generated steam is injected into the steriliser chamber. Inspection
of Fig. 4 clearly shows that, in the presence of larger load amounts, steam injection intervals in the conditioning
phase became longer, due to the higher amount of condensate required to heat the load. The come-up ramp was
characterised by a very low NCG amount in the steam, while markedly higher NCG% ,, measurements occurred
at the beginning of the exposure phase. The temporal behaviour of NCG% was likely related to the steriliser
controller program, which excluded refilling water in the generator when steam injection in the chamber was
active during the conditioning phase.

Table 3 summarises the median and interquartile range of NCG%,, values for the overall process (first row)
and for different subphases (second to fourth rows). The comparison of NCG% values obtained in different
process subphases pointed out lower NCG amounts in the subphases when the steam was injected into the
chamber (second row) than elsewhere (third row), with differences reaching statistical significance in the case
of half loads (p=0.0002) and full loads (p=0.0000). The inspection of NCG values during the exposure phase
(fourth row) also confirmed the dependence of NCG amount on the load. Higher NCG amounts were observed
for larger loads, with statistically-significant differences for empty vs. full loads (p =0.029).

Effects of environmental factors on NCG% interpretation

Equations (3-6) were used to calculate the variations of NCG% at the extreme temperature/pressure conditions
allowed by the standards (condition 1: T, =20 °C, p, =104.7 kPa; condition 2: T,=75 °C, p,=97.1 kPa). According
to tabulated values, the densities of gas and condensate at the two conditions were: pxca(r1, p1)= 1.2337 mg/
mL, pnca(re, p2)= 0.8258 mg/mL, pe(r1, p1y= 998 mg/mL, pc(r2, p2)= 975 mg/mL. The substitution of these
values in Eq. (7) gave the proportionality term between NCG% values in the two environmental conditions:

NCGY% (11, p1) = 0.685 - NCG% (13, p2) (8)

Assuming a steam composition measurement, performed at T', and p,, resulting in a value equal to the standard
threshold of 3.5%, the same mass of NCGs and condensate, observed at the environmental conditions T, and p ,
would give an NCG% value of 2.4%, much lower than the threshold. Conversely, assuming a steam composition
measurement, performed at T, and p » yielding a NCG% value of 3.5%, the same mass of NCGs and condensate,
observed at the environmental conditions T, and p,, would give a NCG% value of 5.1%, thus much higher than
the threshold. Since no specification about environmental temperature and pressure is provided in the standards,
NCG% measurements performed according to this method should be interpreted as follows: if the measured
NCG% value is lower than 2.4% the steam quality is certainly better than the limit defined in clause 13.1.1; if
the measured NCG% value is higher than 5.1%, the steam quality is certainly worse than the limit defined in
clause 13.1.1; if the measured NCG% value is between 2.4% and 5.1%, the steam quality is equal to the limit in
the standards within the uncertainty inherent to the measurement procedure described in the same standard.

Discussion

This study, based on systematic experiments performed under controlled conditions, provided quantitative
evidence that the standard method presented in clause 21.1.1 of EN 285:2015 + A1:2021 did not provide enough
specifications to obtain consistent and reliable NCG% measurements, suitable for comparison with a threshold
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Fig. 3. Effects of the load on non-condensable gas quantification. Measurements of steam composition

in the steam supply line according to the method specified in clause 21.1.1 of EN 285:2015 + A1:2021 for
three different load amounts in the steriliser chamber: no load (a), half load (b), full load (c). Data refer to
triplicate experiments performed in the second experimental session, running processes with profile A,
where each replicate is consistently colour-coded in all the panels. The top panels show the time course of
the pressure in the steriliser chamber for each process. The start and end of the exposure phase are indicated
by the dashed and dashed-dotted vertical lines, respectively. The panels in the second row show the volume
of the accumulated NCGs measured every 30 s. Panels in the third and fourth rows report the time course
of NCG%,,, and NCG%, . values, respectively. The errorbars represent the total uncertainty (related to
environmental and instrumental factors) associated to each NCG% measurement. The maximum amount of
NCG% recommended by clause 13.3.1 of EN285:2015 + A1:2021 is indicated by the horizontal dashed line.
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NCG% below 3.5%? *
Methodological option | Empty chamber | Half load Full load

Collection of @20 mL of
condensate during the Pass/Pass/Pass | Fail/Fail/Fail | Fail/Fail/Fail
conditioning phase

Collection of @140 mL of
condensate during the Pass/Pass/Pass Pass/Pass/Pass | Pass/Pass/Pass
conditioning phase

Collection of @20 mL of
condensate during the Pass/Pass/Pass Pass/Fail/Fail | Fail/Fail/Fail
exposure phase

Collection of @140 mL of
condensate during the Pass/Pass/Pass Pass/Pass/Pass | Pass/Pass/Pass
exposure phase

Table 2. Outcomes of the steam composition test according to the volume of the collected steam condensate
(20 or 140 mL) and the sampling time (during the conditioning or the exposure phase) for three different
load amounts (empty chamber, half load, full load). Results of triplicate experiments for each condition

are presented. All tests were performed using process profile A. *Compliant with clauses 13.3.1 of
EN285:2015+ A1:2021 and clause 3.3.3.2 of AAMI/ANSI ST79:2017.

limit. Consistent with our initial hypotheses, our results demonstrated that steam composition is affected by the
process profile, the load amount, the timing and the amount of the condensate collection, and the environmental
temperature and pressure conditions.

The results in Table 1, obtained with different process profiles, showed that the same steriliser complied or did
not comply with the standard limit, depending on the process characteristics.

The performance of NCG%,, measurements pointed out high temporal variability of steam composition,
suggesting that methods with higher temporal resolution should be used for monitoring NCG amount over the
whole duration of the process (i.e., during both the conditioning and exposure phases). Clause 21.1.1 of the EN
285:2015 + A1:2021 reports that “the content of non-condensable gases changes considerably [in time]. A peak
which occurs for a few seconds can be sufficient to cause a fault during sterilization™'2. According to this statement,
the sampling time of a system providing quantitative information on NCGs should be of the order of seconds.
This is not the case for the method specified in clause 21.1.1 of the same standard, which requires collecting
a certain volume of steam condensate by spilling steam from the pipeline “fo cause a small amount of steam
hammer to be heard”'>'8. This process typically requires some minutes to obtain enough steam condensate in
the measuring cylinder and complete the measurement procedure. Due to its low time resolution, the standard
method may not be able to detect NCG peaks of short duration.

The results presented in Table 2 highlighted the influence of the load on the composition of the generated
steam, in agreement with what is reported in the standards'? and literature?!*2. NCG% measurements, performed
in an empty chamber, might not be representative of the steam composition generated when a load was present
in the steriliser chamber. This makes questionable the value of the measurements performed with no load to
assess steam composition during production.

As an additional source of variability, triplicated data collected in this study showed that steam composition
in the supply line was variable over time and among processes, suggesting the necessity of monitoring steam
composition in every cycle. This is consistent with several studies, which have provided evidence that every
sterilisation process is unique?® and that steam composition varies in each process, requiring steam composition
monitoring, together with temperature and time, for every load*. Indeed, the result of a steam sterilisation
process depends on the steriliser, the process, the load, the loading pattern, and the microbiological barrier
used?"?2, which may all affect the steam composition?’.

The variability of the environmental conditions at the test site was also identified as a non-negligible source of
uncertainty on NCG% measurements expressed as volume fraction. The pressure and temperature of the collected
NCGs and condensate affect their volumes and thus the calculated NCG% values. To account for environmental
effects, we proposed a more structured criterion for interpreting NCG% measurement conformity to clause
13.1.1. However, a more effective and direct approach to avoid the dependence on environmental conditions
would be the quantification of NCG amount in terms of mass fraction (i.e., the mass of NCGs divided by the
total mass of NCGs and water vapour together, m,../mg, . )**. As previously pointed out, the mass does not
directly depend on the temperature and/or pressure of the gas mixture. For this reason, the description of steam
composition using the mass fraction is typically adopted in physical models of steam condensation heat transfer
in the presence of NCGs!'®16.

Besides the above-discussed limitations, the added value of NCG% measurements performed in the steam
pipes to estimate steam composition inside the steriliser chamber remains unclear?’. NCGs in the steriliser
chamber (i.e. where steam sterilisation conditions should be obtained) can arise from different sources, including
NCGs entering the chamber from the steam supply, an inadequate air removal stage in the conditioning
phase, and air leakage into the chamber during sub-atmospheric phases'>?. Therefore, measuring the steam
composition at the steam supply level may be poorly informative about the actual composition of steam in the
steriliser chamber?®. Even assuming that no other sources of NCGs were present beyond the steam generator,
the results reported in Table 3 pointed out the necessity of considering the destination of use of the steam and
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Fig. 4. Effects of the destination of use of the steam on non-condensable gas quantification. Time course

of steam composition measurements in the steam supply line in relation to process phases/subphases. One
exemplary process for each of the three different load amounts in the steriliser chamber is presented: no load
(a), halfload (b), and full load (c). Pink-shaded areas, including subphases in the preconditioning phase

and the whole exposure phase, indicate process time windows in which steam is injected into the steriliser
chamber. In the remaining process intervals, the generated steam does not enter the steriliser chamber. Data
refers to experiments performed in the second experimental session, running processes with profile A. The
top panels indicate the time course of the pressure in the steriliser chamber for each process. The start and end
of the exposure phase are indicated by the dashed and dashed-dotted vertical lines, respectively. The lower
panels show the volume of the accumulated NCGs measured every 30 s. The maximum amount of NCG%
recommended by clause 13.3.1 of EN285:2015 + A1:2021 is indicated by the horizontal dashed line.
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Process phase/subphase NCG%,,, over the specified phase/subphase
used for the calculation of the | Median (525th percentile, 75th percentile), %
average NCG%,
(steam destination of use) Empty chamber | Half load Full load
1.52 (0.38; 2.04) 0(0; 1.65) 0(0; 1.52)
Precondition phase +
Exposure phase 0.67 (0.25; 1.58) | 0.51 (0; 2.56) 0 (05 1.65)
(steriliser chamber + 1.01 (0.34; 1.44) | 0.67 (0; 1.87) 0(0;1.35)
other districts)
1.01 (0.8;2.04) | 0.67 (0;2.04) 0(0; 1.39)
0.34 (0;2.04) 0(0;0) 0(0;0)
Steam injection subphases in 0(0; 0.67) 0(0;1.27) 0(0; 0)
the preconditioning phase
(steriliser chamber ) 0.67 (0; 1.10) 0(0;0.67) 0(0;0)
0.34 (05 0.84) 0(0;0.67) 0 (05 0)
0.67 (0.38;1.27) | 1.18 (0; 2.04) 1.01 (0.50; 2.04)
Evacuation subphases in 0.67 (0; 0.84) 0.67 (0.38; 1.10) | 1.01 (0.50; 2.04)
the preconditioning phase
(other districts) 1.01 (05 2.04) 0.67 (0.50; 1.65) | 1.52 (0.54; 2.04)

0.67 (05 1.35) 0.67 (0.50; 2.04) | 1.35 (0.50; 2.04)

152 (152;2.04) | 2.04 (139 2.70) | 2.56 (1.52; 5.97)
Exposure phase 152 (0.76; 2.57) | 2.56 (0.34;5.13) | 3.45 (1.65; 6.10)
(steriliser chamber) 1.35(0.76; 1.91) | 2.04 (1.52;5.23) | 2.04 (1.52; 3.09)
1.52 (0.93; 2.04) | 2.04 (1.35; 3.49) | 2.56 (1.48; 5.26)

Table 3. Effects of the destination of use of the steam and of load amount on non-condensable gas
quantification. Medians (25th and 75th percentiles) of NCG%,,, values were calculated over the whole phase/
subphase of interest. Results are grouped according to load amount (empty chamber, half load, full load)

and presented separately from each replicate experiment and overall on the triplicate pooled values (in bold
format).

restricting NCG% quantification to subphases when steam is actually injected into the chamber for a better
estimation of the steam composition in the sterilizer.

It is finally worth noticing that no calibration procedure is provided to verify the accuracy of the standard
method, beyond the calibration of the volume of the graduated containers used for measuring NCG and
condensate volumes. This crucial aspect suggests that the method should be considered as an indicative rather
than a quantitative test method for measuring steam composition.

In summary, the demonstrated limitations and uncertainties associated with the current standard test method
point out the urgency of developing alternative methods for a reliable and time-resolved quantification of NCGs.
As specified in 21.1.1 of EN 285:2015 + A1:2021, “An alternative procedure to the one described in 21.1 may be
used, providing that it has been shown to give equivalent results to the methods specified in this European standard’.
Based on the results of this study, alternative procedures should not only give equivalent results, but they should
go beyond the current standard specifications, providing better time resolution, less sensitivity to environmental
conditions, and, possibly, higher predictive power on the steam composition in the sterilizer, and the capability
of monitoring every process during the sterilizer production. According to the findings of a recent field study'®,
the reliable and accurate measurement of steam composition could also have the potential to indirectly monitor
the water quality supplied to the steam generator, a relevant factor influencing medical device processing?®.

In the last decade, several technologies have been described in the literature to measure steam composition
in the context of steam sterilisation. An electronic device intended to be used as an alternative Bowie and Dick
test showed the potential for quantifying NCGs in the sterilizer chamber?”. Some years ago, leveraging on the
selective absorbance of infrared light by the water vapour fraction of steam, an infrared sensor was shown to
allow monitoring steam penetration in channelled loads?®?. Similar approaches to detect the water vapour
fraction inside the steriliser chamber®, in small cavities connected to the steriliser chamber®!, or in long and
narrow lumens>? were developed at a prototype level, showing promising results and agreements with numerical
models®!?2. Recently, a sensor based on heat-flux measurements was released to the market to perform
continuous measurements of the NCG amount in the steriliser chamber during each production process®. This
sensor showed its capability to provide reproducible measurements of NCGs resulting from different sources,
with negligible effects of the NCG source location and the load in the chamber?*. A comprehensive study from
the “Working Party on Improving Parametric Load Release for Steam Sterilisation” addressed the sustainability
and costs associated with the use of this technique and pointed out that monitoring steam composition of every
process was cost-effective and more environmentally sustainable than using other indicators®. Cost assessment
assumed no changes in the safety of the sterilisation process. However, the literature indicates that the incidence
of failed steam penetration tests performed in production processes ranges from 2 to 3%%33. The opportunity
to identify these failures may reduce the residual risk for patients and staff and lead to cost savings by reducing
treatment of possible device-related infections.

In addition, the information provided by these innovative sensors, combined with the steriliser information
about temperature and time, may radically improve the parametric monitoring of the sterilisation process®*%,
toward the full parametric release of the processed loads.
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Conclusion

The current standard test method for measuring steam composition has severe limitations in terms of
reproducibility, time resolution, and interpretation. The study findings showed that condensate collection
timing, condensate volume, and environmental conditions determined a non-negligible NCG% variability, and
the measured composition of the steam generated in a production process differed significantly from that of an
empty load.

Overall, NCG measurement variability impacted standard method reliability to qualify the steriliser and
to estimate steam composition in the steriliser chamber. New methodologies capable of real-time quantitative
monitoring of steam composition in every process are needed to improve the safety and reliability of the steam
sterilisation process.
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All main data are available in the text or figures. Complementary information on the data used in the analysis is
available upon reasonable request to the corresponding author.

Received: 13 June 2025; Accepted: 31 October 2025
Published online: 01 December 2025

References

1. World Health Organization and Pan American Health Organization. Decontamination and reprocessing of medical devices for
health-care facilities (2016).

2. Rutala, W. A. & Weber, D. J. Guideline for disinfection and sterilization in healthcare facilities, update 2024. US Department of
Health and Human Services, Center for Disease Control, 2024. www.cdc.gov/infection-control/hcp/disinfection-and-sterilization
/index.html (2008).

3. Sterilization by steam under increased pressure; a report to the Medical Research Council by the Working Party on Pressure-Steam
Sterilisers. Lancet (Lond., Engl.) 1, 425-435 (1959).

4. Doornmalen, J., Tessarolo, F. & Kopinga, K. Measurement of only pressure and temperature are insufficient to monitor steam
sterilization processes: a case study. Zentralsterilisation - Central Serv. 4, 250-253 (2014).

5. Perkins, J. J. Principles and Methods of Sterilization in Health Sciences (Charles C Thomas, 1956).

6. Bosman, A. et al. Jan., Improving parametric load release for steam sterilization. J. Hospital Infect.. https://doi.org/10.1016/j.jhin.2
022.12.015 (2023).

7. Othmer, D. F. The condensation of steam. Indus Eng. Chem. 21, 576-583. https://doi.org/10.1021/ie50234a018 (1929).

8. Hoyt, A., Chaney, A. L. & Cavell, K. Studies on steam sterilization and the effects of air in the autoclave. J. Bacteriol. 36, 639-652.
https://doi.org/10.1128/jb.36.6.639-652.1938 (1938).

9. Scruton, M. W. The effect of air with steam on the temperature of autoclave contents. J. Hosp. Infect. 14 (3), 249-262. https://doi.o
rg/10.1016/0195-6701(89)90042-X (1989).

10. Minkowycz, W. J. & Sparrow, E. M. Condensation heat transfer in the presence of noncondensables, interfacial resistance,
superheating, variable properties, and diffusion. Int. J. Heat Mass Transf. 9 (10), 1125-1144. https://doi.org/10.1016/0017-9310(66
)90035-4 (1966).

11. Shah, M. M. A general correlation for heat transfer during film condensation inside pipes. Int. J. Heat Mass Transf. 22 (4), 547-556.
https://doi.org/10.1016/0017-9310(79)90058-9 (1979).

12. European Committee for Standardization. EN 285+ A1 Sterilization - Steam sterilizers — Large sterilizers. (2021).

13. Association for the Advancement of Medical Instrumentation / American National Standards Institute. Standard ANSI/AAMI
ST79. Comprehensive guide to steam sterilizations and sterility assurance in health care facilities (2017).

14. Health Technical. Memorandum 01-01: Management and decontamination of surgical instruments. Part C: Steam sterilization.
Department of Health, UK (2016). https://www.england.nhs.uk/wp-content/uploads/2021/05/HTM0101PartC.pdf.

15. ISO 17665:2024 Sterilization of health care products — Moist heat — Requirements for the development, validation and routine
control of a sterilization process for medical devices (2024, accessed 9 Dec 2024). https://www.iso.org/standard/80271.html.

16. Rose, J. W. Condensation of a vapour in the presence of a non-condensing gas. Int. J. Heat Mass Transf. 12 (2), 233-237. https://do
i.0rg/10.1016/0017-9310(69)90065-9 (1969).

17. Al-Diwany, H. K. & Rose, ]. W. Free convection film condensation of steam in the presence of non-condensing gases. Int. J. Heat
Mass Transf. 16 (7), 1359-1369. https://doi.org/10.1016/0017-9310(73)90144-0 (1973).

18. Miguel, E. A,, Laranjeira, P. R,, Ishii, M. & de Pinto, T. Analysis of water quality over non-condensable gases concentration on
steam used for sterilization. PLoS One 17, €0274924. https://doi.org/10.1371/journal.pone.0274924 (2022).

19. van Doornmalen, J. & Kopinga, K. Review of surface steam sterilization for validation purposes. Am. J. Infect. Control. 36 (2),
86-92. https://doi.org/10.1016/j.ajic.2007.02.002 (2008).

20. Rodrigues, S. B., Correa, L. G. & de Souza, R. Q. Influence of water temperature in vacuum pumps used for air removal in steam
sterilizer. Biomed. Instrum. Technol. 58 (4), 81-87. https://doi.org/10.2345/0899-8205-58.4.81 (2024).

21. Lapanaitis, L., Frizzell, L., Downing, A. & van Doornmalen, J. P. C. M. Case study: correlation between the duration of a steam
sterilisation process and the weight of the processed load. Zentralsterilisation - Cent. Service 26 (4), 225-230 (2018).

22. van Doornmalen, J. P. C. M., van Wezel, R. A. C. & Kopinga, K. The relation between the Load, Duration, and steam penetration
capacity of a surface steam sterilization process: a case study. PDA J. Pharm. Sci. Technol. 73 (3), 276-284. https://doi.org/10.5731
/pdajpst.2017.008490 (May 2019).

23. van Wezel, R. A. C, van Gastel, A., de Ranitz, A. & van Hoyos, J. P. C. M. Following trends in steam sterilizer performance
by quantitative monitoring of non-condensable gases. J. Hospital Infect. 97, 357-362. https://doi.org/10.1016/j.jhin.2017.08.008
(2017).

24. Tessarolo, F. & Mase, M. Field assessment of a novel sensor for measuring noncondensable gases in steam sterilizers. Sci. Rep. 15
(1), 9836. https://doi.org/10.1038/s41598-025-94798-1 (2025).

25. Das, T. K, Laha, S. K. & Basu, D. Potential problems of inadequate air removal and presence of non-condensable gasses in a
steam sterilization process: A brief discussion. Infect. Control Hosp. Epidemiol. 41 (6), 739-740. https://doi.org/10.1017/ice.2020.88
(2020).

26. Kremer, T. A. & McDonnell, G. Sterilization central: water quality in medical device processing: the power of prevention.
Biomedical Instrum. Technol. 54 (4), 304-309. https://doi.org/10.2345/0899-8205-54.4.304 (2020).

27. van Doornmalen, J. P. C. M. & Kopinga, K. Measuring non-condensable gases in steam. Rev. Sci. Instrum. 84 (11), 115106. https:/
/doi.org/10.1063/1.4829636 (2013).

28. van Doornmalen, J. P. C. M., Verschueren, M. & Kopinga, K. Penetration of water vapour into narrow channels during steam
sterilization processes. J. Phys. D: Appl. Phys. 46 (6), 065201. https://doi.org/10.1088/0022-3727/46/6/065201 (2013).

Scientific Reports |

(2025) 15:42881 | https://doi.org/10.1038/s41598-025-26981-3 nature portfolio


http://www.cdc.gov/infection-control/hcp/disinfection-and-sterilization/index.html
http://www.cdc.gov/infection-control/hcp/disinfection-and-sterilization/index.html
https://doi.org/10.1016/j.jhin.2022.12.015
https://doi.org/10.1016/j.jhin.2022.12.015
https://doi.org/10.1021/ie50234a018
https://doi.org/10.1128/jb.36.6.639-652.1938
https://doi.org/10.1016/0195-6701(89)90042-X
https://doi.org/10.1016/0195-6701(89)90042-X
https://doi.org/10.1016/0017-9310(66)90035-4
https://doi.org/10.1016/0017-9310(66)90035-4
https://doi.org/10.1016/0017-9310(79)90058-9
https://www.england.nhs.uk/wp-content/uploads/2021/05/HTM0101PartC.pdf
https://www.iso.org/standard/80271.html
https://doi.org/10.1016/0017-9310(69)90065-9
https://doi.org/10.1016/0017-9310(69)90065-9
https://doi.org/10.1016/0017-9310(73)90144-0
https://doi.org/10.1371/journal.pone.0274924
https://doi.org/10.1016/j.ajic.2007.02.002
https://doi.org/10.2345/0899-8205-58.4.81
https://doi.org/10.5731/pdajpst.2017.008490
https://doi.org/10.5731/pdajpst.2017.008490
https://doi.org/10.1016/j.jhin.2017.08.008
https://doi.org/10.1038/s41598-025-94798-1
https://doi.org/10.1017/ice.2020.88
https://doi.org/10.2345/0899-8205-54.4.304
https://doi.org/10.1063/1.4829636
https://doi.org/10.1063/1.4829636
https://doi.org/10.1088/0022-3727/46/6/065201
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

29. Tessarolo, F, Mas¢, M., Visona, A. & van Hoyos, J. P. C. M. Monitoring steam penetration in channeled instruments: an Evidence-
Based Worst-Case for practical situations. Front. Med. Technol. 2, 566143. https://doi.org/10.3389/fmedt.2020.566143 (2020).

30. Leiss-Holzinger, E. et al. A localized analysis of the sterilization process by direct steam monitoring. IEEE Access. 5, 19961-19970.
https://doi.org/10.1109/ACCESS.2017.2753940 (2017).

31. Pletzer, S., Miranda, M., Magno, M. & Hochenauer, C. Numerical and experimental investigation of the steam penetration in
narrow channels during a dynamic steam sterilization cycle. Phys. Scr. 99 (11), 115019. https://doi.org/10.1088/1402-4896/ad80db
(2024).

32. Pletzer, S. et al. Steam penetration in long, narrow channels during steam sterilization: a combined study using wavelength
modulation spectroscopy and CFD. Results Eng. 27, 106522. https://doi.org/10.1016/j.rineng.2025.106522 (2025).

33. van Doornmalen, J. P. C. M. & Riethoff, W. A case study of steam penetration monitoring indicates the necessity of every load
monitoring of steam sterilization processes. Cent. Service. 5, 320-325 (2016).

34. Panta, G, Richardson, A. K. & Shaw, 1. C. Effectiveness of autoclaving in sterilizing reusable medical devices in healthcare facilities.
] Infect Dev Ctries 13 (10), 858-864. https://doi.org/10.3855/jidc.11433 (2019).

Acknowledgements

The authors are grateful to Daniele Sabiucciu for the valuable technical support and to Dr. J.P.C.M. van Door-
nmalen for the discussion of the study results. Steelco S.p.A., Riese Pio X, Italy, is gratefully acknowledged for
making the equipment and supplies available for the study.

Author contributions

Conceptualization, ET.; methodology, ET. and M.M,; formal analysis, ET. and M.M.; investigation, ET. and
M.M.; resources, ET. and M.M.; data curation, ET. and M.M.; writing—original draft preparation, ET.; writing—
review and editing, ET. and M.M.; supervision, ET.; funding acquisition, ET. All authors have read and agreed
to the final version of the manuscript.

Funding

Dr Francesco Tessarolo held a fixed-term researcher position supported by the European Union - Fondo Sociale
Europeo Recovery Assistance for Cohesion and the Territories of the European Union (FSE-REACT-EU), Pro-
gramma Operativo Nazionale (PON), Azione IV.4 - Research and Innovation, DM 1062/2021.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to ET.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives
4.0 International License, which permits any non-commercial use, sharing, distribution and reproduction in
any medium or format, as long as you give appropriate credit to the original author(s) and the source, provide
a link to the Creative Commons licence, and indicate if you modified the licensed material. You do not have
permission under this licence to share adapted material derived from this article or parts of it. The images or
other third party material in this article are included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in the article’s Creative Commons licence
and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to
obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommo
ns.org/licenses/by-nc-nd/4.0/.

© The Author(s) 2025

Scientific Reports |

(2025) 15:42881 | https://doi.org/10.1038/s41598-025-26981-3 nature portfolio


https://doi.org/10.3389/fmedt.2020.566143
https://doi.org/10.1109/ACCESS.2017.2753940
https://doi.org/10.1088/1402-4896/ad80db
https://doi.org/10.1016/j.rineng.2025.106522
https://doi.org/10.3855/jidc.11433
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.nature.com/scientificreports

	﻿Quantitative assessment of the standard method for measuring steam composition in surface sterilisation
	﻿Materials and methods
	﻿Steam steriliser and supplies
	﻿Test protocol and NCGs quantification
	﻿Process profile and load amount
	﻿Condensate volume and timing of condensate collection
	﻿Destination of use of the steam
	﻿Environmental conditions during measurement of NCG%
	﻿Quantification of NCG measurement uncertainty
	﻿Statistical analysis

	﻿Results
	﻿Effects of the process profile on NCG quantification
	﻿Effects of condensate volume and steam collection starting point on NCG quantification
	﻿Effects of the load amount on steam composition
	﻿Effects related to the steam destination of use
	﻿Effects of environmental factors on NCG% interpretation

	﻿Discussion
	﻿Conclusion
	﻿References


