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Abstract 
 
During the last years the share of electronic water meters based on ultrasonic or magnetic-inductive measuring 
principles installed in households has increased steadily. The question arises to what extent their measuring 
performance differs from that of classic mechanical water meters. Due to the static measuring principles without 
moving mechanical components, it is to be expected that electronic water meters are less susceptible to water 
properties. To gain insights in this regard experiments were conducted with different water qualities (pH, total 
hardness, particles). In addition, the measurement performance at constant and variable flow rates was evalu-
ated and compared with that of mechanical water meters. The fact that electronic water meters, in contrast to 
mechanical meters, measure discretely and not continuously was also addressed in the investigations. In par-
ticular, it was studied how the sampling interval affects the accuracy with which the total volume is recorded, 
depending on the time of sampling and the length of the observation period.  
 

 
1. Introduction 

 
Digitalization is gaining more importance everywhere 

and every day. Thus, it comes as no surprise that mechan-

ical water meters, which are quite well known, have been 

gradually replaced by electronic water meters during the 

last years. Typical types of mechanical water meters are 

single-, multi-jet or piston meters. All of them have mov-

ing mechanical components in the measuring mecha-

nism. In contrast, electronic water meters have no mov-

ing parts, but require an external power supply (battery) 

to measure the volume flowing through the meter. The 

common types of electronic water meters are either ultra-

sonic or magnetic inductive water meters.  

 

Electronic water meters comply with the relevant norma-

tive documents such as ISO 4064:2014 [1] and OIML 

R49:2013 [2]. However, these standards were foremost 

developed for mechanical water meters. Therefore, it 

cannot be excluded that the requirements in their current 

form are not sufficient for electronic water meters. Fur-

thermore, it is of interest how electronic water meters 

perform under real-world conditions compared to the tra-

ditional mechanical meters – if the expectations of a re-

duced sensitivity to water properties are fulfilled. To gain 

insights here stress tests were performed by using test 

waters with different pH and total hardness values, and 

particle sizes and concentrations [3].  

 

Another major difference of electronic water meters to 

water meters based on mechanical measuring principles 

is that electronic water meters measure discretely. From 

single measurements e.g. of the liquid velocity the vol-

ume at a certain point in time needs to be derived for 

which an interpolation between these measurements is 

required. Only then the total volume that has passed the 

meter can be calculated. The sampling interval deter-

mines how often measurements are carried out. In current 

standards, there are no restrictions on the sampling inter-

val, which means that in theory very long sampling inter-

vals can be used. The advantage of long sampling inter-

vals is lower energy consumption resulting in a longer 

lifetime of the meters. From the existing test specifica-

tions for determining the meter accuracy [1],[2], which 

rely on constant flows, the influence of sampling inter-

vals cannot be proven and investigations of the influence 

of the sampling interval under real consumption condi-

tions are necessary. Additionally, electronic water meters 

cover a higher ratio R of permanent flow rate (Q3) to min-

imum flow rate (Q1) compared to most mechanical me-

ters. This poses a huge challenge for the laboratories, 

which perform tests according to ISO 4064:2014 and 

OIML R49:2013 because the tests rigs must be capable 

not only to generate a large flow rate range but need also 

to be suitable to measure of flow rates of some litres per 

hour in an acceptable time and with an adequate accu-

racy.   

 
2. Meter response to water properties 

 
As mentioned in the introduction, electronic water meters 

have no moving parts, which should make them less af-

fected by abrasion and non-affected by friction effects 

from particles in the pipe. Eventual impact of different 

pH-values or total hardness is not clear so far. To assess 

the influence of different water properties a test regime 

was developed based on typical water consumption and 

water qualities in Europe [3]. The parameters pH value, 
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total hardness, and particle load were changed accord-

ingly. The guidelines for the preparation of the defined 

water qualities are available for everyone’s use [4].  

 

For the study 187 meters of a size Q3 = 2.5 m³/h were in-

vestigated. Each meter used was tested at six predefined 

test points at the beginning. After each test, the meters 

were measured again at these test points. The measure-

ment errors before and after the experiment were com-

pared. The test rig on which the measurements were car-

ried out has a measurement uncertainty of 0.1 % (k=2). 

 
If the water quality has an impact, it is in the sense that 

the meter often measures less volume compared to the 

one in as-new condition [3]. In the case of mechanical 

meters exposed to different water qualities wear and in-

creased friction may lead to reduced smoothness in the 

mechanical devices and reduced mobility. However, 

electronic water meters may also be affected by the qual-

ity of the water to which they are exposed. They may also 

be affected by abrasion or deposits. The effect of meters 

measuring less volume is exemplified in Figure 1 but can 

be observed with all types of meters. 

 

Furthermore, it was found that the largest effects do not 

necessarily occur at the lowest flow rates or the poorer 

water qualities. For several meters maximum effects oc-

curred at a pH-value of 7.7 and flow rates between 

0.8 m³/h and 1.8 m³/h [3]. The impression is that the man-

ufacturing partly has a greater influence on the measure-

ment quality than the measurement principle itself. 

 

It is striking that water meters in mint conditions from the 

same manufacturer and type can already have large dif-

ferences in their measurement accuracy (Figures 2, 3). 

For example, the red meter in Figure 2 from manufacturer 

H has a range of the measurement error at Q1 between -

0.21 % and - 1.68 %. The x-axis in Figures 2 and 3 show 

slightly different values, because several measurements 

are considered, and the mean value is used in the dia-

gram.  

 

 
Figure 1: Ultrasonic meter of manufacture B in mint conditions and 

after testing using different water qualities (pH-value 7.7 and particle 

load). 

 

 

Figure 2: Measurement accuracy of mechanical water meters of the 

same manufacturer in mint condition; please note the different scaling 

of the y-axis. 

Likewise, the batches themselves might be associated 

with differences in the measurement accuracy. Apart 

from some tendencies no generally applicable differences 

in performance quality between electronic and mechani-

cal water meters were found but the investigations illus-

trate once more the impact the water quality can have on 

the measurement accuracy.  

 

Figure 3: Measurement accuracy of electronic water meters in mint 

conditions; please note the different scaling of the y-axis. 
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3. Influence of discrete measurements on the meas-

urement accuracy 

 
Today, the accuracy of water meters has to be demon-

strated at at least four constant flow rates (Q1, Q2, Q3 and 

Q4) according to ISO 4064:2014 and OIML R49:2013. 

By measuring a constant flow, the sampling interval, on 

which the discrete measurement is based, has no influ-

ence on the volume registered by the meter. The interpo-

lation of the flow between individual measuring points 

has no influence since there are no flow changes. The 

start of the sampling also has no influence since a possi-

ble time delay at the beginning leads to a longer measur-

ing time at the end. 

  

A measuring error of up to 2 % (Q2QQ4), respectively 

5 % (Q1Q<Q2), is permissible at these tests. In addition 

to the error occurring at constant flow rates, electronic 

water meters produce errors 𝜀𝑡𝑆
 of an unknown magni-

tude due to the sampling interval. To evaluate the magni-

tude of this error investigations based on actual consump-

tion data were carried out [5].  

 

The error related to the discrete measurement was calcu-

lated by the ratio of the difference between the real vol-

ume 𝑉𝑟𝑒𝑎𝑙  and the volume registered using a sampling in-

terval 𝑉𝑡𝑆
 to the real volume: 

 

 𝜀𝑡𝑆
=  

𝑉𝑟𝑒𝑎𝑙 −𝑉𝑡𝑆

𝑉𝑟𝑒𝑎𝑙
 . (1) 

 

The influence of the interpolation type was investigated 

as well as the influence of the observation period and the 

starting point of the sampling.  

 

For the investigations consumption data from a DVGW 

(German association of the gas and water industry) study 

were used [6]. The data was recorded between 2014 and 

2016 in different German cities. In the study detached 

and apartment houses (in total 58) were considered. From 

the data, recorded with ultrasonic water meters with a re-

cording frequency of 1 Hz, a one-year long profile was 

derived by merging consumption data from different ob-

jects of the same type. This was possible because water 

consumption in Germany shows no relevant seasonal nor 

regional effects [7]. In the following the key results are 

summarized.  

 

3.1 Influence of the interpolation type 

 

The one year-long profile of the detached houses was first 

used to determine the error resulting from the sampling 

interval. A linear interpolation between sampling points 

and the rectangular function, in which a constant flow be-

tween the sampling points is assumed, were considered. 

The area under the curve of the flow rate corresponds to 

the volume registered by the water meter. The interpola-

tion results in over- and under-recording components that 

lead to an error 𝜀𝑡𝑆
. First it was determined whether the 

two types of interpolation lead to comparable results or 

whether one type results in a smaller measurement error.  

 

For the comparison, the difference between the linear and 

rectangular interpolation model 𝛥𝜀𝑡𝑆
   was used:  

 

𝛥𝜀𝑡𝑆
  = | 𝜖𝑙𝑖𝑛𝑒𝑎𝑟 𝑡𝑆

− 𝜖𝑟𝑒𝑔𝑡𝑎𝑛𝑔𝑢𝑙𝑎𝑟 𝑡𝑆
|  (2) 

 

Considering sampling intervals between 2 s and 120 s 

only negligibly small 𝛥𝜀𝑡𝑆
 below 0.0012 % were found 

for the one year-long profile as well as for shorter obser-

vation periods such as one month. This means both types 

of interpolation can be used equivalently.  

 

3.2 Influence of the observation period 

 

The length of the observation period might affect the size 

of the error, since for longer observation periods compen-

sation effects. 

 

To gain insights in this regard, the one year-long profile 

of the detached house was divided into shorter time peri-

ods. Observation times of one month, three months (one 

quarter), six months and the full one year-long profile 

were investigated. As a result, more cases were consid-

ered for shorter observation periods than for longer peri-

ods (e.g., 12 cases for the one month and two cases for 

six-months observation periods). Because water meters 

have to work within the legal limits at any time, only the 

maximum error 𝜖𝑚𝑎𝑥   (e.g., of all 12 months) was used 

for the evaluation of the effect of the sampling on the 

measurement accuracy: 

 

𝜖𝑚𝑎𝑥 =  max {|
𝑉𝑟𝑒𝑎𝑙 −𝑉𝑡𝑆

𝑉𝑟𝑒𝑎𝑙
|}. (3) 

 

 

 
Figure 4: Total error due to the sampling interval for different obser-

vation periods; please note the different scaling of the y-axis. 
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In Figure 4 the results for the one month and one year-

long observation periods are shown exemplarily. 

 
As expected, the larger the sampling interval, the greater 

the error becomes. However, there is also a clear depend-

ence between observation period and the size of the error. 

With longer observation periods the error due to the sam-

pling interval is getting smaller by a factor of 4 and more. 

In Table 1 the errors obtained for sampling intervals be-

tween 3 s and 10 s and different observation periods are 

summarized. Because of the long computation time the 

one year-long profile is only considered for sampling in-

tervals of 5 s and longer. Based on the result of the six 

months observation period it can be assumed that the er-

ror for the one year-long period is negligible in this inter-

val range. 

 

Since in all cases the shorter observation periods lead to 

higher measurement errors, the sampling interval must be 

selected as a function of the relevant observation period.  

 

The errors given in Table 1 are based on data from Euro-

pean households. Moreover, for the period of one year, 

for example, only one case is considered. To check the 

general validity of the results, the investigations should 

be extended to other consumption data sets. 

Table 1: Error depending on observation period and sampling interval. 

                sampling 

 interval  

 

observation  

period 

3 s 4 s 5 s 6 s 

one year 
  0.06 % 0.11 % 

six months 
0.1 % 0.09 % 0.1 % 0.21 % 

three months 
0.19 % 0.17 % 0.25 % 0.26 % 

one month 
0.41 % 0.58 % 0.44 % 0.72 % 

 
    

sampling 

 interval  

  

observation 

period  

7 s 8 s 9 s 10 s 

one year 
0.21 % 0.06 % 0.05 % 0.26 % 

six months 
0.22 % 0.13 % 0.09 % 0.34 % 

three months 
0.51 % 0.4 % 0.47 % 0.68 % 

one month 
0.63 % 1.32 % 0.8 % 1.04 % 

  
3.3 Influence of the sampling starting point  

A previous study by Eff [8] showed that, in addition to 

the length of the observation period, the start of sampling 

also has an influence on the error which occurs due to the 

sampling. Therefore, it is necessary to address this issue 

as well. For this investigation, the start of sampling was 

shifted between 1 s and 120 s in 1 s steps, so that a total 

of 121 starting points was considered. In order to have 

always the same profile length, the part that was cut off 

at the beginning of the profile was inserted at the end. 

Since previous studies showed that the error is not unilat-

eral, again the total value of the error was used for sim-

pler analysis.  

Figure 5 shows exemplarily how the error is influenced 

by the start of sampling. Even with small time shifts, the 

error can change significantly. An ideal starting point 

does not exist, since no start of sampling leads to the 

smallest error in all cases. For the one year-long profile 

the start of the sampling is shifted additionally for three, 

six and nine months to investigate potential effects due to 

a start of the sampling at a different season of the year.  

In Figure 6 the maximum errors are shown for all time 

shifts considered. Clearly shorter observation periods 

lead in all cases to larger errors in the captured volume.  

Due to different starting points the errors, which occur at 

certain sampling intervals become larger compared to the 

errors given in Table 1. The errors that occur when all 

cases are considered are listed in Table 2. 

 

 
Figure 5: Errors obtained by shifting the start of the sampling by 10 s 

to 120 s. 

 
Figure 6: Maximum error considering different observation periods. 

 

 

 

 

    

   

    

 

    

   

                       

  
 

  

    

                         

 

 

 

 

 

 

 

 

 

                          

  
 

 
  

    

                                   



 

FLOMEKO 2022, Chongqing, China  Pag. 5 
 

Table 2: Maximum errors depending on observation period and sam-

pling interval for 121 different starting points of the sampling.  

sampling 

 interval  

 

observation  

period 

3 s 4 s 5 s 6 s 

one year 
  0.12 % 0.21 % 

six months 
0.09 % 0.11 % 0.12 % 0.24 % 

three months 
0.19 % 0.22 % 0.25 % 0.41 % 

one month 
0.41 % 0.58 % 0.44 % 0.75 % 

 
    

sampling 

 interval  

  

observation 

period  

7 s 8 s 9 s 10 s 

one year 
0.29 % 0.17 % 0.14 % 0.26 % 

six months 
0.28 % 0.24 % 0.29 % 0.34 % 

three months 
0.51 % 0.59 % 0.75 % 0.68 % 

one month 
0.92 % 1.36 % 1.36 % 1.73 % 

 
3.4 Use of stochastic profiles  

 

In addition to the previously discussed directly measured 

profiles, stochastic profiles were derived using the algo-

rithm of [9] and investigated in the same manner [5]. 

Similar results were obtained. Since the consumption 

data is anonymized, this stochastic data can be made 

available to anyone. The profiles can be used for instance 

to evaluate the influence of the sampling for new water 

meters of novel technologies. Profiles are available for 

downloading from  

https://www.ptb.de/empir2018/metrowamet/infor-

mation-communication/downloads/consumption-test-

profiles/  

 

In all cases, however, it should be clear that the consump-

tion data is based on water consumption in Germany. The 

results can be transferred to countries with comparable 

water consumption characteristics, but further studies 

must be conducted for countries with different water con-

sumptions or different orders of magnitude of water con-

sumption.    

 

4. Conclusion 

 

When assessing the measuring accuracy of water meters, 

the measuring principle must always be taken into ac-

count because different aspects may become relevant.  

 

From the tests with different water qualities, it emerged 

that both mechanical and electronic water meters are af-

fected by the water quality (pH value, total hardness, and 

particle load). The greatest changes in the measurement 

error occur at different flow rates, so that it cannot gen-

erally be assumed that the measurement error for exam-

ple changes the most at the highest or lowest measured 

flow. In general, however, electronic water meters tended 

to be less affected by water quality than mechanical me-

ters. In addition, it was found that even water meters in 

mint condition can already have a large difference in their 

measurement accuracy, likely for manufacturing reasons.  

 

The studies on the effect of the sampling interval show 

that electronic water meters will lead to new challenges 

in the future. The sampling interval unique to water me-

ters with electronic measuring principles causes an addi-

tional error that can lead to unacceptable measurement 

accuracies of electronic water meters. The longer the ob-

servation periods become, the smaller the maximum oc-

curring error tends to be. That means, that if for example 

one year is defined as billing period a longer sampling 

interval seems to be acceptable than one for shorter bill-

ing periods. This means for instance if an additional error 

due the sampling interval of 0.5 % is considered as ac-

ceptable a sampling interval of maximum 13 s could be 

permitted. However, this issue needs to be addressed in 

the relevant standardization bodies. The study can be 

seen as starting point for discussions. It must be discussed 

whether a maximum permissible sampling interval must 

be defined for discrete measurements, which additional 

error might be acceptable and whether additional tests, 

e.g., with changing flow rates, should be required in the 

future to ensure that electronic water meters operate 

within the legal limits.  

 
Acknowledgements 
 
The research on the influence of the water quality on the 

measurement performance of household water meters 

was carried out in the frame of the EMPIR project 

MetroWaMet. This project 17IND13 METROWAMET 

has received funding from the EMPIR programme co-fi-

nanced by the Participating States and from the European 

Union’s Horizon 2020 research and innovation pro-

gramme. 
 

References 

 

[1] ISO 4064 “Water Meters for Cold Potable Water and 

Hot Water”, 2014 

[2] OIML R49 “Water Meters for Cold Potable and Hot 

Water”, 2013 

[3] Kroner C., Akselli B. Benková M., Borchling A., 

Büker O., Christoffersen N., Pavlas J., Schumann D., 

Seypka V., Ünsal B., Warnecke H., “Evaluation of 

the measurement performance of water meters de-

pending on water quality”, Water Supply, Vol 22, 

4700–4715, 2022 

[4] Seypka V. “WP 2 - Impact of water quality on the 

performance of cold water meters: Derivation of re-

quirements for the test regime – development of test 

waters”, 

https://www.ptb.de/empir2018/metrowamet/information-communication/downloads/consumption-test-profiles/
https://www.ptb.de/empir2018/metrowamet/information-communication/downloads/consumption-test-profiles/
https://www.ptb.de/empir2018/metrowamet/information-communication/downloads/consumption-test-profiles/


 

FLOMEKO 2022, Chongqing, China  Pag. 6 
 

https://www.ptb.de/empir2018/in-

dex.php?eID=tx_securedown-

loads&p=875&u=0&g=0&t=1655458935&hash=7a

6d77fd11dd12d86ff92297cae8e327ef523a73&file=

/fileadmin/documents/empir/MetroWaMet/Docu-

ments/20_TZW_Water_quality_test_regime.pdf, 

15.09.2021 

[5] Borchling A., Kroner C., Tränckner J., “Effect of the 

sampling interval on the measurement accuracy of 

electronic water meters under real consumption con-

ditions”, Water Supply, submitted 

[6] Martin T., Korth A., Schubert K., “Aktualisierung 

der Verbrauchsganglinien für Haushalte, Kleinge-

werbe und öffentliche Gebäude sowie Entwicklung 

eines Modells zur Simulation des Wasserbedarfs“, 

DVGW project W-10-01-11., 2017 

[7] Schumann D., Kroner C., Unsal B., Haack S., Kon-

drup J B., Christophersen N., Benková M., Knotek 

S., “Measurements of water consumption for the de-

velopment of new test regimes for domestic water 

meters”, Flow Measurement and Instrumentation, 

Vol 79, 2021 

[8] Eff U., “Elektronische Wasserzähler: Bauart, Portfo-

liomanagement“, web-workshop “Elektronische 

Wasserzähler“, 29. Oct. 2020 

[9] Schumann D., “Entwicklung von realitätsnahen 

Prüfprozeduren für Durchflussmessgeräte basierend 

auf realen Verbrauchsprofilen“, PhD-thesis, Uni 

Rostock, 2019 

 

 

 

 

 

https://www.ptb.de/empir2018/index.php?eID=tx_securedownloads&p=875&u=0&g=0&t=1655458935&hash=7a6d77fd11dd12d86ff92297cae8e327ef523a73&file=/fileadmin/documents/empir/MetroWaMet/Documents/20_TZW_Water_quality_test_regime.pdf
https://www.ptb.de/empir2018/index.php?eID=tx_securedownloads&p=875&u=0&g=0&t=1655458935&hash=7a6d77fd11dd12d86ff92297cae8e327ef523a73&file=/fileadmin/documents/empir/MetroWaMet/Documents/20_TZW_Water_quality_test_regime.pdf
https://www.ptb.de/empir2018/index.php?eID=tx_securedownloads&p=875&u=0&g=0&t=1655458935&hash=7a6d77fd11dd12d86ff92297cae8e327ef523a73&file=/fileadmin/documents/empir/MetroWaMet/Documents/20_TZW_Water_quality_test_regime.pdf
https://www.ptb.de/empir2018/index.php?eID=tx_securedownloads&p=875&u=0&g=0&t=1655458935&hash=7a6d77fd11dd12d86ff92297cae8e327ef523a73&file=/fileadmin/documents/empir/MetroWaMet/Documents/20_TZW_Water_quality_test_regime.pdf
https://www.ptb.de/empir2018/index.php?eID=tx_securedownloads&p=875&u=0&g=0&t=1655458935&hash=7a6d77fd11dd12d86ff92297cae8e327ef523a73&file=/fileadmin/documents/empir/MetroWaMet/Documents/20_TZW_Water_quality_test_regime.pdf
https://www.ptb.de/empir2018/index.php?eID=tx_securedownloads&p=875&u=0&g=0&t=1655458935&hash=7a6d77fd11dd12d86ff92297cae8e327ef523a73&file=/fileadmin/documents/empir/MetroWaMet/Documents/20_TZW_Water_quality_test_regime.pdf

