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Abstract: The Energy Efficiency Directive (EED, Directive 2012/27/EU) has made mandatory the
installation of individual metering systems in the case of buildings with centralized heating/cooling
and hot water sources (multi-apartment and multi-purpose buildings), provided it is economically
and technically feasible. Individual metering of heating/cooling systems is mainly based on thermal
energy meters (TEM), which are widely used for direct metering in heating applications. On the other
hand, direct metering of energy consumption in cooling systems still represents a challenge, given
the different types of cooling units and the lack of regulations from the technical and legal points of
view. In this context, this paper briefly overviews the available centralized cooling systems and the
possible solutions for metering and sub-metering, which depend on the specific application. Vapour
Compression Refrigeration (VCR) systems are spreading worldwide for air conditioning applications.
Particular attention has been paid to the direct metering of cooling energy and specifically to refrig-
erant flow rate measurement, which represents a critical issue because of the small-diameter pipes
and the different thermodynamic properties of the fluid used. Thus, an experimental campaign has
been developed and carried out in order to compare a clamp-on ultrasonic flowmeter with a more
accurate Coriolis one in a direct expansion (DE) system. The experimental tests have been performed
at two different temperature conditions, showing a relative error in the mass flow rate measurements
within +10%.

Keywords: refrigeration; HVAC; flowmeter; energy metering

1. Introduction

Heating, ventilation, and air conditioning systems (HVAC) are currently the most
commonly used devices to reach and maintain thermal comfort in buildings. Unfortunately,
these systems are electricity-intensive. In the last two decades, developed and developing
countries have been experiencing a dramatic increase in energy demand and greenhouse gas
emissions. The building sector accounts for 40% of the final energy consumed globally [1-4], with
about 40-70% related to space heating [5-7]. Several factors (e.g., incomes and population
growth) are contributing to an evident increase in the energy consumption related to the
building sector [5].

Moreover, time spent indoors is increasing [8,9], causing a rise in the sales of air
conditioners (about 100 million devices annually [10]), contributing to the increase in
energy consumption, especially when considering cooling energy demand, as discussed by
IEA in [10] and shown in Figure 1.
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Figure 1. Increase in space cooling energy demand (data source: [10]).

Energy efficiency in this sector is becoming a more and more significant challenge,
which is evident when also considering that, as described in reference [11], the cooling load
and consequently the cooling demand strictly depend on solar radiation, the urban heat
island effect, and internal heat gains [11].

Energy efficiency in individual dwellings involves energy management and policy,
metrology, and behavioural aspects, and it is a very debated topic among the research
community. The first European attempt to regulate temperature control and heat account-
ing systems for individual dwellings is indirectly represented by Directive 93/76 [12]. It
suggests that energy consumption and CO; emissions can be limited by billing air condi-
tioning, heating, and hot water costs based on the actual energy consumption. Subsequent
directives (2002/91 [3] and 2010/31 [13]) also identified the end-user’s awareness as a
functional tool for energy efficiency, intending to achieve the 20-20-20 goals. Directive
2012/27/EU (Energy Efficiency Directive—EED [14]) has made mandatory for the Member
States the installation of individual energy-metering systems in the case of buildings with
centralized heating/cooling and hot water sources (multi-apartment and multi-purpose
buildings), provided it is economically and technically feasible [14,15].

Centralized heating systems in multi-apartment buildings generally promise better
performance in terms of energy and economic savings [16]. Unfortunately, the potential
savings achievable are strictly related to the specific thermophysical properties and cool-
ing/heating systems of buildings, as well as to behavioural aspects [17-19], resulting in
unpredictable overall savings, leading to different transpositions of the EED within the EU
Member States. In fact, some of them have made mandatory the installation of individual
heat-metering systems for all the buildings, while others have exempted all of their building
stock [20].

To date, technical and legislative implications still represent an open topic. The obli-
gation to implement individual metering systems is subject to technical and economic
feasibility [14,15], without official indications regarding reference values of energy saving
and/or standard costs. In addition, current legislation does not specify if the feasibility
analysis should be performed at standard or operational/real conditions of the build-
ings. Therefore, some tools/guidelines have been proposed within the Member States for
performing feasibility analysis of metering and accounting systems [21].

Individual metering systems usually consist of one or more devices installed at the
generators (metering level) and a set of sub-meters installed at the terminal units (end-
users’ location) to allocate the energy costs. Metering systems are usually simpler than
sub-metering ones, as the energy consumed at the generator can be directly measured by
means of heat, electricity, or gas meters. The sub-metering level is often more challenging,
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as different types of terminal units need different sub-metering approaches. In general,
metering and sub-metering systems are divided into direct energy meters and indirect
energy meters. The first category refers to systems able to measure the “true” thermal
energy exchanged. Thermal energy meters (or heat meters) are unique direct heat-metering
systems regulated by the Measuring Instrument Directive (MID [22]) and can be either
complete devices or combined instruments consisting of separate sub-assemblies (a flow
sensot, a temperature sensor pair, and a calculator). The second category includes systems
measuring different parameters that are proportional or somehow closely related to energy
consumption, allowing individual dwelling heat costs to be allocated as a fraction of
the total energy consumption of the building. The choice between the two methods is
commonly related to the specific application and to the systems/building constraints.

While the analysis of the scientific literature is quite rich in studies regarding metro-
logical aspects [23-25], technical-economic feasibility [26], energy efficiency [26,27], and
cost allocation [28] in the field of heating systems, cooling energy metering has not yet been
systematically analysed, especially in sub-metering applications, where major technical
and economic constraints are present with respect to the measurement of thermal energy at
the metering level.

Centralized Cooling Systems (CCS) and district cooling networks still show a limited
spread compared to heating ones [11]; therefore, cooling energy metering, specifically
direct metering, represents an almost unexplored research field. Most studies focus on
Vapour Compression Refrigeration (VCR)-based units, which are the most widely used
systems in refrigeration and air conditioning applications (market share of 80% [29]).
Regarding environmental performance, these systems also contribute to greenhouse gas
emissions because of the high GWP (Global Warming Potential) of the refrigerants used
(direct emissions). In this regard, numerous studies regarding retrofit/drop-in of new
low-GWP refrigerants in air conditioning or refrigeration applications have evaluated the
related environmental impact change by means of COP (Coefficient Of Performance), TEWI
(Total Equivalent Warming Impact), and/or more sophisticated ETEWI (Expanded Total
Equivalent Warming Impact) analysis [30-33].

Variable Refrigerant Flow (VRF) units are VCR-type systems able to provide heating or
cooling energy to different locations simultaneously. In these devices, the refrigerant flow
rate is controlled by means of a variable-speed compressor (outdoor unit) and by electronic
expansion valves (indoor units). Thanks to their control and maintenance simplicity and
their part-load performances, these devices are gaining more and more attention within
the centralized air conditioning market. In commercially available VRF systems, energy
and cost allocation is usually performed in an indirect way by means of a proprietary
calculation algorithm. These algorithms are mainly based on the evaluation of the quantity
of refrigerant used by internal units depending on the opening and closing impulses
of the electronic valves, so the share of effective use is assigned accordingly. However,
direct metering methods have been proven to be more reliable in thermal energy cost
allocation. In order to evaluate the energy performances of VRF systems, as well as those
of VCR systems in general, it is necessary to take measurements of both electricity and
cooling /heating energy. The former is relatively simple to obtain by means of high-accuracy
power meters [34,35], so heating/cooling energy represents the key factor in evaluating
the performances of these systems. With this in mind, researchers have focused their
attention on air specific enthalpy difference and refrigerant specific enthalpy difference
methods. The air specific enthalpy difference is based on metering the air flow rate and
the specific enthalpy difference (between the inlet and outlet sections) at the indoor and
outdoor units. Unfortunately, even if this method could be easily implemented, it cannot
guarantee a sufficient level of accuracy. Consequently, a specific refrigerant enthalpy
difference method has been developed. The heating/cooling capacity of a VRF system can
be evaluated by measuring the refrigerant flow rate and the inlet-outlet specific enthalpy
difference in the indoor units. The actual challenge is to measure the refrigerant flow rate,
as flowmeters are often expensive and/or require cooling circuit modifications to be used.
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Different non-intrusive methods have been proposed in the scientific literature, based on
the throttling characteristics of electronic expansion valves, pressure drop, and refrigerant
density [36,37] or considering the volumetric efficiency of the compressor [38]. In 2021,
Xiao et al. [39] proposed three new metering methods for VRF systems, based respectively
on machine learning, a throttling model, and an electronic expansion valve. The three
methods respectively showed accuracies of 6.9%, 6.0%, and 7.8%. Unfortunately, the above-
mentioned methods strictly depend on the specific application and cooling system, so the
measurement of refrigerant flow rate still represents a challenge for evaluating cooling
performances, especially because of the typically small diameters of the pipes.

Aim of the Paper

In the above-described context, the aim of this work is to bridge the gap of knowl-
edge concerning cooling energy metering and sub-metering applications, specifically by
providing the following:

(a) asystematic classification of the existing CCS, with particular reference to the technical
characteristics determining the configuration of direct metering systems and of the
available direct metering and sub-metering techniques;

(b) an experimental evaluation of the metrological reliability of a clamp-on ultrasonic
flowmeter used to measure the cooling energy of a direct expansion system.

The direct expansion systems were chosen given the vast diffusion of these systems
for space cooling, while the non-intrusive clamp-on ultrasonic flowmeters were analysed
for two main reasons: (i) they could be used both in metering (as sub-assemblies of thermal
energy meters) and in sub-metering applications; (ii) they could meet the non-invasive
and limited cost requirements. Finally, the analysis is currently focused only on direct
measurement techniques because they have proven to be more reliable in thermal energy
cost allocation.

2. Direct Metering in Centralized Cooling Systems
A centralized cooling system can be divided into three sub-components:

(a) Central generation unit;
(b) Distribution system;
(c) Terminal units located at the end-users’ location.

Several cooling systems are currently available on the market. Classification is usually
based on the heat transfer fluid and the distribution circuit characteristics. The applicable
metering and sub-metering systems also depend on the specific cooling system, as different
heat transfer fluid and distribution systems require different approaches.

A thermal energy meter (TEM) is able to measure thermal energy taken or released
by a heat transfer fluid (HTF) in a heat exchanger /heat exchange circuit by applying an
energy balance to an open system, under the following hypotheses:

(i) One-dimensional and stationary motion field;
(ii) Single inlet and outlet sections;
(iii) Negligible changes in potential and kinetic energy.
Therefore, thermal energy exchanged in a time interval can be evaluated by integrating

the difference in enthalpy of the HTF between the outlet and inlet sections with respect to
time, as shown in Equation (1):

Q= /t 0V (ot — hiy)dt 1)

where Q is the thermal energy [kWh], p [kg-m ™3] is the density of the heat transfer fluid,

V is the volumetric flow rate [m3-s’1] ,and hy,+ and h;, are the specific enthalpies of the

outlet and the inlet sections, respectively [kJ-kg~!].
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As can be seen from Equation (1), evaluating the thermal energy exchange requires

knowledge of the following:

(a)

(b)
(0
(d)

The specific heat transfer fluid, to evaluate its thermodynamic properties (i.e., density
and enthalpies);

The type of distribution system;

The type of terminal units;

Regulation modes (e.g., Variable Air Volume, Variable Refrigerant Flow).

In the following subsections, the different centralized cooling systems and the respec-

tive metering and sub-metering methods are described and discussed.

In Table 1, a classification of different centralized cooling systems is reported. In

addition, the applicable direct metering and sub-metering systems are specified.

Table 1. CCS classification and applicable metering and sub-metering techniques.

Type

Metering System Sub-Metering System
(Generator) (Terminal Units)

All-air cooling system

- TEM (Heat exchanged at the generator)

- Electricity meters (Electric loads and
auxiliaries such as air circulators,
batteries, or humidifier)

- Insertion flowmeters (e.g., Wilson grids)
- Enthalpy probes (i.e., temperature and
relative humidity probes)

All-water cooling system

- TEM (Heat exchanged at the generator)
- Electricity meters (Electric loads and
auxiliaries such as circulating pumps)

- TEMSs (Heat exchanged at the terminal
units)

Air-water cooling system

As mixed cooling systems consist of both air- and water-based components, a combination of
metering and sub-metering devices related to all-air and all-water systems is required.

Direct expansion cooling system

- Flowmeter
- Enthalpy probe
- Electricity meter (fans, electronics etc.)

Electricity meters (Compressor,
electronics, and auxiliaries)

2.1. All-Air Cooling Systems

An all-air system mainly consists of the following:

Generation system, for the production of cold/hot water;

An Air Handling Unit (AHU), in which the air undergoes the transformations of
cooling, dehumidification, and post-heating;

Air delivery systems;

Inlet and extraction vents.

In many cases, the air delivery system also includes a return system, in which air from

the conditioned space is drawn and sent to the AHU to be mixed with the supply air.

All-air systems can be divided into Constant Air Volume (CAV), in which the supply

air temperature can be varied and the supply air volume is constant, and Variable Air
Volume (VAV) systems, in which the supply air volume can be varied to supply air at a
constant temperature and meet different cooling/heating demands. The thermal energy at
the sub-metering level is measured according to Equation (1) by using temperature and
relative humidity probes (to evaluate the air specific enthalpies at the inlet/outlet sections)
and mass/volume flowmeters.

Different sub-metering conditions can be found, according to the specific configuration

of the multi-zone all-air system:
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(@) All-air system with dedicated AHU for each end-user. In this case, sub-metering
consists of measuring the thermal energy on the primary water circuits (hot/cold
coils of the AHUs). In addition, the electricity used for auxiliary systems should also
be measured.

(b) Variable Air Volume systems, in which a single AHU serves several housing units.
Sub-metering requires the measurement of the inlet air flow at each housing unit
together with the inlet specific enthalpy. In the case of air recirculation, the relationship
between the inlet and recirculated air flow rates should also be known.

(¢) Constant Air Volume systems, in which a single AHU serves several housing units,
as in the previous configuration. Enthalpy of delivery and return of humid air must
be measured for sub-metering purposes for each end-user (air flow rate is known
and constant).

(d) Systems with double hot/cold ducts. In this case, thermal power can be measured
before (separately) or after the mixing section.

A single-duct all-air VAV system in which a central AHU serves several users is
represented in Figure 2, together with a possible sub-metering system configuration.
Total mass flow

Moot Inlet massflow in the
e i-th housing unit

A il

BF BC
Recirculating | @ T
mass flow  Mrictot Housing Housing Housing
unit 1 unit 2 unit 3
@ ' '\ |
Legend .
Moug,i
@ flow sensor Outlet mass flow from
@ entalphy probe the i-th housing unit

Figure 2. Schematics of an all-air system, including metering and sub-metering instruments.

In the case of a simple system operating with a single duct (as that shown in Figure 1),
with a constant air mass flow rate in each zone, the thermal energy exchanged at each
i-th location can be calculated by using Equation (2), valid for both cooling and heating

applications.
Qi = / min,i'<

where the following variables are included:

mric,tot mric,tot
hin,i - <1 - 'hext - 'hout,i
Min tot My tot

>dt @)

o iy and Mgy [kg-s’l] are the inlet and outlet air mass flow rates, respectively, in the
i-th housing unit;
o iy por and Myic ot [kg-s’l] are the total air mass flow rate introduced and recirculated,
respectively;
o hyy;and by, [k]~kg_1] are the specific enthalpies of the inlet and outlet air in the i-th
housing unit;
heyt is the specific enthalpy of the outdoor air;
t is the time [h].
The cost of individual metering systems may be reduced in VAV systems by assuming
the specific enthalpy of the outlet air of every housing unit is equal to the conventional
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comfort value. Similarly, in the case of absence of post-heating, the specific enthalpy of
the inlet air of each housing unit can be set as constant. In this way;, if a lower accuracy
is acceptable, the sub-metering system would consist only of the inlet air flowmeters and
three enthalpy probes (to measure hjy, sot, Hout,tot, and hex).

A similar method to reduce metering costs for CAV systems consists of considering
the inlet air flow rates that are known and equal to the design value. In this way, only
inlet/outlet enthalpies in housing units and the outdoor air enthalpy must be measured.
Distribution losses can be evaluated by difference between the total energy supply (total
energy consumption) and the values measured in all the housing units.

2.2. All-Water Cooling Systems
In all-water cooling systems, the heat transfer fluid is water. They mainly consist of:

Generation system, for the production of cold /hot water;
Water distribution pipes (two pipes or four pipes to obtain independent circuits for
hot and cold water);

e  Emission systems. Different terminal units can be used, from the simplest single-coil
ones (e.g., fan-coils, convectors, or radiant panels) to multiple-coil units.

In an all-water system, the thermal energy can be measured according to Equation (3).

Q= /t V- (Tout — Ty )it 3)

where the following variables are included:

o T, and Tou [K] are the flow and return temperatures, respectively;

e c,[Kkg! K~ 1] s the specific heat (average) of the heat transfer fluid.

In order to measure thermal energy exchanged, it is possible to use a TEM consisting
of a flowmeter, two temperature sensors, and a calculator.

In all-water systems, the cooling/heating energy consumption can be measured in
different ways according to the desired accuracy, by measuring the following quantities:
e  Thermal energy subtracted (cooling and dehumidification);

e  Thermal energy provided (heating, post-heating, and humidification).

Electricity meters can be used to measure electricity consumption for auxiliaries and
ventilation. Figure 3 shows a direct metering configuration for an all-water system.

TEM; End user;

End user, |

Enduser; |
AHU,

Heat transfer fluid

—
m
<
ey ————
1

Generator [ O
[kWh]

Figure 3. Schematics of an all-water system, including metering and sub-metering instruments.

In the case of terminal units characterized by two heat exchangers, modern TEMs are
able to measure cooling and heating energy consumption separately.
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2.3. Air-Water Cooling Systems

Air-water systems can be seen as hybrid systems involving both all-air and all-water
systems’ characteristics. In particular, a centralized all-air system provides primary air to
the end-users’ location in saturated (or almost saturated) conditions. At the same time,
chilled /hot water is distributed (as in all-water systems) to the terminal units, which can
be those used in all-water systems. In this way, primary air provided by the air distribution
system is cooled or heated by means of the water-based terminal units. An individual
metering system depends on the specific system configuration, and it is formed by a
combination of metering and sub-metering devices related to all-air and all-water systems.

2.4. Direct Expansion Cooling Systems

In Direct Expansion (DE) systems, the heat transfer fluid is a refrigerant, and the
cooling /heating effect is provided according to the Vapour Compression Refrigeration tech-
nology. They are also called mono/multi-split air conditioning systems and can be divided
into Variable Refrigerant Volume (VRV) and Variable Refrigerant Flow (VRF) systems.

A DE system mainly consists of the following:

e  An outdoor unit, including the compressor and a heat exchanger, acting as condenser
or evaporator in cooling or heating application, respectively;

e  Several indoor units, each one including an electronic thermostatic valve, a heat
exchanger, a fan, and a diverter valve.

The distribution system is made up of two or three pipes connecting the indoor units
to the outdoor one.

Figure 4 shows a three-pipe VRV /VRF system with the corresponding metering and
sub-metering systems.

® Pressure sensor
©® Flowsensor
@ Temperature sensor

Delivery Return

)
Do
S

O O |
External unit e N N
End user; End user, End user,

Figure 4. Schematic of a three-pipe VRV /VRF system, including metering and sub-metering instruments.

Regarding the outdoor unit, pressure sensors are placed directly at the inlet and outlet
sections (or on the delivery/return pipes) of the compressor. The sub-metering systems
consist of a flowmeter and a temperature sensor pair placed externally to the indoor units.
Therefore, it is possible to measure the energy consumption at each housing unit according
to Equation (4):

Qi = [ (owV-an) at @

where pg is the refrigerant density and A is the specific enthalpy difference between the
outlet and the inlet section of the i-th internal units.
To solve Equation (4), it is necessary to measure/calculate the following:

e  The refrigerant pressure at the inlet and outlet sections of the compressor;
e  The refrigerant temperature at the inlet and outlet sections of the i-th internal unit;
e  The refrigerant enthalpy at the inlet and outlet sections of the i-th internal unit;
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e  The refrigerant density pg;

e The refrigerant volume flow rate V at the inlet section of the i-th internal unit.

3. Experimental Setup and Tests

This section presents a detailed account of the experimental methodology to facilitate
readers replicating the experimental campaign.

As previously discussed (see Table 1), direct metering in CCS can be performed
by means of TEMs, temperature/enthalpy probes, electricity meters, and flowmeters.
Flowmeters can be separate subassemblies of a TEM, being used both in metering and
sub-metering applications, or energy cost allocation tools at the sub-metering level.

In DE systems, pressures and temperatures are relatively simple to measure, while
refrigerant flow rate measurement still represents a challenge in terms of costs and in-
stallation. Starting from this consideration, the authors have designed and performed
several experimental tests involving a DE system operating at two different indoor and
outdoor temperature conditions and three different compressor speed values, with the aim
of comparing the refrigerant flow rate measured by two different flowmeters: an ultrasonic
clamp-on sensor and a Coriolis one.

A clamp-on ultrasonic flowmeter mainly consists of two ultrasonic transducers acting
alternatively as transmitter and receiver and positioned externally to the pipes. The
difference between the transit times needed for the soundwaves emitted by the transmitter
to reach the receiver (and reverse) allows measuring the fluid flow rate. When using
a Coriolis flowmeter, a liquid (or a gas) flows through a vibrating tube. This vibration
introduces a Coriolis acceleration, producing a measurable twisting force on the tube. The
Coriolis flowmeter is then able to measure mass flow rate (in both forward and reverse
directions) by detecting the resulting angular momentum. Coriolis flowmeters usually
show better accuracies, unlike the clamp-on ultrasonic ones, which allow a reduction in
installation and maintenance costs, since transducers are placed on the external side of the
refrigerant pipes.

The DE system used for performance evaluation in this experimental campaign con-
sists of the following:

e  Rotary scroll compressor characterized by a displacement of 10.8 cm® and able to
provide a cooling capacity of 2.55 kW when operating at 220 V (AC) and 50 Hz
(single-phase);

e  Thermostatic expansion valve with external equalization, with operating temperatures

between —40 °C and +10 °C and maximum operating pressures of 45.5 bar;

Finned-tube evaporator, with a nominal volume air flow rate of 1400 m3/h;

Finned-tube condenser, with a nominal volume air flow rate of 2200 m3/h;

Tube-in-tube internal heat exchanger (not used in this experimental campaign);

10 mm diameter copper pipes with a thickness of 1 mm;

R410a as heat transfer fluid.

Other components and security devices are also installed, such as oil separator, dehy-
drator filter, and liquid receiver.

Several temperatures (4-wire Pt100, accuracy of £0.15 °C) and pressure sensors
(piezoresistive type, accuracy of £0.1 bar) are used to measure the thermodynamic proper-
ties of the refrigerant. The refrigerant pressure was measured at both the low-pressure and
the high-pressure sides, in particular at the inlet and outlet sections of the compressor, the
condenser, the TEV, and the evaporator. The refrigerant temperature was measured at the
same point of the system. The temperature of the air at the inlet and outlet sections of the
evaporator and condenser was also measured. Regarding the electricity consumption for
the system supply (compressor and auxiliaries), a wattmeter with an accuracy of £4.2 W
was used.

Figure 5 shows the schematic of the refrigeration system, with the addition of the
Coriolis flowmeter (CMF) and the clamp-on ultrasonic flowmeter (UF).
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Figure 5. Schematic of the DE plant layout, including CMF and UF.

The ultrasonic flowmeter is manufactured by ISOIL Industria, Cinisello Balsamo, Italy
and is characterized by a diameter range between 10 mm and 150 mm, a fluid velocity
range between 0.01 m/s and 25 m/s, and a declared accuracy within the range of 1-3%.
This is, of course, a purely theoretical value, to be verified in the field in relation to the
actual installation and operating conditions of the system. The transducers were installed
downstream of the condenser to measure the volume flow rate of the refrigerant when it is
in liquid state. In particular, the UF was installed far from elbows and bends of the pipe
according to the manufacturer’s instructions. The refrigerant density in each operating
condition was calculated via REFPROP (version 10.0) software [40]. Figure 6 shows the
clamp-on ultrasonic flowmeter used during the experimental tests.

Figure 6. Clamp-on ultrasonic flowmeter manufactured by ISOIL Industria.

The Coriolis mass flowmeter (CMF) is characterized by a declared accuracy within
0.35%. It was installed upstream of the compressor to measure the superheated vapor
refrigerant mass flow rate.

Experimental tests were performed at stationary operating conditions, with a duration
of each test of 15 min after reaching the stationary conditions. Indoor and outdoor air
temperatures were controlled by means of electric heaters in order to reach and maintain
two different environmental conditions. In addition, the compressor rotation speed was
also controlled by means of an inverter in order to test three different values (i.e., 30,
40 and 50 Hz), so six operating conditions were tested. The 2 different indoor/outdoor
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conditions refer to 23/29 °C and 20/35 °C, referring to the temperature of the air entering
the evaporator/condenser, respectively, as reported in Table 2.

Table 2. Summary of the experimental tests performed.

Test Indoor Air Outdoor Air Compressor
Temperature Temperature Frequency
30 Hz
23/29 °C 23°C 29°C 40 Hz
50 Hz
30 Hz
20/35°C 20°C 35°C 40 Hz
50 Hz

Since different setups (in terms of indoor/outdoor temperatures and compressor
frequency) correspond to different operating mass flow rates, it was possible to evaluate
the reliability of the clamp-on ultrasonic flowmeter in a wide range of operating conditions.
For each setup, three tests were performed in order to verify repeatability.

4. Results and Discussion

The results of the tests performed are shown in Table 3. For both the Coriolis mass
flowmeter and the ultrasonic one, the mass flow rates are reported in terms of average value
and standard deviation, calculated considering the measured values during the testing
time (n values). In addition, the calculated relative percentage error (RE) is also evaluated,
considering the CMF reading as a reference. Indeed, the CMF is a well-established mass
flow-metering technology, showing higher metrological performance and reliability due to
its gravimetric measuring principle compared to the volumetric one of the UF meter. In the
literature, several experiments that used a CMF as a master meter are available [41,42].

Table 3. Experimental tests results.

) ) CMF UF
Tomperature  Tompenture  Frequeney TSt n [kg/min] [kg/min] %]
Avg. Std. Dev. Avg. Std. Dev.
#1 155 0.542 0.012 0.503 0.040 —7%
30 Hz #2 181 0.553 0.005 0.509 0.038 —8%
#3 197 0.557 0.005 0.655 0.063 +18%
#4 189 0.681 0.029 0.762 0.085 +12%
23°C 29°C 40 Hz #5 218 0.693 0.008 0.729 0.123 +5%
#6 238 0.694 0.007 0.722 0.098 +4%
#7 234 0.817 0.000 0.844 0.096 +4%
50 Hz #3 214 0.814 0.004 0.822 0.088 +1%
#9 254 0.814 0.005 0.810 0.050 -1%
#10 169 0515 0.003 0.482 0.036 —6%
30 Hz #11 160 0.516 0.003 0.494 0.036 —4%
#12 158 0514 0.004 0.644 0.054 +26%
#13 200 0.656 0.004 0.664 0.110 +1%
20°C 35°C 40 Hz #14 216 0.655 0.005 0.639 0.053 —2%
#15 209 0.659 0.005 0.793 0.061 +20%
#16 374 0.761 0.004 0.763 0.077 +0%
50 Hz #17 236 0.768 0.004 0.699 0.050 —9%

#18 352 0.762 0.005 0.865 0.053 +14%
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In some tests, the coupling signal of the ultrasonic flowmeter showed an anomalous
trend. The reason for this is probably related to the fact that the diameter of the refrig-
erant pipe where the transducers were installed is at the lower bound of the ultrasonic
flowmeter’s range.

As can be seen from Table 3, except for the tests performed at 23/29 °C, at 40 Hz and
50 Hz, the ultrasonic flowmeter did not show a good repeatability. In 5 out of 18 tests
performed, the relative percentage error exceeded 10%, reaching values over 20% in 2 of
them, while in 5 other tests, the absolute RE was in the range 5-10%.

As a sub-assembly of a TEM, the ultrasonic flowmeter module must comply with
the Maximum Permissible Error (MPE) established by the harmonized technical standard
EN 1434-1 [43] and legal metrology recommendation OIML R75-1 [42]. In particular, in
the typical case of a flowmeter with permanent flow rate (qp) equal to 1.5 m> h™!, class
3 (residential use), the MPE for the initial verification is equal to (3 + 0.05 qp/q) and in
any case not higher than 5%. The MPE is normally doubled in service and at verification
(therefore not exceeding 10%). Since all the tests were carried out at service condition with
very low flow rates, MPE = 10% applies. Therefore, the tested ultrasonic flowmeter would
be compliant with MPEs only in 8 runs out of 18 in the case of the initial verification and in
5 runs out of 18 in service.

Figure 7 shows the results obtained from test #4 (23-29 °C, compressor frequency
of 50 Hz). It is worth noting that the ultrasonic flowmeter showed an oscillating trend.
The same happened in most of the performed tests. This behaviour may be attributable
both to the transducers’ positioning and to the plant layout. As the ultrasonic flowmeter
was installed downstream of the condenser, before the liquid receiver, any presence of
refrigerant vapor due to partial condensation could affect the flow rate measurement. In
addition, the TEV also shows a modulating behaviour, influencing the refrigerant flow rate.

i

o
[
o

Mass flow [kg/min]
o
(2]
o
Signal [dB]

0.20 F 5
| —e—UF CMF ——Signal
0.00 0
12:48 12:50 12:53 12:55 12:58 13:01 13:03
time

Figure 7. Measured mass flow rate in test #4.

The compatibility of the ultrasonic flowmeter and the Coriolis one was assessed on
the basis of the normalized error, which can be calculated through Equation (5).

Xur— X
E, = X~ Xour| ©)
VUar + Ueme

where Xi;r and Uy r are the average measurement of the flow rate and the expanded uncer-
tainty related to the ultrasonic flowmeter, while Xcpr and Ucyr are the corresponding
values obtained through the Coriolis one.

According to [44], the expanded uncertainty was roughly estimated for both ultrasonic
and Coriolis flowmeters, leading to average values between 0.20 and 0.27% for the Coriolis
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flowmeter and in the range 1.79-1.98% for the ultrasonic one. Type A contributions and the
declared accuracy were considered in the expanded uncertainty evaluation.

As reported in [45], compatibility is demonstrated when E,, is lower than 1.

Results show that compatibility is demonstrated only in 50% of the operating condi-
tions. In 3 out of 6 operating conditions, a relative percentage error (evaluated based on
the average values) higher than 4.0% and up to 7.0% was found. Therefore, a systematic
overestimation is evident.

Results obtained from the compatibility analysis are reported in Table 4 and Figure 8.

Table 4. Summary results of compatibility analysis.

Compressor
Test Frequency CM}.: UCMF UF. UUF. IEE E,
[Hz] [kg/min] [kg/min] [kg/min] [kg/min] [%]
23-29°C 30 0.551 0.001 0.556 0.010 0.9 0.489
40 0.689 0.002 0.738 0.015 7.0 3.301
50 0.815 0.002 0.826 0.015 1.3 0.689
20-35°C 30 0.515 0.001 0.540 0.010 4.8 2.494
40 0.657 0.001 0.699 0.013 6.4 3.158
50 0.763 0.002 0.776 0.014 1.6 0.880
——CMF(23-29°C) ~ ——UF(23-29°) —+—CMF (20-35 °C) UF (20-35 °C)
0.90
0.90
0.80
= 0.80 =
S € 0.70
" 0.70 &
= =
0.60
3 0.60 3
[N [N
0.50 0.50
0.40 0.40
30 40 50 30 40 50
Frequency [Hz] Frequency [Hz]
(@) (b)

Figure 8. Compatibility analysis between ultrasonic and Coriolis flowmeters: (a) 23-29 °C;
(b) 20-35 °C.

From the above-reported analysis, it is clear that the tested clamp-on ultrasonic meter
cannot be used in legal metrology applications, since its accuracy in service does not comply
with the relevant provisions established by the harmonized technical standard and legal
metrology recommendation (£10%).

Nevertheless, it has been previously demonstrated that the compliance with MPE of the
individual device required by the applicable technical regulations is inadequate to evaluate
the uncertainty (i.e., the reliability) of the entire share of thermal energy consumption [24].

Indeed, in thermal energy costs allocation, the costs are allocated to single end-users
basing on their relative share of the total thermal energy consumption of the CCS. As a
consequence, the uncertainty estimation of a single accounting device is not expected to be
significant in sharing thermal energy consumptions among end-users, due to the effects
of compensation of systematic errors occurring in distributed thermal-energy-metering
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systems. Accordingly, thermal accounting uncertainty of a distributed energy-metering
system often leads to results that are much lower for single apartments compared to
those estimated at each emission terminal. This has been effectively demonstrated in [24],
where an evaluation of heat accounting systems’ reliability in residential buildings has
been carried out and an innovative model has been proposed for the estimation of the
uncertainty of distributed metering systems for space heating applications.

Nevertheless, given the greater complexity of such systems compared to heat-metering
systems and also of the ultrasonic clamp-on measuring principle, a dedicated analysis
would be required to verify the applicability of the same results [24] to cooling accounting
systems. This could represent a future development of this work.

As a general result, clamp-on ultrasonic flowmeters could still be used in sub-metering
applications for allocating the cooling energy cost among the end-users of a CCS.

5. Conclusions

An overview of the existing centralized cooling systems has been provided, highlight-
ing the available direct metering and sub-metering methods to account for thermal energy
consumption for space heating and cooling applications. The analysis highlighted a higher
level of complexity of centralized cooling systems and the related metering infrastructures,
compared to space heating systems” applications.

The main measuring instruments available for cooling energy metering and account-
ing, at the metering level, are the thermal energy meters and the electricity meters, while,
at the sub-metering level, thermal energy meters, electricity meters, enthalpy probes, and
insertion flowmeters can be used. In any case, the configuration of the measurement
system must be developed carefully, considering the characteristics of the emission and
distribution systems and of the heat transfer fluid.

A specific focus was then given to the critical issue of measuring the refrigerant
flowrate in direct expansion systems through clamp-on ultrasonic flowmeters, due to their
versatility, non-intrusiveness, and low cost. Specifically, an experimental evaluation of
the metrological performance of a clamp-on ultrasonic flowmeter has been performed to
evaluate its accuracy compared to the well-established Coriolis mass flowmeter. An experi-
mental campaign involving six different operating conditions (in terms of indoor/outdoor
temperatures and operating frequency of the compressor) has been developed and carried
out. The experimental results show that the error obtained by measuring the refrigerant
mass flow rate through a clamp-on ultrasonic flowmeter can reach values higher than
10% and, therefore, is not compliant with the relevant provisions established for legal
metrology applications. As a consequence, the ultrasonic clamp-on technique would be
strictly not applicable for cooling energy metering. The main issue is represented by the
small diameters of the pipes, which are typical for direct expansion systems, and the low
value of the average flow rate. However, possible technical developments of this kind of
flowmeters and of cooling systems could in the near future modify this assumption and
also allow their use in metering applications.

Finally, the compliance with maximum errors of the individual device required by the
applicable technical regulations may be too restrictive when applied to complex metering
architectures for thermal energy accounting purposes. Indeed, due to the error compensa-
tion, the uncertainty of a single accounting device could not significantly affect the sharing
of thermal energy consumptions among end-users, still resulting in a reliable system for
this purpose.

As a result, ultrasonic clam-on flowmeters can still be considered as valid alternatives
for sub-metering applications in space cooling. Nevertheless, a dedicated analysis would be
recommended to estimate and predict the on-field reliability of cooling energy accounting
systems. This could represent a future development of this work.
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