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ABSTRACT 
If commercial building stock is to meet the demands of a low-energy future, building services industries across the world will 
need to adopt energy metering, monitoring and measurement best practices and procedures that are not only both technically 
and economically viable in retrofits, but also facilitate advanced energy efficiency and demand management strategies whilst 
aligning with current (and future) regulatory mechanisms. Recognising such challenges, the CSIRO Division of Energy 
Technology is undertaking a comprehensive evaluation and assessment of commercial building electrical sub-metering 
technologies, building upon a recently completed report undertaken by CSIRO for the Australian Government on wireless 
technology options for electrical sub-metering systems suitable for applications to existing buildings [1]. This report comprised 
the findings of an initial phase of work as part of the Australian Government HVAC HESS – Measurement, Monitoring and 
Metering Project, demonstrating that wireless sub-metering technologies can be both cost effective and technically viable when 
considering controls upgrades and retrofit-style application to existing buildings.Summarising these results and extending the 
preliminary results presented in [2], this article provides a detailed analysis of electrical metering device accuracy versus cost 
for commercial building applications, including the latest results from a comparison of several ‘wired’ power meters available 
on the market in Australia. In addition, a snapshot of state-of-the-art and emerging metering technologies is provided. 
Keywords: Accuracy, Commercial Buildings, MEMS, Metering, Power Meter, Sub-meter. 

1. INTRODUCTION 
With an impending need to improve building energy efficiency and reduce peak demand on our electrical distribution 
networks, the importance of metering, monitoring and measurement of high quality, granular energy data to facilitate 
these objectives has never been more imperative. Driven by regulatory factors including minimum requirements set out 
in the National Construction Code (NCC) [3] and mandatory Commercial Building Disclosure (CBD) program [4] in 
Australia, carbon emission reductions and operational savings, the dissemination of best practice guidelines and 
procedures for installation and operation of building energy metering is vital if we are to meet the demands of a low-
energy future. 
 
Towards this, the Commonwealth Scientific & Industrial Research Organisation (CSIRO), Australia’s national 
research agency, is undertaking a comprehensive evaluation and assessment of commercial building metering 
technologies- both wired and wireless. This includes the recently completed phase 1 of the Council of Australian 
Government (COAG) Heating, Ventilation and Air Conditioning High Efficiency Systems Strategy (HVAC HESS) 
program’s Wireless Metering project, in addition to results obtained from a detailed analysis of electrical metering 
device accuracy versus cost for commercial building applications. It is anticipated that these ongoing findings will help 
to inform the building services industry on some of the seldom known facts in regards to electrical metering accuracy 
performance and cost trade-offs. 
 
The rest of this article is structured as follows. Section 2 summarises the key findings from the HVAC HESS Wireless 
Metering (phase 1) report [1], with new results then presented from a detailed analysis of wired metering device 
accuracy. Section 3 provides a snapshot of emerging technologies in wireless metering, with section 4 drawing 
conclusions and discussing future work.  
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2. POWER METER ACCURACY VERSUS COST 

2.1 Summary of HVAC HESS - Wireless Metering Report 
As administered by the Australian Government Department of Climate Change and Energy Efficiency (DCCEE), the 
Wireless Metering Project (Phase 1) was part of the wider HVAC HESS program; developed in line with the aims of 
the Australian National Framework for Energy Efficiency (NFEE). The objectives of this initial phase of work were to 
review, demonstrate and report on wireless data logging and electrical sub-metering technology suitable for application 
to older HVAC systems. 
 
Based on a detailed analysis of electrical sub-metering measurement accuracy, a key finding was the trade-off that 
exists between equipment cost, installation complexity and the accuracy of the resultant measured data. The report [1] 
found that when analysing the accuracy of electrical sub-metering, reasonable accuracy could not be obtained without 
utilising a metering solution that accounts for the system power factor. Lower cost solutions that do not measure the 
relative phase of the current and voltage waveforms can lose up to 15% accuracy, with devices that only measure 
electrical current, e.g. ‘clamp-on’ solutions, losing up to 20% accuracy. Although these lower cost solutions may be 
acceptable for assessing relative improvements in energy efficiency and encouraging behaviour change, they may not be 
appropriate for billing and/or rating purposes. 
 
In regards to cost, the analysis compared the estimated cost of equivalent wired and wireless power meter solutions for 
two demonstration buildings. In these instances, the report showed the use of wireless power meters using retrofit style 
wireless communications infrastructure was more cost-effective by up to 35%, compared to an equivalent wired meter.  
 
It is envisaged that a subsequent and imminent phase of the HVAC HESS Wireless Metering project will review 
current wireless metering technologies, and explicitly look at the true cost-benefit of wireless metering solutions, with 
particular application to obtaining commercial building operational ratings (e.g. NABERS Energy [4]) and in detailed 
end-use sub-metering. 

 

2.2 Power Meter (Wired) Comparison 
When choosing an electrical metering system, there are a wide variety of options available. This choice is not just 
between manufacturer and accuracy classes, but also between different technologies and sensor configurations, which 
fundamentally limit the achievable performance of these different systems. 
 
The performance of a metering system could be expected to meet the accuracy class specified of the meter. However, 
these ratings typically only apply under ideal conditions and these claims are usually not independently verified. To 
assess the performance of some commonly available metering systems under actual ‘real-world’ conditions, a number 
of meters were purchased and all installed on a three-phase test circuit as described below. 

 

 2.2.1 Experimental Setup 
As shown in Figure 9, the metering devices under evaluation were installed on a common feeder supplying three-phase 
plug and lighting circuits servicing a three story commercial office building located in Newcastle NSW Australia, 
representing approx. 3,000 m2 of floor space with over 120 occupants. Figure 10 shows an actual photo of the majority 
of metering devices under evaluation installed in the related distribution board. 
 
In this article, we extend the results presented in [2] to include a high accuracy power quality analyser meter, and 
report on the performance of six different meters assessed over a three-month evaluation period. Basic specifications of 
these meters are given in Table 1, including accuracy and current transformer (CT) specifications where applicable, 
and the communications interface used to log data. As we have only assessed the differences between the meters, rather 
than assessing their performance against a known traceable calibrated instrument, we refer to meters using a Meter ID 
rather than their brand and model. The Meter ID is assigned using the convention ‘type’ prefix followed by a number 
representing the ‘specified percentage error’ (typically applied to active energy). For power meter devices that calculate 
energy by measuring both electrical voltage, current and relative phase between them, the type prefix used is ‘PM’. For 
current meter devices that measure electrical current only, the type prefix used is ‘CM’. 
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Figure 9 Single line diagram showing the plug and lighting circuits being monitored as part of evaluation. All meters 
under evaluation are installed on the main feeder to the DB-A distribution board, indicated by the kWh meter symbol. 

 

 

 
Figure 10 Photo of experimental setup for comparison of power meters: a) CTs on common 3-phase plug-load circuit; 

b) the actual power meters under evaluation; and c) voltage isolation switches for ease of installation/removal. 
 

  2.2.2 Metering Performance Analysis 
Through the evaluation period, there have been significantly larger differences between the energy as measured by each 
of the metering devices than their basic accuracy specification would suggest. This is predominately due to:  

1. power factor of the load being measured; 
2. harmonics in the current waveform; and 
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3. voltages fluctuating away from the ‘nominal’ value. 

Under situations with unity power factor, low harmonics and grid voltages near nominal, all of these meters should 
perform at their rated accuracy – and we have no reason to doubt that they would. However, such a scenario is not 
typical of actual circuit loads as is demonstrated by the voltage and current waveform capture shown in Figure 11. 

Table 1: Power meter specifications. 
Meter ID Basic Accuracy Notes 

PM0.2 Meter: 0.2% 
CTs: 1% 

Power quality analyser. Measures phase voltage & current waveforms (cycle by cycle), 
including real and reactive power and power-factor, and a vast range of power quality 
parameters. Measurement data is downloaded from meter and stored in MS SQL 
Server database. 

PM0.5 Meter: 0.5% 
CTs: 1% 

High Accuracy power meter. Measures each phase voltage & current, including real 
and reactive power and power-factor. Measurement data is communicated over a 
Modbus interface. 

PM1.0 Meter: 1% 
CTs: 1% 

Standard power meter. Measures each phase voltage & current, including real and 
reactive power and power-factor. Measurement data is communicated over a Modbus 
interface. 

PM1.0P Meter: 1% 
CTs: 1% 

Standard power meter. Measures each phase voltage and current to determine the (real) 
energy consumption and has a pulse output (1 pulse per 0.1kWh). 

CM1.0 1% (at full scale) 
This is a lower cost current metering solution. Phase currents are measured and 
‘apparent’ power & energy are calculated assuming that the voltage is 240V and in-
phase with the current waveforms. Output is 4-20mA signal. 

CM5.0 5% (nominal) This is a low cost current metering solution. Phase currents are measured and 
‘apparent’ power & energy are calculated assuming that the voltage is 240V and in-
phase with the current waveforms. Output is a CSV data file. 

Note: The PM0.2, PM0.5, PM1.0 & PM1.0P all use the same model/type current transformer, which was intended to reduce the 
impact of this factor on the meter evaluation. 

 
 

 
Figure 11 Waveform capture showing harmonics and phase offset between voltage and current waveforms. 
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The energy monitoring results for each of the meters is shown below in Figure 12. After the 90 days evaluation period, 
the reported energy was as shown in Table 2. 
 

 
Figure 12 Energy accumulation for each meter over the 3 month test period. 

 

Table 2: Differences in reported energy consumption between meters. 

Meter ID Energy after 90days % difference 
PM0.2 46.4079 MWh +3.4% 

PM0.5 -0.2273 MWh -101% 

PM0.5 (fixed) 44.8682 MWh 0 (reference) 

PM1.0 47.3980 MWh +5.6% 

PM1.0P 43.1189 MWh -3.9% 

PM1.0P (fixed) 45.9477 MWh +2.4% 

CM1.0 53.6132 MWh +19.5% 

CM5.0 46.4237 MWh +3.5% 

Note: This table also includes ‘fixed’ values for both PM0.5 & PM1.0P meters. As can be seen in Figure 12, the energy 
accumulation register in both meters appears to have been reset several times throughout the experimental period. The ‘fixed’ 
values compensate for this, however if the meters were left and only read occasionally, such an error might not be noticed & 
metering results would be substantially erroneous. The dashed lines in Figure 12 show these ‘fixed’ values. 

 
 
Although the PM0.2 meter is considered the most accurate based on its specification class 0.2 (e.g. 0.2% error or 
better), it is a non-typical commercial grade power meter, and therefore is seldom found in commercial and industrial 
sub-metering applications. Due to this reason, the PM0.5 meter has been chosen as the reference meter from which 
relative comparisons can be made.  
 
When compared to the PM0.5 meter, the energy recorded by PM0.2 is over 3% higher. In attempting to justify the 
discrepancy between the energy measured by PM0.2 and PM0.5 meters (i.e. +3.4%), we note that: 
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 the PM0.5 meter communications were offline several times though the experimental period (which would 
possibly lead to lower energy being recorded); 

 the time window over which the PM0.5 was evaluated was 1 hour shorter than the PM0.2 due to a mismatch 
in the way the different systems handled daylight savings; 

 the PM0.5 meter typically recorded slightly higher current than the PM0.2 meter (which would likely lead to 
higher energy usage being recorded); and 

 voltages as recorded by the PM0.2 and PM0.5 meters were almost identical. 
 
We speculate that it is a combination of being offline at times, the impact of the daylight savings problem (as 
discussed in the subsequent section) and a slight phase mismatch between measured voltage and current waveforms 
that has lead to the PM0.5 recording lower energy than the PM0.2 meter, although we have been unable to 
definitively show this from the present data and will seek to investigate this further as the evaluation project 
progresses and more data becomes available. 
 
When compared to the PM0.5 meter, the energy recorded by PM1.0 is over 5% higher and CM1.0 is around 20% 
higher – clearly outside the basic 1% accuracy that these meters as specified to provide.  
In Table 2 above, the CM5.0 meter appears to have very good accuracy – however this is more the fortuitous 
cancellation of many errors, rather than actual accuracy, as will be discussed in the subsequent section.  
 

  2.2.3 Sources of Metering Errors 
For the power meters (PM0.2, PM0.5, PM1.0 and PM1.0P), all phase voltages and currents are measured, so the meter 
accuracy ultimately comes back to the quality of the sensors, analog signal processing circuits, digital/analog 
conversion circuits, robust communications and logging, and having the computational speed to calculate the various 
electrical characteristics. The specific electrical characteristics (for example harmonics) of the load being monitored 
will impact the achieved accuracy; however there is no fundamental obstruction to achieving very high accuracy. 
 
Sub-metering data quality issues are seldom considered until such a time when data analysis is required and can 
include anomalous data, missing data (from the meter or logging system going offline) and time synchronisation issues 
caused by such things as daylight saving corrections and unsynchronised timestamps and clock drift. For the six meters 
under evaluation, Figure 13 shows the inter-sample time for each, highlighting that some of the meters were offline for 
significant periods of time. This of course can have adverse affects on the energy being reported. Moreover, Figure 14 
shows a comparison between time series electrical current data from meters PM0.5 and PM0.2. As can be seen, the 
PM0.2 meter doesn't account for daylight savings (which can cause confusion when looking at time-of-use related 
data), while the PM0.5 meter does (which means non-monotonic time during October in this instance). This results in 
the PM0.5 data jumping ahead and then being out by an hour. These are just some of the data quality issues to consider 
when implementing an electrical sub-metering system. 
 

 
Figure 13 Inter-sample time of the meters under evaluation. 
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Figure 14 Comparison of time-series meter data between meters with and without daylight savings correct. 

 
One crucial aspect to achieving accurate energy measurements is the quality of the current transformers. In setting up 
this evaluation, PM0.2, PM0.5, PM1.0 & PM1.0P were all setup with the same model 1% accuracy class CTs. The 
CM5.0 however comes with CTs that are designed specifically for this unit. These are a considerably lower quality than 
those used in the PMs. Figure 15 shows a scatter plot comparing current as reported by the PM0.5 and CM5.0, and 
shows considerable saturation in the CM5.0 CTs - this means that higher currents cannot be properly measured and the 
current meter will report lower than actual power under these conditions. 
 
Another source of error in the current meters is that these meters only measure current and assume an in-phase (power 
factor = 1) voltage at a nominal value (240V in this case). For this evaluation, the site voltage was reasonably well 
regulated to 240V, so voltage variations had minimal impact on meter accuracy.  Although not seen in this trail, we 
note that since power is proportional to voltage, the difference between actual and nominal voltage will produce a 
commensurate percentage error in power and hence energy in these current meter systems.  
 
Although the trial site voltage was well regulated, there was a reasonable range of power factors experienced over the 
trial period. Since (by definition) power factor is the ratio of real to apparent power, and the CMs assume that these are 
equal, the CMs will overstate the measured power by a factor of (1/pf). Figure 16 shows a scatter plot of the ratio of 
CM5.0 to PM0.5 reported power for different power factors. There are two distinct regions on this plot: (1) for power 
factors below around 0.93, the CM overstates actual power as described above; and (2) higher power factors also are 
substantially correlated with high load currents, which cause this CT to saturate (as described previously), leading to 
understating the load power. 
 
By a fortuitous coincident, these two factors have actually balanced out fairly evenly in this trial, leading to power 
measurements that are almost always wrong, but an energy accumulation measurement that is reasonably accurate (see 
Table 1).  CM1.0 is a very similar system to CM5.0, but with better quality CTs – which has meant that CM1.0 still 
overstates power due to the power factor, but does not suffer from the CT saturation & hence has much worse energy 
accuracy per Table 1 (around 20% error).  CM5.0 could be considered to have simultaneous +20% and -20% errors that 
in this case have balanced, but certainly this should not be relied upon. Table 3 lists the advertised recommended retail 
price (RRP) for supply only of each of the metering systems under test. For PM type meters, this cost is calculated based 
on meter + CTs (3 phase – no neutral conductor measurent). 
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Figure 15 Scatter plot comparing current as measured by the CM5.0 and PM0.5 meters. 

 

 
Figure 16 Performance of CM5.0 meter for different power factors. 

 

Table 3: Differences in advertised supply cost (RRP) between metering systems. 

Meter ID Supply Cost (ex. GST) % difference 
PM0.2 $5,990 +602% 

PM0.5 $982 0 (reference) 

PM1.0 $772 -22% 

PM1.0P $717 -27% 

CM1.0 $450 -56% 

CM5.0 $420 -59% 
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Note: All metering systems are 3-phase, therefore require 3 CTs. 
Lower cost solutions that only measure electrical current, although less than half the supply cost of the PM0.5, as 
shown in Table 2 can exhibit a loss in accuracy by around 20%. This makes them unsuitable for billing and/or 
mandatory rating purposes. 

  2.2.4 Discussion and Future Work 
As discussed previously, the PM0.5 recording lower energy than the PM0.2 meter is something we have been unable to 
definitively show the exact cause, thus we will seek to investigate this further as the evaluation project progresses and 
more data becomes available. 
 
In addition, comparison with type approved meters (as used by electricity retailers and building owners for billing 
purposes) in planned for inclusion in the comparative analysis. Due to wide spread adoption of type approved meters by 
electricity utilities, the scale of production can make them extremely cost effective, and thus are a prime candidate as a 
sub-metering solution. Newer advanced metering infrastructure (AMI) meters (commonly referred to as “smart 
meters”) could provide data such as voltage, real and reactive power, in addition to the standard interval (energy) data. 
 

 3.  EMERGING METERING TECHNOLOGIES  

3.1 Wireless Metering 
Wireless metering solutions are particularly attractive for retrofit projects where complete rewiring of a building or 
system may not be practical or economically viable. In addition to limitations around radio frequency transmission, e.g. 
frequency, bandwidth, range, interoperability, interference, and security, the power source and battery life is an 
important factor when considering wireless solutions. 
 
In addition to point-to-point or point to multi-point wireless radio transceivers, wireless mesh technologies are 
emerging that can replace the wired communications protocol, e.g. Modbus over RS-485, used by power meters capable 
of logging data back to a central system in real-time. A few examples of such technologies include Modhopper by 
Obvius [5] and EcoWizard neoMOTE by Xbow Japan [6]. Although utilising a proprietary communications protocol, 
another wireless technology gaining wide spread international adoption in building automation due to its ‘self-
powering’ capabilities is the proprietary EnOcean technology [7]. Multiple vendors as part of the EnOcean alliance 
have implemented a range of wireless sensor and control products for the building automation industry, with these 
devices operating over radio frequencies 315 and 868 MHz. A 902 MHz version has recently been developed for North 
America, with a 915 MHz variant currently being developed for use in Australia. Due to its ultra-low power and duty 
cycle, Many countries around the world permit EnOcean enabled devices to operate without licensing requirements, 
having gained approval for operation. As these frequencies fall within the regulated radio spectrum in Australia, they 
currently cannot be operated freely without a license. The Australian Communications and Media Authority (ACMA) 
as part of a review of the 900 MHz spectrum allocation is currently considering allowing the operation of 868 MHz 
EnOcean enabled devices in Australia, following submissions by various industry groups and stakeholders [8] and [9]. 
However, the aforementioned 915MHz variant, if released, will be the likely candidate available for the Australian 
market. 
 

3.2 MEMS-based Metering Devices 
As presented in [2], one of emerging technologies which is believed to allow a dramatic reduction in the cost of 
fabrication and installation of electricity metering sensors is microsystems engineering and MEMS (Micro electro 
mechanical systems). Microsystems engineering allows for a dramatic reduction in the cost of fabrication, packaging, 
and deployment of electrical sensors. Small footprint and low power requirements of these devices enable power usage 
metering with a higher granularity than previously possible. Figure 17 shows a conceptual view of a self-powered 
encapsulated MEMS electric circuit sensing node [10] that is being developed at U.C. Berkeley. The node consists of a 
MEMS proximity-based sensor array to use proximity-based sensing techniques to record electric currents and voltages 
electromechanical AC energy scavenger [11] to provide power, and a low-power radio to transmit the information 
using a low-power mesh area network. 
 
One application of these type sensors are stick-on circuit breaker monitoring [12]. Here, magnetic sensors are place on 
the surface of circuit breakers, and the current in the breaker is calculated using the magnetic field emanating from 
inside the circuit breaker enclosure. A simple calibration and de-convolution algorithm is used to back-calculate the 
current in the individual circuits. Additional signal processing can be used to identify power dissipated by the 
individual loads [13]. 
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The advantage of this system is the ability to sub-meter a commercial or residential dwelling by an unskilled individual. 
 
As microsystems engineering makes the electric power sensors smaller, less expensive, and less dependent on ready 
access to a power source, energy usage meters will become more ubiquitous. Ultimately, we predict that most new 
appliances, connectors and extension cords will contain some form of MEMS energy metering device. These devices 
will form a wireless network (the internet of “things”) which will enhance our on-going energy conservation usage 
efforts, as well as increase the security and reliability of our energy infrastructure. 
 

 
Figure 17 The conceptual view of a self-powered MEMS electric circuit sensing node (from [10]). 

4.  CONCLUSION AND FUTURE WORK 
This paper has presented new preliminary results from a detailed analysis of wired metering device accuracy for 
commercial building application, including commercial-grade power meters and lower cost CT-only (i.e. assumed 
voltage) metering systems. The results reiterate the key findings of the recently completed HVAC HESS Wireless 
Metering (phase 1) project, showing that lower cost metering systems (e.g. CT-only) can exhibit a loss in accuracy by 
around 20%. This makes them unsuitable for billing and/or mandatory rating purposes. The results also highlight the 
effects that data quality, power factor, CT saturation (under nominal load) and CT accuracy can have on energy 
consumption accuracy, therefore careful consideration needs to be given these factors and not just the meter accuracy 
(or class) when designing a suitable metering system.  
 
It is also envisaged a subsequent phase of the Australian Government’s HVAC HESS Wireless Metering project will 
explicitly look at the true cost-benefit of wireless metering solutions, with particular application to obtaining NABERS 
Energy ratings as part of the CBD program [4], and in detailed end-use sub-metering. 
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