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Abstract
In the field of water content measurement, the calibration of coulometric methods 
(e.g., coulometric Karl Fischer titration or evolved water vapor analysis) is often 
overlooked. However, as coulometric water content measurement methods are used 
to calibrate secondary methods, their results must be obtained with the highest 
degree of confidence. The utility of calibrating such instruments has been recently 
demonstrated. Both single and multiple point calibration methods have been sug-
gested. This work compares these calibration methods for the evolved water vapor 
analysis technique. Two uncertainty estimation approaches (Kragten’s spreadsheet 
and M-CARE software tool) were compared as well, both based on the ISO GUM 
method.

Keywords Calibration · Evolved water vapor analysis · Metrology in chemistry · 
Moisture in solids · Uncertainty estimation

1 Introduction

Moisture metrology has experienced rapid development in recent years, as more 
stakeholders have realised that improved moisture content control can provide sig-
nificant gains in process efficiency and/or product quality [1]. However, moisture 
determination in solids poses more challenges than in gases or liquids. The ana-
lyte (most importantly, water) can be bound to the matrix with varying degrees 
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of strength (due to different types of interactions), the material is often difficult to 
homogenize and the controlled release of moisture for the measurement can be com-
plicated [2].

Thermal methods are used for a variety of purposes, from oxidation studies to 
measuring phase changes [3]. Differential scanning calorimetry (DSC), for example, 
has been used from measuring the energetic effects of protein folding [4] to polymer 
biodegradability [5]. Another thermal method, thermogravimetric analysis (TGA), 
has found uses in studies looking into the properties of polymers [6] and pyroly-
sis processes [7]. Also, the most common technique for moisture content analysis 
is a thermal method, loss on drying (LoD), where the mass of the sample is meas-
ured before and after heating, with the difference being attributed to moisture [8]. 
Using heat to access the moisture bound within a material is very robust. Given suf-
ficient time and temperature, moisture will be released from the solid sample, yield-
ing results representative of the whole sample. In LoD other volatiles, in addition 
to water, evaporate upon heating as well—thus LoD measurements yield moisture 
content, a broader term than water content. In some instances, it may be necessary to 
measure water content specifically, which requires more selective methods [9]. This 
need has been met by hybrid approaches combining the heating step of LoD, for a 
robust release of water, with detection cells that are selective for water. One such 
technique is evolved water vapor analysis (EWV), which has been used in this study.

Primary measurement methods (PMMs) are methods for which all relevant meas-
urement uncertainty sources are known, quantified and their measurement uncer-
tainty can be estimated using the ISO GUM method [10]. A PMMs’ measurement 
model is sufficient for predicting the analytical signal [11] and thus does not require 
calibration with an analyte, therefore lacking a calibration curve. In chemistry, 
PMMs are gravimetry, titrimetry, isotope dilution mass spectrometry and coulom-
etry [12], an example of the latter being EWV. Despite being PMMs, recent publica-
tions have demonstrated the usefulness of calibrating EWV and Karl Fischer titra-
tion (KFT), when highly accurate results are desired [13–15]. As PMMs, EWV and 
KFT are used to calibrate secondary measurement methods, to ensure traceability 
to SI units [10, 16]. Therefore, it is paramount that their measurement results and 
uncertainty estimates are as reliable and representative as possible.

The current work evaluates the usefulness of calibrating PMMs, in particular 
EWV, and the associated uncertainty of the measurements.

2  Methods

2.1  Experimental Setup

The experimental part of this work was performed with an EWV instrument 
“easyH2O” (Berghof Products + Instruments GmbH, Germany) controlled by 
Aqualys software. This instrument uses coulometry, i.e., measurement of current 
and time, for the direct measurement of water content. First, the sample is placed in 
an oven and heated according to a predefined temperature program. The oven is con-
tinuously flushed with a stream of dried gas that carries the evaporated components 
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to the sensor, which is constantly electrolyzing water molecules it comes in contact 
with. The sensor is coated with a layer of anhydrous  P2O5, which is highly hygro-
scopic. It absorbs water molecules from the stream of gas, which are thereafter elec-
trolysed into  H2 and  O2 and the amount of water is calculated via Faraday’s law 
(Eq. 1) [17].

where m is the mass of water (g), M is the molar mass of water (18.015 g·mol−1), 
Z is the number of released electrons per molecule (2 for water), i(t) is the elec-
trolytic current consumed between t2 and t1 and F is the Faraday constant (96 
485.33 C·mol−1).

The instrument measures the change in current and this is also used to determine 
the measurement end-point by setting a threshold current. This value is determined 
during method development and also depends on the condition of the instrument 
(e.g. partially depleted molecular sieves to dry the carrier gas result in a higher back-
ground current, necessitating a higher value for the threshold). The manufacturer 
recommends checking the condition of the system daily, due to possible background 
drift related to sensor fouling and molecular sieve saturation in the drying column. 
This is done by regularly analysing a set of reference or calibration standards. The 
EWV was operated according to the manufacturer recommendations, the calibration 
samples were used to calculate a correction factor, called cell constant, (Eq. 2) to 
compensate for possible bias of the system—a single point calibration. If the meas-
ured water content differed by more than ± 5 % from the reference value, the sensor 
was regenerated and the sample oven cleaned. Work was resumed once calibration 
sample measurements were within ± 5 % of the reference value. To account for the 
residual water remaining on the sample boat or in the system, a “tare” (empty sam-
ple boat) was measured before each measurement sequence. The obtained value was 
subtracted from subsequent measurement results.

Kaolinite clay, wood pellet and cardboard samples were analysed as case studies 
to assess the performance of the EWV analysis and data treatment methods with real 
life samples. All samples were analysed in replicates and the measurement series 
were repeated on several days. Initial results have been published earlier [15]. In 
this work a more detailed study on the effects of the calculation methods was under-
taken. An added benefit of including more complex samples was the possibility to 
reveal sources of error that occur during sample preparation. For example, wood 
pellet samples had to be homogenised before analysis, unlike calibration samples 
which were homogenous powders.

2.2  Reference Materials

Two standards samples were used, water oven standard 1 % (product n. 
1.88054.0005, hereinafter RM) and α-d-lactose monohydrate (hereinafter ADL). 
The RM is a reference material produced by Merck KGaA, its water content and 
the associated uncertainty estimate were provided in the certificate of analysis. The 

(1)m =
M × ∫

t2
t1
i(t)dt

Z × F
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ADL was sourced from Acros Organics, its reference value was calculated from 
its molecular formula. The uncertainty of ADLs water content was estimated from 
METefnet project results [18], the uncertainty estimate was derived from an inter-
laboratory comparison measurement series with said sample material. The water 
content and associated expanded uncertainty (U) estimates at 95 % (coverage factor 
k = 2) confidence level for both standards are given in Table 1.

2.3  Calibration Methods

For the results presented in this article, all calculations were performed with the 
amount (mass) of water measured in a sample. This applied to both calibration and 
uncertainty estimation calculations. The EWV instrument is a coulometer, it counts 
the number of electrons in time, which is linked to the amount of water molecules 
through Eq. 1.

Single point calibration is rapid, but it has a significant drawback—lower reli-
ability in comparison to multiple point calibration. The results depend on a single 
standard sample measurement. As an alternative, it was decided to investigate the 
suitability of multiple point calibration. It is a more time-consuming method, but the 
uncertainty of a single reference measurement will have a smaller impact on multi-
ple point calibration.

In both cases, the calibration parameters (either cell constant or the regression 
parameters) were used only for 1 day. For multiple point calibration, the calibration 
measurements were spread out during the measurement day in a random order.

2.3.1  Single Point Calibration

In routine operation, the manufacturer recommends determining the cell constant 
(CC; Eq. 2), using a solid sample with a known water content. The CC should be 
determined daily and, according to the manufacturer, the acceptable values are 
between 0.8 and 1.3. This constant was used to compensate for changes in the 
device’s performance and behaved as a slope, derived from the single point cali-
bration. This relied on the assumption that the efficiency of the method, i.e., the 
electrolysis of water molecules into  H2 and  O2, is constant across the measurement 
range. The initial experiments in our lab indicated, that the CC was not completely 
stable within a day of normal operation (Fig.  1A), the average time between two 
consecutive reference measurements was 72 min. Thus, it was decided to determine 
the CC multiple times a day. The measurement series were structured as shown in 
Fig. 1B, where n stands for a number of measurements in a series.

Table 1  Standard samples used 
in the study

Material Water content U (k = 2) Unit

Water standard oven 1 % 0.98 0.03 g/100 g
α-d-Lactose monohydrate 5.00 0.17
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The CC was determined separately for each measurement series (Fig. 1B) and 
used until a new cell constant was determined. The same approach was applied 
to tare values, which were subtracted from sample results (Eq. 3). Each measure-
ment series was handled independently of others. While this approach was more 
straightforward to use than the multiple point calibration, the single point calibra-
tion was inherently less reliable. This was because the reported results depend 
solely on a single CC determination.

In Eq. 3 mwatersample.f is the amount of water in the sample after tare subtraction, 
mwatersample.i is the amount of water found in the sample before tare subtraction, 
mwatertare is the amount of water from the tare measurement and CC is the cell 
constant as defined by Eq. 2.

2.3.2  Multiple Point Calibration

The calibration curve was constructed separately for each measurement day, by 
pooling all CC and tare measurements from 1 day, the measurements with vary-
ing amounts of reference materials were spread randomly throughout the meas-
urement sequence.

(2)Cell constant =
mwaterreference

(�g)

mwatermeasured
(�g)

(3)mwatersample.f
(μg) = CC ×

(

mwatersample.i
(μg) − mwatertare

(μg)
)

Fig. 1  (A) Cell constant change over 1 day; (B) Structure of a measurement series, n is the number of 
measurements
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As the number of electrons measured by the instrument is linked the amount 
of water, the calibration curve was constructed as follows: the amount of water 
measured in a calibration sample on the X-axis and the reference amount of water 
in the sample (calculated from the sample amount and reference water content) 
on the Y-axis (Fig.  2). The acquired data was processed using a software tool 
(later as M-CARE) published previously by Collège Français de Métrologie [19]. 
This tool enables the use of generalized Gauss-Markov regression, which allowed 
uncertainties to be assigned to quantities on both axes.

Different aliquots of standard samples were weighed in such a manner, that 
different amount of water was measured in each CC measurement. For exam-
ple, a 0.1000 g sample of RM contains 980 μg water and a sample of 0.0500 g 
of RM 490  μg of water. This way, several calibration points could be prepared 
from a single standard sample material. The standard sample sizes were chosen 
to encompass the analytical range—to ensure that all sample measurements were 
calculated via interpolation as opposed to extrapolation; the latter being less 
accurate.

All tare measurements were included as 0;0 points. As shown in Eq.  3, the 
amount of water found in tare measurements was subtracted from the amount 
of water in the samples before data processing. The tare measurements were 
included in the calibration curve because they were intrinsic to data processing 
and there was an uncertainty component associated with tare measurement (as 
seen in Table 2 and Fig. 3). 

As mentioned above, for tare measurements both X- and Y-axis values were 0. 
For standard sample measurements, the X-axis value was the experimental result 
and Y-axis value was the reference value (e.g. from a certificate of analysis). 
The M-CARE tool was used to calculate the linear calibration curve (slope and 

Fig. 2  Calibration curve together with its uncertainty range calculated from multiple calibration points 
using the M-CARE tool. See text for details
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intercept) as seen in Fig. 2, each point in the Figure represents a single measure-
ment, with uncertainty expressed as standard deviation of 5 measurements.

2.4  Uncertainty Estimation Methods

Both uncertainty estimation methods were based on the ISO GUM approach. But 
the way how uncertainty sources were accounted for by different uncertainty com-
ponents differed. The Kragten spreadsheet approach relied on acquiring sufficient 
experimental data to quantify all relevant uncertainty sources one by one. The 
M-CARE tool used an initial set of calibration data to model a larger number of 
measurements, in turn used to estimate the resulting uncertainty.

Table 2  Uncertainty components in the measurement model and its’ equation

Component Characterises

SAMPLE Sampling, sample instability and inhomogeneity—usample

BIAS Systematic error of the system, possible uncertainty from 
calibration—ubias.TC

REPRODUCIBILITY Spread of the results due to the instrument (one sample 
measured over 2 months)—urep.

TARE Contribution from tare determination—utare

WEIGHTING Mass measurement uncertainty—uw

Cwater

(

�g

g

)

=
[mwater.sample(�g)±ubiasTC

(�g)±urep.(�g)±usample(�g)]−[mwater.tare(�g)±utare]
[

m+sample(g)±uw(g)
]

−[mboat (g)±uw(g)]

Fig. 3  Different sources of uncertainty determined using the Kragten spreadsheet for the analysis of a 
cardboard sample. aEWV—evolved water vapor analysis system
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2.4.1  Kragten Spreadsheet

The first method used for uncertainty estimation was the Kragten [20] spreadsheet 
for quantifying the relevant uncertainty components. The measurement model con-
tained the uncertainty components presented by Table 2.

The first component usample was calculated as the pooled standard deviation of at 
least three measurement series with the sample in question (e.g. cardboard). Each 
measurement series had three replicates with the sample and the series were per-
formed on different days.

Systematic error of the EWV system, ubias.TC, was estimated from a series (n = 10) 
of RM measurements on 1 day as the difference between the measured water con-
tent and the reference water content. The RM water content uncertainty (Table 1) 
was combined with the standard uncertainty estimate from the RM measurements, 
the latter assuming rectangular distribution to avoid underestimating this uncertainty 
component.

Reproducibility of the EWV system (urep.) was calculated as the pooled standard 
deviation of calibration sample measurements spread over 2 months, each measure-
ment day being one measurement series. The standard deviation was calculated on 
the difference between the measured and reference water content.

The uncertainty component from tare measurements, utare, was calculated as the 
pooled standard deviation of tare water content values, with each measurement day 
being one measurement series.

The uncertainty from weighing the sample (uw) was calculated as comprising the 
uncertainty originating from the resolution of the balance and the repeatability of 
the balance. To avoid underestimating this uncertainty component, the tolerance of 
the balance was used for the latter, instead of the experimentally determined repeat-
ability (0.00015 g and 0.00004 g, respectively). Since the sample boat was weighted 
twice, this component was multiplied by 2.

The abovementioned uncertainty components were quantified separately using 
a pool of data gathered over an extended time period (2  months). The Kragten 
approach allows the user to compare the different components as seen in Fig. 3. All 
of them were calculated in terms of mass of analyte (amount of water). The indi-
vidual uncertainty components were combined for a standard uncertainty estimate 
representative of the measured sample. For estimating the uncertainty components 
ubias.TC, urep. and utare, “raw” measurement results from the instrument were used; 
ubias.TC expressed the possible deviation from the expected value, urep. used the 
spread of reference measurements and utare used the spread of tare measurements. 
The uncertainty of mass measurement (uw) was dependent on the calibration of the 
analytical balance.

2.4.2  M‑CARE Tool

By providing the M-CARE tool with the necessary inputs—both measured and 
reference values and the respective uncertainty estimates (Table 3), the tool cal-
culated the slope and intercept, their variances and covariance. An advantage 
of this tool was that it accounted for variance–covariance effects between the 
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calibration points and assigned an uncertainty range to the calibration curve. The 
data inputs for the M-CARE tool are given in Table 4.

In the case of tare measurements, their uncertainty sources were: (i) intrin-
sic repeatability of the EWV instrument, (ii) pooled standard deviation from tare 
measurements from multiple days. The uncertainty sources for standard samples 
were: (i) the uncertainty associated with the particular reference material (e.g. 
certificate of analysis) and the mass of the sample, (ii) standard deviation of the 
cell constants measured on that day. Different reference materials had different 
uncertainty estimates for their water content and the relative impact of the sam-
ple mass measurement was dependent on the sample size (weight). To use the 
cell constant, which does not have a unit, the relative standard deviation of cell 
constants was multiplied with the amount of water measured. The repeatability, 
standard deviation of the study sample (sample with unknown water content), was 
used as its uncertainty estimate, pooled standard deviation was used if available 
to include within-lab reproducibility (intermediate precision). The uncertainty of 
the amount of water in the study sample was calculated using Eq. 4.

where σ(α0) is the variance of the intercept, Y is the amount of water measured in 
the sample, Cov(α0α1) is the covariance, σ(α1) is the variance of the slope, uc(Y) 
is the uncertainty estimate of the measurement of water in the sample and uc is the 
standard uncertainty of the measurement result.

(4)uc =

√

(
[

�

(

�0

)]2
+ Y2 ×

[

�

(

�1

)]2
+

[

2 × Y × Cov
(

�0, �1
)

× �

(

�0

)

× �

(

�1

)]

+ �
2
1
× uc(Y)

2)

Table 3  Origin of uncertainty estimates

Analysis type Reference values (Y-axis) Measured values (X-axis)

Tare Instrumental repeatability Experimental st.dev.
Standard Certificate of analysis + weighting Experimental st.dev.
Sample Result Experimental st.dev.

Table 4  Results for different calibration methods—single point and multiple point calibration; the uncer-
tainty is estimated with the Kragten spreadsheet

Method Single point calibration Multiple point calibration |En score|

C

H

2

O

 (g/100 g) U(k = 2) (g/100 g) C

H

2

O

 (g/100 g) U(k = 2) (g/100 g)

Kaolinite clay 0.619 0.053 0.637 0.054 0.50
Wood pellets 8.220 0.400 8.170 0.390 0.20
Cardboard 11.600 0.250 11.500 0.250 0.60
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3  Results and Discussion

3.1  Comparison of the Calibration Methods

Both calibration methods yielded very similar results (Table  4). The differences 
became more pronounced only for samples with higher water content (wood pellets 
and cardboard). Even so, the relative difference between the obtained water content 
values were below 1 % of the measurement result and well within the uncertainty 
range calculated using the Kragten spreadsheet. This was further corroborated by 
the En scores, all being below 1. While the differences between the two calibration 
methods were very small, it is important to note here, that the multiple point calibra-
tion used interpolation between calibration points to calculate the water content of 
the samples. For one, this would inherently increase the accuracy of this approach. 
Furthermore, the inclusion of multiple calibration points (with varying water con-
tent) would ensure that the calibration measurements were more representative of 
the sample—the analysis time is highly dependent on the quantity of water in the 
sample and there is potential for slight changes within the system (see Fig. 1A). The 
multiple point calibration was also less affected by the variability of the calibration 
measurements as it used multiple determinations—if the only calibration measure-
ment used for single point calibration was biased, then there was no way to negate 
that effect.

3.2  Comparison of the Uncertainty Estimation Methods

The uncertainty estimates calculated with both methods (Kragten spreadsheet and 
M-CARE) for the measurements with multiple point calibration showed the same 
tendencies as did the calibration results. Although the En scores were below 1 in 
all cases, samples with higher water content had a larger difference between their 
respective uncertainty estimates (Table 5). Cardboard, the sample with the largest 
water content had the largest difference between Kragten and M-CARE uncertainty 
estimates (0.270 g/100 g and 0.400 g/100 g, respectively; Table 5). Wood pellet sam-
ples had the second highest water content, just above 8 g/100 g, and the second larg-
est difference between its uncertainty estimates 0.400 g/100 g and 0.410 g/100 g. In 
the case of kaolinite clay, the sample with the lowest water content, both uncertainty 
estimates were similar.

Table 5  Results from different uncertainty estimation methods when using multiple point calibration, 
Kragten spreadsheet and M-CARE

Method Kragten spreadsheet M-CARE |En score|

C

H

2

O

 (g/100 g) U(k = 2) (g/100 g) C

H

2

O

 (g/100 g) U(k = 2) (g/100 g)

Kaolinite clay 0.637 0.056 0.624 0.046 0.40
Wood pellets 8.170 0.400 8.160 0.410 0.04
Cardboard 11.500 0.270 11.500 0.400 0
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For samples with low to medium water content, both uncertainty estimation 
methods yield comparable results. However, the results differed for samples with 
a high water content (exceeding 10 g/100 g). This may be linked to different analy-
sis time—usually the calibration sample analysis was comparatively short, while the 
analysis of a water rich samples could take several times longer. Thus, the analy-
ses of samples with low and high water content are not directly comparable unless 
more measurements with the standard sample are performed and care is taken to get 
a closer agreement between the study and standard samples. Why the uncertainty 
increases with larger water amounts could be linked to the drift (or background cur-
rent) instability over longer time periods. The baseline signal is determined before 
the analysis and cannot be measured during the run. Furthermore, with more com-
plex samples sensor fouling (changing the cell constant) may have a more promi-
nent role. In addition, analysing large quantities of water will “deplete” the sensor 
faster—requiring regeneration at shorter intervals.

Another benefit of the M-CARE tool is the relative ease of use, all the neces-
sary experimental data points can be acquired within a single analysis batch (in the 
order of 10 to 20 measurements). This contrasts to the Kragten spreadsheet, which 
requires the user to determine the different uncertainties components separately (in 
this study this required a further 50+ measurements).

4  Conclusions

The study focused on the calibration and uncertainty estimation for moisture deter-
mination in solids. For calibration, a single- and multiple point calibration were 
compared. For estimating the uncertainties, two tools based on the ISO GUM 
approach, were compared: Kragten spreadsheet and M-CARE.

Both calibration methods showed good agreement with each other over the range 
of measured water contents (approximately 1 g/100 g to 10 g/100 g), with the largest 
differences remaining below 1 % of the results. The single point calibration required 
less work, but the results could be considered less reliable because the trueness of 
the calibration depends only on one experimental measurement. The proposed alter-
native, using a multiple point calibration, provided a more representative calibra-
tion as it was less dependent on any single measurement. Because the calibration 
curve was constructed as a function of the amount of water measured in a sample, it 
accounted for possible effects due to longer analysis time as well.

Both uncertainty estimation methods yielded results in the same order of mag-
nitude and were thus considered comparable. However, the uncertainty estimation 
using M-CARE was a more streamlined procedure, requiring fewer uncertainty 
components to be quantified separately, therefore making it more accessible. On the 
other hand, the Kragten spreadsheet was more suitable for detailed analysis of the 
different sources of uncertainty as it quantified each source of uncertainty separately. 
This information can be used to find the areas most in need of improvement.

Regardless of the uncertainty estimation methods, the results showed the impor-
tance of the sampling method. A more complex sampling method (in this study 
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wood pellets) can lead to higher uncertainty. This can be circumvented by a rigorous 
series of measurements to assess both repeatability and reproducibility.

When working with uncertainty estimation, the first objective of the analyst tends 
to be the lowest possible uncertainty estimate, as it is seen as an indicator of excel-
lence for a given task. However, the reported values must always be realistic for the 
measurement situation, if they fail to be so, it undermines the validity of the uncer-
tainty estimation. Thus, the uncertainty estimate must first and foremost be realistic 
and minimizing the value is secondary.

Acknowledgements This work was supported by the project METefnet (SIB64) under the European 
Metrology Research Programme (EMRP), implemented by European Association of National Metrology 
Institutes (EURAMET), by the Erasmus + Programme of the European Union (EACH EM JMD, Project 
No 553660) and by French Metrology.

Funding Open Access funding provided by Örebro University.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, 
which permits use, sharing, adaptation, 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 Com-
mons licence, and indicate if changes were made. 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://creat iveco mmons .org/licen 
ses/by/4.0/.

References

 1. J. Styks, M. Wróbel, J. Frączek, A. Knapczyk, Energies 13, 1859 (2020).
 2. MARLAP Manual Volume II: Chapter  12, Laboratory Sample Preparation, (U.S. Environmental 

Protection Agency, 2015). https ://www.epa.gov/radia tion/marla p-manua l-and-suppo rting -docum 
ents. Accessed 11 Nov 2020

 3. P.J. Haines, Thermal Methods of Analysis: Principles, Applications and Problems (Springer, Berlin, 
2012)

 4. E. Freire, in Protein Stability and Folding: Theory and Practice, ed. by B.A. Shirley (Humana Press, 
Totowa, 1995), pp. 191–218

 5. C. Capitain, J. Ross-Jones, S. Möhring, N. Tippkötter, Int. Biodeterior. Biodegrad. 149, 104914 
(2020)

 6. S.N. Monteiro, V. Calado, R.J.S. Rodriguez, F.M. Margem, J. Mater. Res. Technol. 1, 117 (2012)
 7. Q.-V. Bach, W.-H. Chen, Bioresour. Technol. 246, 88 (2017)
 8. Y. Pomeranz, C.E. Meloan, Food Analytical (Springer, Boston, 1994), pp. 575–601
 9. R.E. Sturgeon, J.W. Lam, A. Windust, P. Grinberg, R. Zeisler, R. Oflaz, R.L. Paul, B.E. Lang, J.A. 

Fagan, B. Simard, C.T. Kingston, Anal. Bioanal. Chem. 402, 429 (2012)
 10. P. Taylor, H. Kipphardt, P.D. Bièvre, Accredit. Qual. Assur. 6, 103 (2001)
 11. A. Hulanicki, U. Warszawski, U.L. Pasteura, International Union of Pure and Applied Chemistry 

Analytical Chemistry Division Commission on General Aspects of Analytical Chemistry* Absolute 
Methods in Analytical Chemistry (Technical Report) Prepared for Publication By (n.d.)

 12. T.J. Quinn, Metrologia 34, 61 (1997)
 13. F. Rolle, G. Beltramino, V. Fernicola, M. Sega, A. Verdoja, Int. J. Thermophys. 38, 36 (2017)
 14. S.A. Bell, P. Miao, P.A. Carroll, Int. J. Thermophys. 39, 50 (2018)
 15. R. Aro, M.W. Ben Ayoub, I. Leito, É. Georgin, Int. J. Thermophys. 41, 113 (2020)
 16. W. Richter, Accredit. Qual. Assur. 2, 354 (1997)
 17. F.A. Keidel, US2830945 (A) (15 April 1958)

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.epa.gov/radiation/marlap-manual-and-supporting-documents
https://www.epa.gov/radiation/marlap-manual-and-supporting-documents


1 3

International Journal of Thermophysics (2021) 42:42 Page 13 of 13 42

 18. M. Heinonen, S. Bell, B.I. Choi, G. Cortellessa, V. Fernicola, E. Georgin, D. Hudoklin, G.V. 
Ionescu, N. Ismail, T. Keawprasert, M. Krasheninina, R. Aro, J. Nielsen, S.O.G. Aytekin, P. Oster-
berg, J. Skabar, R. Strnad, Int. J. Thermophys. 39, 20 (2018)

 19. Modélisation des résultats d’étalonnage. (Collège Français de Métrologie, 2012), http://www.cfmet 
rolog ie.com/fr/model isati on-des-resul tats-d-etalo nnage . Accessed 11 Nov 2020

 20. J. Kragten, Analyst 119, 2161 (1994)

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

http://www.cfmetrologie.com/fr/modelisation-des-resultats-d-etalonnage
http://www.cfmetrologie.com/fr/modelisation-des-resultats-d-etalonnage

	Calibration and Uncertainty Estimation for Water Content Measurement in Solids
	Abstract
	1 Introduction
	2 Methods
	2.1 Experimental Setup
	2.2 Reference Materials
	2.3 Calibration Methods
	2.3.1 Single Point Calibration
	2.3.2 Multiple Point Calibration

	2.4 Uncertainty Estimation Methods
	2.4.1 Kragten Spreadsheet
	2.4.2 M-CARE Tool


	3 Results and Discussion
	3.1 Comparison of the Calibration Methods
	3.2 Comparison of the Uncertainty Estimation Methods

	4 Conclusions
	Acknowledgements 
	References




