< ’ . S M

- Power System:Pi .
% &~ F 7 i ISSN:1674-3415

o i P N

THEORETICAL FRAMEWORK FOR APROTOTYPE
MEASUREMENT AND VERIFICATION (M&V) METER
THAT SUPPORTS BASIC M&V 2.0 PRINCIPLES

Marius Bekker!, Jan Harm Christiaan Pretorius®*

Postgraduate School of Engineering Management Faculty of Engineering and the Built environment, University of
Johannesburg, South Africa, mbekker@nwhbconsulting.co.za https://orcid.org/0009-0009-7039-9890
2Postgraduate School of Engineering Management Faculty of Engineering and the Built environment, University of
Johannesburg, South Africa, jhcpretorius@uij.ac.za, https://orcid.org/0000-0002-2023-749X
*Corresponding Author: jhcpretorius@uj.ac.za

Received: 03/05/2026 Revised: 10/06/2026 Accepted: 08/07/2026
ABSTRACT:

A theoretical framework is presented for a prototype Measurement and Verification (M&V) meter. The
development of the framework was guided by the regulations, standards, and operating procedures applied in
South Africa. The possibility of its further development for other M&V markets, or for more advanced M&V
methods than presented here, is not excluded. Longstanding fundamental considerations associated with the
classical approach toward M&V, such as process transparency and data integrity, are provided for in the
framework as are newer considerations associated with the more recent approaches of M&V 2.0, such as data
granularity and real time reporting. The equipment of the industry standard data acquisition path is combined in
a single node, and the extent of the quality control path is reduced to one piece of equipment. The framework is
supported by the development of Simulink models that provide some basic functionality. Simulation results show
that the models perform their intended functions. The models will be interconnected appropriately during
prototyping in order to function as the sub-models of a larger model, and additional sub-models will be developed
for more complex functions. An introductory overview of the existing and future models is presented. Details will
be presented at a more advanced stage of development.
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INTRODUCTION

Measurement and Verification (M&V) in South Africa is advanced in its development, having benefited from
focused industrial and academic participation in Eskom’s demand-side management program, and has been active
since the early 2000s [1]. In the period from 2006 to 2013, and among other advancements, M&V calculation
processes and reporting procedures were established, the South African National Standard (SANS) 50010 [2] was
developed, and a tax incentive scheme for energy efficiency was introduced [3]. Accreditation through the South
African National Accreditation System (SANAS) [4] became a prerequisite for performing M&V services for the
purposes of consideration in the tax incentive scheme. The South African National Energy Development Institute
(SANEDI) took on the role of overseeing the issued savings certificates [3]. Further advancement in the field of
M&V depends on developments in the respective areas of the multidisciplinary environment that M&V is
practiced in. One of these areas is the technical discipline concerned with measurements and data. Scholarly
research in the field of M&V focuses on developments toward M&V 2.0, which is characterized by dense or
granular datasets, advanced algorithmic processing, and real time or near real time reporting [5]. The research
effort is directed toward the development of advanced mathematical modeling techniques for the establishment
of the baseline, and for the automatic detection and handling of non-routine events [6], [7], [8], [9], [10]. Itis also
directed at the development of technologies for M&V 2.0, which mainly include cloud computing platforms and
software applications that need to be supplied with data from advanced metering infrastructure (AMI) systems
[9], [11]. The developed technology is proprietary in many cases, and this leads to the contentious issue of open
technical documentation for the sake of transparency, which is one of several major considerations in M&V [12]
[20] [21], [22], [23]. In the South African context, M&V data servers are supplied with data that follow a path
from the physical point of measurement through transducers, data loggers, and data communication channels, all
of which are generally not under the direct management of the M&V professional due to practical or contractual
limitations, or cost considerations. To ensure the integrity of the data that arrives at the M&V server, the entire
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data acquisition chain leading up to the server needs to meet the requirements of a quality control path (QCP) that
forms part of a quality management plan (QMP) [13]. The QMP forms part of a larger management system that
stands under SANAS accreditation. With a specific focus on M&V in South Africa, but not limited to it, and
associating the work with the development of M&V 2.0 technology, a theoretical framework for a prototype M&V
meter is presented. Although not discussed here in detail, the framework is supported by Simulink models that
were developed to show the feasibility of the practical implementation of the basic requirements of the framework.

M&V IN SOUTH AFRICA

M&YV in South Africa is considered in terms of 1) the environment within which M&V is practiced, which includes
the regulatory environment, the standardization environment, and the operational environment, and 2) the
technical approach toward conducting M&V, which includes matters relating to measurement equipment, data
communications, data processing calculations and algorithms, data storage, etc.

A. M&V Environment

The regulatory environment within which M&V is practiced in South Africa, is governed by the regulations
concerning sections 12i and 12l of the enabling Act, which is the Income Tax Act of 1962. The 12l regulation was
gazetted in December 2013 [3]. Standardization is provided by the South African National Standard (SANS)
50010, which was drafted based on the International Performance Measurement and Verification Protocol
(IPMVP). The SANS 50010 was published in September 2011 [2]. Operational processes and procedures
developed from the IPMVP, which was adopted as the de facto M&V protocol when it was included in Eskom’s
guideline on energy efficiency and demand-side management projects in 2005 [14]. To facilitate the M&V of
energy savings for the purposes of the tax incentive scheme, accreditation by the SANAS against the relevant
technical requirements is a prerequisite [4]. The SANEDI oversees the savings certificates that are issued for the
purposes of the tax incentive scheme [3]. The result is that the M&V environment in South Africa is very well
defined and highly regulated. Therefore, formal M&V cannot be practiced without using the IPMVP as the basic
guideline, and without adhering to the requirements contained in the regulations, the standard, and technical
document [5].

B. Technical Approach

The technical approach toward M&V varies in complexity, depending among other things on the nature of the
energy saving measure and the expected cost savings [15, 16]. For projects requiring technically advanced
measurement systems, a QCP, such as the one shown in Fig. 1, is used [13]. These advanced measurement systems
include instrumentation transformers and transducers at the physical point of measurement, data loggers, data
communications equipment, data servers, databases, etc, all collectively referred to as an advanced meter reading
(AMR) system (alternatively AMI). The purpose of the QCP is to verify that the sections of the data path that are
not under the direct management of the M&V professional and operate uncorrupted. This ensures the integrity of
the data that reaches the M&V professional.

METER ARCHITECTURE

Fig. 2 shows the meter architecture. The main functions of the meter are grouped in the main modules. Main
modules contain sub-modules and/or executable tasks. The architecture is layered and each layer is flat and
modular, with increasing detail from the outside inwards. A configuration file is associated with each main
module. The configuration files hold values for variables defined for the executable tasks. Interpretive flow is
from left to right, which is also the dominant direction of algorithmic flow.
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Fig. 1 Metering and AMR system layout with QCP sections A to E
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Fig. 2 Meter architecture

B. Accumulator

The executable tasks of the accumulator calculate the 1 second values from the measurement module into values
for the M&YV integration period (v. Fig. 2), which is set in the configuration file. Shorter M&V integration periods
give denser or more granular datasets, while longer periods give less dense or less granular datasets. The default
value is 30 minutes.

C. M&V Engine

The executable tasks of the two sub-modules of the M&V engine parse the 30-minute values from the accumulator
into reporting values. The reporting values are calculated against a reporting construct that was developed for
South African reporting protocols [19].

D. Management Link Module
The purpose of the management link module is to 1) manage communications between meters that are locally
connected to each other; 2) generate managerial reports in spreadsheet format and of small size, ideally in the
kilobyte range, and 3) manage web sessions between master meters and remote devices such as laptop computers
or cellular telephones. The purpose of 3.a) is accessing and/or downloading reports stored locally in on-board
memory; 3.b) applying contractual remedies such as marking entries of a data profile as “condonable”, and 3.c)
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Fig. 3 Reporting construct

REPORTING CONSTRUCTION

Schematically the reporting construct is shown in Fig. 3. The reporting construct is aligned to the standard
reporting procedures developed for the national electrical utility company Eskom [18, 19]. The basic premise is
to start with a fundamental period or timespan, and to build up larger timespans that are multiples thereof, over
which energy savings and other performance indicators are calculated and reported. The fundamental timespan is
the M&V integration period (v. Fig. 2), for which the default value is 30 minutes. This is a convenient choice that
is equal to the shortest time-of-use (TOU) period defined for differentiated tariffs [18], and also because all TOU
periods and other defined timespans can be expressed as multiples of 30 minutes. The start date and time of
commercial operation is accurately presented to within +/- 15 minutes, and can fall anywhere in the larger
timespans, viz. TOU periods, daily timespans, weekly timespans, monthly timespans, and year-to-date (YTD)
timespans, in which case appropriate zero padding of data profiles is applied. CUSUM checks [17] and alarming
occur at the end of daily spans. Reporting occurs at the end of monthly spans on the consolidation date (v. Fig. 3),
and report values are calculated for the month, the YTD period, and the inception to date period. Generic iterative
equations were developed to calculate the reporting values.

ITERATIVE EQUATIONS

Two types of array variables are defined, one for sums in the TOU periods of the day, sum(TOU), and one for
averages, avg(TOU), where sum(TOUsod) is the sum for the TOU period at the start of the day, sum(TOUeod) is
the sum for the TOU period at the end of the day, and the sequential subscripts in between indicate the same for
the remainder of the TOU periods of the day. The elements of the sum-array are indexed with the letter I. The
notation is the same for the averages-array.

SUM(TOU) = {sum(TOU,,q), sum(TOU,), ---, sum(TOU,), -, sum(TOU,,4)}

AVG(TOU) = {avg(TOU, 4), avg(TOU,), -, avg(TOU,), -, avg(TOU,, )}

The value of the Ist element of the sums-array, sum(TOU)), is given by Eq. 1, where m runs over the number of
indexed days in the calculation, starting at sD and ending at eD, and n runs over the number of indexed half hours
of the TOU period, starting at sl and ending at el.

eD el
sum(TOU)) = Z DZ IdSm -dr, -val,,, (1—eH-eM,,) ..Eq.1
M =5, =5

- 2026 #5554 [FE 3 DOI: 10.46121/pspc.54.3.25



https://pspac.info/index.php/dlbh/article/view/470

s - - A

> o

- Power System:P

In the practical implementation Eq. 1 is nested in a larger iteration that discerns between the high demand season
and the low demand season, as well as between day types (i.e. weekdays, Saturdays and Sundays) and TOU
periods. The binary variables dSm and dTw in Eq. 1 respectively select zero or one depending on the demand
season and the day type. The value of the exception marker binary variable eMn, is set equal to one if contractual
remedies apply, and is equal to zero otherwise. The exception handling binary variable eH is a global variable that
is set equal to one or zero to either allow or disallow contractual remedies altogether, i.e. it is not an indexed
variable that associates with data entries individually. The binary variables work together to either multiply the
value valm,, by one or by zero, depending on whether or not the value should be included in the calculation. Using
the same reasoning, the denominator k of the average calculation is given in Eq. 2, and the value for avg(TOU),
is given in Eq. 3.

eD el
k= Z Z ASy - AT, - (1 —eH-eM,,,) ..Eq.2
m=sD n=sl

1
avg(TOU;) =% ~sum(TOU,) ..Eq.3

The equations are generic and are applied to the actual energy consumption profile, the adjusted baseline profile,
and the savings profile. Calculations done in this manner are suited for implementation as combinational logic on
a microcontroller, and will be used to regenerate reports due to contractual remedies or upon archival requests. In
order to regenerate reports, certain data profiles need to be stored in memory. A computational model was
developed to define the essential data profiles that need to be stored in memory, as well as the data format in
which the profiles need to be stored for the efficient use of memory space.

COMPUTATIONAL MODEL

The computational model defines 1) three data profile types, namely “actual”, “baseline”, and “savings”; 2) the
format of a data profile entry; 3) the primitive data types and an efficient storage structure for data profile entries.
In 4) the calculation of 4.a), the adjusted baseline values for the half hours of the day are done by applying scaling
operations to the actual consumption profile; 4.b) the savings profile, and in 5) the essential data profiles to be
stored, which translates to the minimum amount of information to be kept on record without compromising on
regulatory record keeping requirements.

A. Data Profile Type
The three data profile types are references to whether a data profile is for actual conditions (i.e. real and
measurable), baseline conditions (i.e. abstract, but calculable), or whether it refers to the difference between these
two types of profiles.

B. Format of a Data Profile Entry

The format of a data profile entry is shown in Table I. The maximum number of days supported by the day index
is 1 826 which accommodates a five-year period with two leap years in it. The date format is year-month-day, i.e.
the 31st of January 2000 would be stored as “2000/01/31”. Time is stored as hour-minute values and the forward-
filling convention is used, meaning that the 30-minute period from 00:00 to 00:30 is stored as “00:00”, which
simplifies date- and timestamping a great deal compared to backward-filling. The profile value is stored as a single
precision floating point number. Day types are 1 to 7 for Monday to Sunday. The half hours of the day are marked
from 0 to 47 under the column heading “indexed T”. The demand season for differentiated tariffs [18] are marked
as either high or low. A second field for a single precision floating point number is provided under the column
heading “auxiliary value”. The exception marker is a binary variable that is equal to zero if the data entry is valid,
and equal to one otherwise. The data fields refer back to Eqg. 1 and Eq. 2.

TABLE |
FORMAT OF A GENERIC DATA PROFILE ENTRY
Day index Date Time Value Day Indexed T | Demand | Auxiliary | Exception
(forward type season value marker
filling)
0to1826 | yyyy/mm/dd | hh:mm Single 1to7 0to 47 High/Low | Single Default =
precision precision 0
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C. Primitive Data Types and Storage Structure

Only two primitive data types are used in the storage structure shown in Table Il, namely nibbles and bytes.
Bitwise operations for floating point numbers, combinations of nibbles, and binary coded decimal numbers for
date- and timestamping, mask the stored numbers appropriately for the purpose of extracting the information from
the respective fields. The benefit of this approach is that memory can be used much more efficiently compared to
working with library-defined data types, albeit at the cost of increased complexity in the program code.
Appropriate combinations of data fields as shown by the color coding in Table Il, lead to a total number of 17
bytes per data entry, which results in a total number of 1 490 832 bytes for a data profile that spans five years.

TABLE Il
PRIMITIVE DATA TYPES USED FOR A DATA PROFILE ENTRY
Field Day | Date Time Value Day Indexed T | Demand | Auxiliar | Exception
index (forward type season y value marker
Prim filling)
Nibble 3 3/1/2 2:2 8 1 2 1 8 1
Byte 1.5 3 2 4 0.5 1 0.5 4 0.5

*Primitive data type

D. Adjustable Baseline and Savings Profile

From the actual values for the energy driver, the adjusted baseline is calculated with the stored baseline equation.
Using daily aggregates for the adjusted baseline and the actual energy consumption, either offset scaling or factor
scaling is applied for the purpose of determining the adjusted baseline profile and the savings profile, which is the
industry standard when required to quantify impacts in the TOU periods of differentiated tariffs [18] in the absence
of baseline data with high TOU specificity. The day-value of the adjusted baseline is applied over the 48 half
hours of the day by either 1) appropriately adding the daily difference between the adjusted baseline and the actual
energy consumption as an offset to the actual energy consumption profile, or 2) by appropriately multiplying the
actual energy consumption profile by the quotient of the day-values of the adjusted baseline and the actual energy
consumption. It follows that the savings profile is then calculated as the difference between the constructed profile
for the adjusted baseline and the actual energy consumption profile. It also follows that the adjusted baseline
profile and the savings profile do not need to be stored in memory.

E. Stored Data Profiles

The essential data profiles that need to be stored, which constitute the minimum amount of information necessary
for the regeneration of reports, only include the values for the actual energy consumption and the actual values
for the energy driver. The format of a stored data entry therefore becomes specific to actual values only, and the
two fields for floating point numbers (v. Table 1) are reserved for the values of the actual energy consumption and
the actual values of the energy driver. With this approach the entire dataset required to keep record over a five-
year period is 1 490 832 bytes (v. 6.3), using the primitive data types and the storage structure in Table Il and the
format for a data entry in Table I, and storing only the half-hourly values for the actual energy consumption and
the actual half-hourly values for the energy driver.

SIMULINK MODELS

With reference to the meter architecture in Fig. 2, executable tasks are implemented in the form of Simulink
models. Conceptually speaking, all the Simulink models together represent a real-time sequential logic
implementation of the iterative equations, and execute collectively on the basis of the reporting construct and the
computational model discussed above. This means that collectively the output of the Simulink models is
equivalent to that which one expects from the combinational logic. While the combinational logic is suited for
implementation on a microcontroller, the sequential logic is suited for implementation on a field programmable
gate array. While the combinational logic is meant to regenerate reports from stored data profiles when needed,
the sequential logic provided by the Simulink models are meant to generate first-time reports in real time.
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A. Current Status

The Simulink models exist as separate models at this time. Each model was tested individually for functionality
with positive results in each case. The models will be interconnected appropriately during prototyping to form a
larger model that represents the meter in its entirety, with further development as required. The detailed Simulink
models and simulation results will be discussed when the prototype meter is under development. An introductory
overview of the Simulink models is presented here for each of the modules and sub-modules in the meter
architecture of Fig. 2.

B. Measurement Module

Simulink models were developed for 1) analog-to-digital conversion with a 16 -bit successive approximation
register, 2) pulse counting, and 3) parsing analog-to-digital converted values and pulse counts into 1-second
values.

C. Accumulator

Simulink models were developed that average and aggregate the 1-second values from the measurement module
appropriately over 30-minute intervals. The 30-minute values are passed on to the M&V engine for further
averaging and aggregation. Functionality to store the 30-minute values as data profiles in on-board memory will
be developed during prototyping.

D. M&V Engine

For the TOU applicator, Simulink models were developed to 1) check and change the day type (weekday, Saturday
or Sunday) if necessary, i.e. for special or alternative billing days in differentiated billing tariffs [18], and 2) for
linking 30-minute values appropriately to TOU periods in differentiated billing tariffs [18]. Functionality to add
remnant information to an entry of a data profile before storing it in on-board memory, will be developed during
prototyping. Remnant information includes the changed day type (if applicable), the TOU period that the entry is
linked to, and whether or not the entry should be considered for reporting (i.e. whether or not the entry should be
handled as an exception, which might be provided contractually under terms such as “condonable days”, etc). For
the consolidation supervisor & agent, Simulink models were developed to 1) check the date and time against the
consolidation date (v. Fig. 2), which is an array variable of 12 elements for which values are assigned in the
configuration file, and for which the default values are the ends of the 12 calendar months; 2) update the running
averages and aggregates of the actual energy consumption for the various reporting periods of the reporting
construct; 3) apply the baseline model and update the running averages and aggregates of the adjusted baseline
energy consumption for the various reporting periods of the reporting construct; 4) calculate the savings and
update the running averages and aggregates for the various reporting periods of the reporting construct, and 5)
check the savings against CUSUM thresholds [17] that are set in the configuration file.

E. Management Link Module
The development of Simulink models and microcontroller functions will be done during prototyping.

CONCLUSION

The objectives of the research were to 1) develop a theoretical framework for a prototype M&V meter that meets
South African requirements, and which 2) supports some basic principles of M&V 2.0. These objectives were met
successfully. The meter architecture was established, which separates the M&V process into functionally
manageable blocks. The reporting construct was developed and iterative equations were defined for the required
calculations. The computational model was developed in which 1) the types of data profiles are defined as well
as the format of the data entries and an efficient storage structure using primitive data types; 2) the calculation of
the adjusted baseline and scaling techniques for TOU applications, as well as the calculation of the savings profile,
are described, and 3) the minimum requirements for the types and instances of profiles to be stored in on-board
memory are determined. Simulink models were developed to implement the iterative equations as sequential logic
circuits and to provide the basic functionality required by the reporting construct. The work serves as the basis for
the development of a prototype M&V meter and illustrates the feasibility of such a meter. The research was done
with the requirements of the South African M&V market in mind. The suitability of such a meter will ultimately
need to be evaluated through use in real projects in South Africa, but this does not necessarily exclude wider
application.
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