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1. State of the art of testing methodolo-

gies and performance rating standards for 

evaluating the actual energy efficiency of 

heat pumps and air conditioners 

Statement of purpose 

The following objectives summarise the main purpose of the present subtask (The term “heat pump” in-

cludes both air-to-air and hydronic heat pumps.): 

• to review presently adopted testing methodologies and performance rating standards for air condi-

tioners and heat pumps, 

• to review newly proposed testing methodologies and performance rating standards for air condi-

tioners and heat pumps,  

• to define the requirements and tolerance for the testing equipment, instrumentation, and auxiliaries, 

the system operation and setpoints during the test, as well as performance indices for evaluating 

the actual system efficiency, 

• to consider possible improvements of existing and new testing methodologies for assessing the 

performance of heat pumps and air conditioners when operated under the same control as oper-

ated in buildings, 

• to consider methods of utilisation of the test results for performance rating, performance mapping, 

and energy calculation methods (Subtask C), provide evidence for efficient equipment sizing (Sub-

tasks C and D), system design and control (Subtask D), as well as support for the development of 

performance monitoring techniques (Subtask B2). 

1.1 Categories of testing standards and their backgrounds 

Using the inverter technology for variable speed systems has enhanced the system´s adaptability in man-

aging thermal loads with potentially high efficiency in a broad range of operating conditions. During field 

operation heat pumps and air conditioners respond to specific building loads and indoor temperature varia-

tions with dynamic modulations of the compressor speed and expansion valve opening defined by their 

built-in (or “on-board”) control system, which is referred to as “native control” and is opposed to proprietary 

modes used only during current rating tests. The control mode adopted during tests is at the essence of the 

definition of the following two categories of testing methodologies and rating standards. In fact, current test-

ing procedures are experimental tests at fixed compressor speed conducted while deactivating the native 

control system of the unit.  

Therefore, rating procedures based on such a simplified testing method yield results that may deviate sig-

nificantly from the actual operating performance. This underlying gap between the actual and rated perfor-

mances has been recognised as a major challenge for effectively driving energy conservation of heat pump 

installations, besides improving system design and quality of installation. 

In the attempt to guide the development of new standards that can cover such performance gap and repre-

sent the system field efficiency more realistically, this subtask reviews two categories of testing methodolo-

gies and corresponding performance rating standards: 

• (Category A) Current testing methodologies and performance rating standards conducted at fixed 

compressor speed (fixed capacity ratio) while deactivating the native control system. 

• (Category B) Newly proposed testing methodologies for evaluating the performance of heat pumps 
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and air conditioners under the same control as operated in buildings (active native control). 

 

Table 1.1-1 compares Category A standards and Category B standards for heat pumps. The operation 

mode of the unit defined by the testing methods differentiates the two categories.  

Performance rating standards are intended as product-level policies, which provide values representing 

products’ energy efficiency and are referred by users to compare different products of the same kind. How-

ever, it should be noted that new testing methods for evaluating heat pumps operated under their native 

control can also apply to building-level evaluation, extract performance maps, and to support energy calcu-

lations.  

 

Table 1.1-1. Comparison of Category A standards and Category B standards. 

 Category A standards: 

Development in HP industry 

Category B standards: 

Being developed by independent research entities  

(1) Operation 
mode dur-
ing tests for 
energy effi-
ciency  

Native control is overridden by proprie-

tary control as required for testing. Gen-

erally, the tested unit is forced in steady 

state condition by fixing the compressor 

speed (with proprietary controls).  

Generally, provides reliable hardware 

testing, but excludes evaluation of per-

formance in all modes of operation 

across the operating temperature 

range. 

This way of testing is often considered 

indispensable to maintain a high accu-

racy and reproducibility, but this comes 

at the expense of comprehensive per-

formance evaluation of the unit under 

test. 

 

Note that native control testing, cycling 

mode and defrost mode operation may 

be tested at discrete conditions, but are 

not tested across the full operating 

range of the equipment. 

HP is operated under the same control as oper-

ated in the building (native controls). 

Tests are conducted with generally equivalent 

equipment and instrumentation as in Category A 

standards. Repeatability, reproducibility and repre-

sentativeness studies are ongoing. However, evi-

dence of the level of repeatability and reproducibil-

ity similar to Category A standards have been pre-

sented in recent literature. Recent studies of Rep-

resentativeness suggest an improvement over 

Category A standards (i.e., that seasonal perfor-

mance results using Category B standards are 

more representative of in-field test results than 

those produced by Category A standards) 

 

Note that Category B standards testing may re-

quire specialized test apparatus and/or capabilities 

(while instrumentation remains generally equiva-

lent). 

(2) Seasonal or 
annual av-
erage effi-
ciencies 

Necessary for regulating the energy efficiency level of each product category. 

The choice of test conditions required to extract these seasonal performance indexes is 

based on: 

-Assumption of the relationship between heat needs imposed on HP and the maximum ca-

pacity of the HP: fixed ratios are applied, such as 1.0 for cooling in JIS C 9612. 

-Assumption on the relationship between the heat needs and outdoor temperature: a linear 

relationship is assumed.   

*(for Category B standards) Assumption of reference building thermal and moisture charac-

teristics are required and affect the time dependent system response captured. 
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1.2 Current testing methodologies and performance rating standards 
for heat pump systems (Category A Standards) 

Current performance rating standards are reviewed for the following aspects: 

1) Targeted heat pump systems and the scope, 

2) Test methods, 

3) Temperature conditions, 

4) Control of test specimens during tests, 

5) Performance indices and requirements for part load tests, 

6) Tolerance of measurement uncertainty, 

7) Other issues. 

 

The current standards reviewed are listed in Table 1.2-1. 

 

Table 1.2-1. List of the current testing and rating standards reviewed 

No. Title of standard Year 

1 ISO 5151. Non-ducted air conditioners and heat pumps – Testing and rating for performance 2017 

2 
ISO 13253. Ducted air-conditioners and air-to-air heat pumps – Testing and rating for perfor-

mance 
2017 

3 
ISO 15042. Multiple split-system air-conditioners and air-to-air heat pumps – Testing and rating 

for performance 
2017 

4 

ISO 16358. Air-cooled air conditioners and air-to-air heat pumps – Testing and calculating 

methods for seasonal performance factors – Part 1: Cooling seasonal performance factor, Part 

2: Heating seasonal performance factor, Part 3: Annual performance factor 

2013 

5 
EN 14511-1, 2, 3. Air conditioners, liquid chilling packages and heat pumps for space heating 

and cooling and process chillers, with electrically driven compressors 
2022 

6 

EN 14825. Air conditioners, liquid chilling packages and heat pumps, with electrically driven 

compressors, for space heating and cooling - Testing and rating at part load conditions and cal-

culation of seasonal performance 

2022 

7 
AHRI 210/240. Performance Rating of Unitary Air-conditioning & Air-source Heat Pump Equip-

ment 
2020 

8 
AHRI 340/360. Performance Rating of Commercial and Industrial Unitary Air-conditioning and 

Heat Pump Equipment  
2022 

9 AHRI 310/380. CSA-C744-17. Packaged Terminal Air-conditioners and Heat Pumps 2017 

10 
AHRI 550/590. Performance Rating of Water-chilling and Heat Pump Water-heating Packages 

Using the Vapor Compression Cycle 
2023 

11 
AHRI 1230. Performance Rating of Variable Refrigerant Flow (VRF) Multi-Split Air-conditioning 

and Heat Pump Equipment 
2023 

12 
ANSI/ASHRAE Standard 37-2009 (RA 2019). Methods of testing for rating electrically driven 

unitary air-conditioning and heat-pump equipment 
2019 

13 
ANSI/ASHRAE 206-2013 (R2017). Method of Testing for Rating of Multipurpose Heat Pumps 

for Residential Space Conditioning and Water Heating 
2017 

14 JIS B 8616. Package Air Conditioners  2015 

15 JIS B 8627. Gas Engine Driven Heat Pump Air Conditioners 2015 

 

1.2.1 Targeted heat pump systems and scope 
 

Targeted heat pump systems can be categorised according to a) heat source (air or water) and secondary 

medium for heating and cooling supply to emitters, b) configuration of the heat pump systems, e.g., 
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‘packaged’, ‘unitary’, ‘multi-split’, ‘ducted’, ‘non-ducted’, c) drive of the compressor (e.g., electrically-driven, 

gas engine driven), and d) capacity (e.g., 19 kW or greater). 

 

1.2.2 Test methods 

This aspect is well categorised in ANSI/ASHRAE Standard 37(ANSI/ASHRAE, 2019) and ISO 5151 

(ISO, 2017a). According to the former standard, there are five test methods: 

 

a. indoor air enthalpy method, 

b. outdoor air-enthalpy method, 

c. compressor calibration method, 

d. refrigerant enthalpy method, 

e. outdoor liquid coil method. 

 

For the indoor and outdoor enthalpy methods, only the nozzle airflow measuring apparatus, which needs a 

tunnel (duct) to allow rectifying the airflow before the nozzle and to compensate the pressure loss due to 

the nozzle and other parts of the tunnel by using a fan, is specified. The tunnel is also used for measuring 

dry-bulb and wet-bulb temperatures of well-mixed air from the unit. 

Besides the five test methods above mentioned, ISO 5151 prescribes calorimeter test methods. According 

to ISO 5151, capacity tests shall be conducted using either the calorimeter test method or the indoor air 

enthalpy test method. 

 

1.2.3 Control of test specimens during tests 

 

Most current standards only deal with stable conditions for test specimens. The necessity of manufacture 

instructions to achieve the stable condition is clearly prescribed by standards. It is well recognised that the 

intermittent operation of test specimens reduces their energy efficiency compared with continuous and sta-

ble operation, and the difference is represented in plural standards by the degradation coefficient (CD). For 

the test to quantify the CD, the cycle test is prescribed by some standards, besides the test under stable 

conditions. In most standards specifying seasonal average efficiencies, a default value of the CD is speci-

fied, such as 0.25. 

In JIS B 8616 (JIS, 2015a), JIS B 8627 (JIS, 2015b), and AHRI 1230 (AHRI,2010), a control verification 

procedure has been added to verify that the minimum compressor speed for the part-load test can occur 

without overriding control settings. However, in current testing standards for heat pump systems, including 

those three standards, overriding control of the specimen during the tests is officially permitted. 

 

1.2.4 Performance indices and requirements for part load tests 

For the energy performance rating, EER (Energy Efficiency Ratio) and COP (Coefficient of Performance) 

are the common basic indices. The unit of the indices varies, but the meaning of the indices does not 

change, namely the ratio of the capacity to the input energy. 

In various standards, integrated indices are provided, of which roles represent seasonal average energy 

efficiencies. For that purpose, the measurement of energy efficiencies under part load conditions by the 

tests or the calculation of the energy efficiencies under the part load conditions by using measured values 

such as for full load and conversion factors is specified in those standards. Instructions and support by 

manufacturers are necessary to achieve stable operation in part load conditions. As for the part load condi-

tions, in some standards, tests for 75%, 50%, and 25% of full capacity are required, while estimating en-

ergy efficiency under lower part load conditions is done using the CD. 
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1.2.5 Tolerance of measurement uncertainty  

Because of the accuracy limit of measurement devices, standards specify tolerances. Among parameters, 

measuring airflow rate and temperature may be the most difficult, partly because of their spatial distribution, 

even if the specimens are in steady operations. If the measurement is conducted under possibly unsteady 

operation, such as in load-based tests, measurement uncertainty probably becomes larger, and the re-

quirement for the tolerance of measurement uncertainty should be an important issue for their standardiza-

tion. 

 

1.2.6 Other issues 

To express capacities of the specimen under tests, various terminologies are used. They include ‘full ca-

pacity’, ‘rated capacity’, ‘nominal capacity’, ‘extended capacity’, etc. Sometimes, the full capacity is the 

same as the rated capacity. In the definition of part-load ratio, the ratio´s denominator can be different, and 

the definition resultantly becomes unclear. When analysing energy performance under the part load condi-

tion, defining the part load ratio by using the maximum capacity at a certain temperature condition is best. 

However, there is still an open question on the issue. 

 

1.3 New type testing standards for heat pump systems (Category B 
Standards) 

1.3.1 Overview of load-based testing methodologies 

The actual operation of variable-speed heat pumps and air conditioning units may respond with variable or 

cyclic modulations of the compressor speed and expansion valve opening even to constant thermal loads 

according to their native control system. Therefore, the corresponding field efficiency of the system may be 

significantly affected by the control strategy developed and implemented in operating units. Contrary to 

steady-state operation, the dynamic operation of the system involves a time-dependent thermal interaction 

between the building thermal characteristics and the capacity supplied by the unit, whereby cooling/heating 

capacity and the building load are not necessarily and continuously balanced. The magnitude of the unbal-

ance drives a variation of the room temperature and, for a unbalance, the rate of change is related to the 

equivalent heat capacity of the room. Similar observations apply to the moisture balance, which defines the 

response of the room condition to a given latent load scenario. Therefore, when dynamic operation is ac-

counted for, the test conditions and the building structural features affect the room thermal response and, in 

turn, the air conditioner/heat pump performance (Mehrfeld, 2022). 

Conventional lab tests for residential heat pumps and air conditioners (such as AHRI 210/240 (AHRI, 

2023), JIS B 8615 (JIS, 2015c), or EN 14511 (BSI, 2018)) use fixed compressor speed and expansion 

valve opening conditions (and hereinafter will be referred to as “fixed condition” tests). In load-based tests, 

the tested unit is installed following the manufacturer’s instructions as it would be done by a qualified field 

technician, and during the test the system meets heating and cooling loads that are typical for residential 

applications, using its own thermostat and internal control logic to respond to changes in the room tempera-

ture, in case of air-to-air units, or the water inlet temperature in the case of hydronic heat pumps. In this 

way, the lab environment during the test process emulates a real-life installation, while allowing for con-

sistent control and measurement so that each test can be consistent in its results and provide fair perfor-

mance comparisons between different models. In the following paragraphs, the principle of a load-based 

test is explained using the example of air-to-air units. However, the same concept applies to hydronic heat 

pumps using air, brine or water on the source side and water on the sink side. 

In the load-based test, as in a fixed-condition rating test, the process is conducted using two psychrometric 

chambers, with one of these chambers called the “outdoor room” where the outdoor unit is placed, with 

carefully controlled temperature and humidity that represent the various outdoor conditions at which the 
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unit is tested. The laboratory setup of the outdoor room uses reconditioning equipment controlled by com-

puter software to maintain those conditions for the duration of a test condition, before moving on to the next 

condition. 

In both load-based and fixed-compressor speed testing, the second psychrometric chamber, called the “in-

door room” is where the indoor unit is installed. Understanding the different control strategies for the indoor 

room is the key to understanding the load-based test. In a fixed-condition lab test, the tested unit will run in 

a steady-state mode that is defined by the particular test condition and typically uses a proprietary “test 

mode” that overrides the unit’s normal control sequences. The indoor room reconditioning system main-

tains the indoor room temperature and humidity in a steady-state manner for the duration of the test. The 

computer software controlling the test measures how much heat the tested unit is producing (in heating 

mode) or removing (in cooling mode), as well as the energy input and other key parameters (such as air 

flow).  

By comparison, in a load-based test, the indoor room condition mimics (or “emulates”) the condition of a 

room or space that would be heated (and cooled) by the tested unit in response to a heating or cooling 

load. The loads are carefully chosen to represent a typical house or indoor space, based on the rated heat-

ing or cooling capacity (the size) of the heat pump. The lab software controlling the reconditioning equip-

ment is programmed with the indoor room “load” to be imposed, and it continuously senses the amount of 

heat the tested unit delivers (or removes) from the indoor test room. Based on these values, it updates the 

actual indoor room temperature every few seconds to simulate an actual load. The tested unit then re-

sponds to changes in the indoor room temperature by turning on or off, or changing its output to match the 

load, according to its own internal logic (using the same control logic it would use in a typical field installa-

tion). This is best understood graphically, as follows: 

 

● Figure 1.3.1-1 shows a simplified example of what would happen in the indoor room during a virtual 

heating load if the tested unit was not running. The test control software senses the output of the 

unit, and it causes the room to cool off. In this theoretical example, it loses 50 °F over an hour’s 

time.  

● In Figure 1.3.1-2, imagine that the tested unit is continuously producing half of the needed heat. 

The room temperature drops at half the rate of that in Figure 1.3.1-1, losing only 25 °F in an hour. 

(In reality, the temperature drop is not a straight line, but it is simplified here for illustrative pur-

poses). 

● Figure 1.3.1-3 shows the temperature of the indoor room if the tested unit continuously generates 

exactly the amount of heat needed to keep up with the simulated heating load: the temperature 

stays constant throughout. The controls of a variable-speed heat pump should operate this way, if 

the virtual load is within the range at which that the unit can operate (i.e., between its maximum 

and minimum capacity), at the outdoor temperature condition in the outdoor room; but a small 

amount of variation in indoor temperature will always occur in order for the unit to respond accord-

ingly. 

 

 

Figure 1.3.1-1. No heat added (Time in minutes) 
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Figure 1.3.1-2. Half the needed heat, temperature drops more slowly (Time in minutes) 

 

Figure 1.3.1-4 is more typical of a real modulation of a tested unit. Imagine at time = 0, the thermostat is 

turned on at 70 °F, just as the indoor temperature begins at 70 °F, simulating a heating condition in cold 

weather. As the unit comes on and produces more heat than is needed, the room temperature will increase 

based on the test control programming. Then, at some point, the internal controls of the tested unit sense 

that the room is too warm, at which point it will reduce its output (in this example, at minute 8). The lab con-

trol software senses the unit having reduced output, and causes the room temperature to drop again, as it 

would under a real heating load. At some point (in this case, below 69 °F) the internal controls of the tested 

unit turn the unit back to a higher heating output (in this example, at minute 10), and the cycle continues. 

 

 

Figure 1.3.1-3. Heat added is correct, stable temperature (Time in minutes) 

 

 

Figure 1.3.1-4. Heat modulates, temperature controlled by thermostat of tested unit (Time in minutes) 

 

Thus, the tested unit is responding to an indoor condition that simulates a heating (or cooling) load that 

would be found in a house or room that is exposed to the same conditions as the outdoor room where the 

outdoor unit is located. Although the lab control software and reconditioning equipment is literally control-

ling the indoor room temperature, the temperature is based on the response of the tested unit just as if it 

was in a space that was heating up or cooling off in response to a real load.  

In an actual test, the behaviour of the lab and the system being tested is, of course, more complicated than 

what is shown in Figures 1.3.1-4. In some cases, variable speed systems can match the heating or cooling 
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requirement closely (such as in Figure 1.3.1-3) with natural variations based on the unit’s internal controls, 

as it responds to the virtual load.  

However, variable speed systems cannot ramp “down” continuously, all the way to “off”; they always have a 

lower limit of heating or cooling output. When the load is smaller than that minimum, the unit will have to 

cycle on and off, which affects the operating efficiency. In the highest load conditions (when outdoor tem-

peratures are also the most extreme), it is expected that tested units will typically lack the heating or cool-

ing output needed to maintain the steady state indoor temperature target. For those test conditions, the unit 

is set instead to run at full capacity (but still under its normal controls), and the rest of the test is completed 

while the reconditioning equipment keeps the indoor room under steady state conditions. 

In each test condition, the lab software collects data to verify both the heating or cooling output of the 

tested unit in real time, and to measure the electricity input (power). Sometimes this “steady state” opera-

tion over time occurs naturally (as typified by Figure 1.3.1-3). However, during the load-based test, the in-

door room conditions vary over time, causing the heating or cooling output to also vary in more complex 

ways. This may be due to the need to cycle off during low-load conditions because the variable-speed con-

trols are “searching” for the right output to best match the load; the need for defrost cycles in some heating 

conditions; or for other reasons dictated by the internal control logic of the tested unit.  

These general considerations exemplify how the control system and its interaction with the building fea-

tures and thermal loads define a broad spectrum of possible operating performance. 

Load-based tests respond to the necessity of capturing the main characteristics of actual operating perfor-

mance during laboratory tests while minimising additional effort and cost when compared to current stand-

ards. 

Newly proposed testing methodologies (Category B) aim to reflect the following aspects: 

 

- Unit performance when operated under its native control and using its own thermostat. 

- Characterise efficiency losses or gains of variable speed units (inefficiency of cycling operation and 

assess the efficiency of the control method). 

- Integrate all cycles within a test bin such that defrost cycles, on/off cycles, etc. are directly measured 

within each temperature bin. 

- Capture the interaction of the system operation with the actual load scenario and the thermal features 

of a representative building. 

- Prevent the manufacturer from artificially inflating the unit efficiency during performance rating tests. 

 

The characterisation of these aspects should drive positive developments in the design of efficient control 

strategies for variable speed units and maximise efficiency during the field operation of heat pump installa-

tions. 

 

The proposals developed by 4 independent institutes are reviewed with reference to the following aspects: 

- Scope of the test. Including target equipment type and capacity. 

- Test conditions. 

- Building-side thermal emulation method. 

- Analysis of repeatability, reproducibility, and representativeness (3Rs). 

Table 1.3-1 provides a first summary of the testing methodologies.  
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Table 1.3-1. Summary of the reviewed test procedures for the development of Category B Standards 

Test method 

(institution) 

Test scope Heating condi-

tions 

Cooling condi-

tions 

Building thermal 

inertia 

3Rs analysis  

Waseda Uni-

versity 

Emulator-

type load-

based test 

for air-to-

air units 

2 tests defined 

consistently with 

JIS B 8515 for 

heating opera-

tion 

*partial-load at 

25% of max ca-

pacity 

**(tentative) 

3 tests defined 

consistently 

with JIS B 

8515 for heat-

ing operation 

*partial-load at 

25% of max 

capacity 

**(tentative) 

Defined within 

the lumped pa-

rameter emula-

tor by the values 

of thermal and 

moisture inertia 

Repeatability 

(completed) 

Reproducibility 

(Cooling tests 

completed, 

Heating tests 

ongoing) 

Representa-

tiveness (on-

going) 

CSA  SPE-07:23 

load-based 

and cli-

mate-spe-

cific test for 

air-to-air 

units (us-

ing emula-

tor) 

5 temperatures 

(-15 to 12.2C) 

plus one addi-

tional test for 

marine climate 

zone as well as 

optional test at 

lowest operating 

temp 

4 tempera-

tures (25 to 

40C) plus one 

additional test 

for hot, dry cli-

mate zone 

Simulated ther-

mal capacitance 

(sensible and la-

tent) of building 

interior included 

in load calcula-

tion 

Repeatability 

(completed) 

Reproducibility 

(ongoing) 

Representa-

tiveness (com-

pleted) 

BRI / Better 

Living 

Load-

based test 

for VRF 

air-to-air 

units 

OC: 7C (DBT)    

6C (WBT) 

 

IC: 20C (DBT)    

15C (WBT) 

OC: 35C 

(DBT) 24C 

(WBT) 

 

IC: 27C (DBT)    

19C (WBT) 

Artificial thermal 

capacitance 

(sensible and la-

tent) 

 

Repeatability 

(ongoing) 
Reproducibility 

(ongoing) 
Representa-

tiveness (on-

going) 
BAM and 

RWTH 

Load-

based test 

for hy-

dronic heat 

pumps 

5 or 6 outdoor 

temperatures in 

accordance with 

EN 14825:2022 

 Not applied 

yet  

(ongoing) 

Defined within a 

simplified build-

ing model 

Repeatability 

(completed) 

Reproducibility 

(ongoing) 

Representa-

tiveness 

(ongoing) 

RWTH Hardware 

in the Loop 

(HiL) for 

building 

energy 

systems 

with hy-

dronic heat 

pumps 

Outdoor condi-

tions defined by 

weather data. 

Use reference 

days (~4 days) 

representing a 

whole year for a 

specific geo-

graphical loca-

tion 

See heating 

conditions. De-

pending on lo-

cation, some 

days have 

cooling de-

mand 

Simulated by 

detailed Model-

ica model of a 

specific building 

and transfer sys-

tem to be stud-

ied 

Repeatability 

(completed) 

Reproducibility 

(completed) 

Representa-

tiveness 

(ongoing) 
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1.3.2 Emulator-type load-based testing method for air conditioners by Waseda University 

This section describes a testing method for residential and commercial air conditioners that can reproduci-

bly assess the energy efficiency of variable speed units and characterise their controllability when operated 

according to their native control under load scenarios representative of in-field installations. The proposed 

method essentially relies on a standard air-enthalpy testing facility used for more conventional testing and 

does not require additional instrumentation and testing time requirements, but only the bidirectional inter-

connection of a simple simulation software, which acquire the real-time measurement of the supplied ca-

pacity from the instrumentation of the tested unit, and also controls the reconditioning unit of the indoor 

psychrometric room.  

 

1.3.2.1 Overview 

 

The research efforts of Waseda University in the development and evaluation of optimal control strategies 

for air-to-air vapor compression systems led to a first national project conducted between 2014-2016 for the 

development of a new testing method able to reproducibly capture the control response of variable speed 

drive units and correspondingly assess their performance.  

This pioneering project resulted in the design, construction, and operation of a first prototype (Ban et al., 

2016, 2017). These preliminary results were critical for recognising the main challenges related to the hard-

ware and instrumentation of current air-enthalpy testing facilities in the real-time measurement and dy-

namic control of the reconditioning unit during dynamic system operation. The necessity of high-accuracy 

instrumentation and appropriate controllability of the reconditioning unit was recognised and dealt with for 

developing the testing method reported in Giannetti et al. (Gianetti et al., 2022a,b). 

 

1.3.2.2 Conceptual description of the testing method 

As reviewed in Section 1.2, current rating standards rely on forcibly achieved steady-state tests where the 

native control of the system is deactivated. To assess the energy efficiency of variable speed units when 

operated according to their native control under load scenarios representative of in-field installations, the 

emulator-type load-based testing method combines numerical software (room emulator) with the hardware 

of a conventional testing facility used for category A standards. The software and hardware are interfaced 

through the reconditioning unit (or “condition generator”), which recreates the modulations of the room con-

ditions as calculated by the emulator, and the “measuring chamber”, which feeds real-time measurements 

of the cooling capacity supplied by the indoor unit as a digital signal to the emulator, as described in Clause 

1.3.1. A schematic representation of this testing method is illustrated in Figure 1.3.2-1. 

 

 

Figure 1.3.2-1. representation of the emulator-type load-based testing methodology (Giannetti et al, 2024) 
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1.3.2.3 How the tested system is operated 

As explained in Section 1.3.1, load-based emulator-type tests are conducted while installing indoor and 

outdoor units in two separate psychrometric chambers and allowing the system to operate in accordance 

with its native control. The emulator software calculates the modulations of the indoor air condition while 

accounting for the dynamic response of the tested system. Complementarily, the reconditioning unit of the 

psychrometric chamber is controlled to replicate such numerical results in terms of temperature and humid-

ity of the return air to the indoor unit. The system attempts achieving the indoor set temperature for the sim-

ulated load scenario and may experience indoor temperature and humidity modulations of the return air to 

the indoor unit due to variable-speed or on/off cycling operation. 

In practice, the use of the emulator software can dynamically generate reproducible testing conditions by 

controlling the reconditioning unit to make the test independent of the specific thermal features of the test-

ing facility. Meanwhile, temperature and humidity conditions in the outdoor psychrometric room are held 

constant.  

Given the dynamic characteristics of emulator-type load-based tests, a preliminary investigation of the fac-

tors affecting measurement error and delay, such as the computational time delay of the emulator, tracka-

bility of temperature and humidity in the condition generator and in the measuring chamber, and time delay 

of the sensors, was carried out (Giannetti et al., 2022b) and represents the basis for reliably defining the 

level of reproducibility of such tests. Additionally, to minimise the loss of information between software and 

hardware sections, a tuneable feed-forward compensation module (FFC) was developed using a transfer 

function system identification approach (Figure 1.3.2-2). This software module may be used to restrain the 

delay in the reconditioning within the allowable range for enhancing the reproducibility of the test results 

across different testing facilities (Giannetti et al., 2024). 

 

 

Figure 1.3.2-2. Schematic block-diagram of the emulator-type load-based testing methodology (Giannetti et 

al, 2024) 

 

1.3.2.4 Illustrative test results 

Tests were conducted at corresponding ambient and partial load conditions with the same unit operating 

according to the current JIS standard [JIS B 8616 (2015a)] and with the emulator-type load-based testing 

method to characterise the gap between actual system performance and performance recorded with cur-

rent testing standards. Fig. 1.3.2.3 exemplifies the results obtained at a partial load ratio of 25%. In this 

case, the air conditioner functions in a cyclic on-off operation when operated with its own native control and 

exhibits a COP of 5.58, while the fixed-compressor-speed test indicates a COP of 7.13. 

Consequently, when testing the system with the emulator-type load-based testing method and setting the 

building load above 50% of the rated system capacity, the native control could achieve steady-state opera-

tion for a virtual room size of 147 m3. However, minor dynamic modulations of the compressor speed were 

observed because of oil recirculation manoeuvres (Miyaoka et al., 2023). Conversely, under lower building 

load conditions, the system responded with on-off cyclic and variable-speed operations. Figures 1.3.2-4 (i)-

(ii) illustrate the operation encountered when the building load was set to 30%. The lumped heat capacity of 

the virtual room was changed according to the size of the room (Togasi&Tanabe, 2009), and the on-off cy-

cling operation of the air conditioner showed different cycling intervals. These results provided evidence for 

the significance of the building thermal inertia on the system controllability and corresponding performance, 

and for the necessity of a virtual room emulator for fairly assessing the dynamic performance of air condi-

tioners while equivalently reproducing the “room-side air condition” in different testing facilities. Smaller size 
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rooms correspond to faster cycling and larger efficiency losses, while a larger room thermal inertia allows 

the control system to operate with longer cycling and reach pseudo-steady operating intervals with lower 

cycling losses.  

 

 

(i)      (ii) 

Fig. 1.3.2-3. 25% Partial load performance (i) JIS standard test (ii) emulator-type load-based test (Giannetti 

et al, 2022b) 

 

 

(i) 30%, 147 m3    (ii) 30%, 300 m3 

Figure 1.3.2-4. 30% Partial load tests with (i)  (ii)  virtual room size (Giannetti et al, 2022b) 

 

1.3.2.5 Selection of set of test conditions 

Full load and part load operating conditions presently refer to JIS B 8615 (JIS, 2015c); including 3 operat-

ing points for cooling and 2 for heating operation. Adjustments of the selected tested conditions are pres-

ently under consideration to capture cycling operation (part-load condition at 25% of maximum capacity) 

and minimise extrapolation in energy calculation procedures, effectively capture control characteristics, and 

harmonise test requirements along with test condition for maximising comparability and minimising testing 

burden. Additionally, pre-defined continuous load patterns are under consideration for test automatisation. 

 

1.3.2.6 Assessment of repeatability, reproducibility, and representativeness of the test results 

Evidence for repeatability and reproducibility properties of the emulator-type load-based tests are essential 

for defining new standards for performance ratings. Dedicated investigations with multiple tests repeated 

within the same testing facility (Miyaoka et al., 2023) and expanded to four different testing facilities (Don-

dini et al, 2024), demonstrated results repeatability within 1.5% and reproducibility within 3% standard devi-

ation, respectively. 

 

Table 1.3.2-1. Test conditions of round robin tests from Dondini et al. (Dondini et al, 2024). 

Conditions Indoor dry-

bulb temp. 

(°C) 

Outdoor 

dry- bulb 

temp. (°C) 

Outdoor 

wet- bulb 

temp. (°C) 

Load 

Ratio (%) 

Simulated 

room size 

(m3) 

Low load virtual room 1 27 29 19 25 147 

Low load virtual room 2 27 29 19 25 75 

Mid load virtual room 1 27 29 19 50 147 
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Specifically, the performance and control response (such as those illustrated in Figure 1.3.2-5) of a 10-kW 

R32 ceiling-type unit, operated in cooling mode within the four facilities at the test conditions reported in 

Table 1.3-1, were analysed to provide a first assessment of the level of reproducibility of the proposed test-

ing method and suggest challenges and possible improvements. The results from all testing facilities 

demonstrated consistent performance and control responses (as summarised in Table 1.3.2-2). 

 

 

 (i) 

 (ii) 

Figure 1.3.2-5. Test results for “Low load virtual room 2” at 25% load, 27oC indoor set temperature, and 75 

m3 for: (i) Waseda, (ii) Facility 2 (Dondni et al, 2024) 

 

Table 1.3.2-2. Summary of Round robin test results (Dondini et al, 2024) 

Conditions COP 

Waseda 

COP Facil-

ity 2 

COP Facil-

ity 3 

COP Facil-

ity 4 

Deviation from 

average 

Low load virtual room 1 5.34 5.57 5.39 5.33 3.01 % 

Low load virtual room 2 5.37 5.22 5.23 5.30 1.70 % 

Mid load virtual room 1 6.24 6.10 6.04 6.03 2.25 % 

 

1.3.2.7 Definition of seasonal or annual performance indices, and system performance metrics 

Seasonal efficiency calculation presently refers to JIS C 9612 (JIS, 2013), which combines the hourly distri-

bution of ambient temperature, regional heating and cooling loads to calculate the APF index. As emulator-

type load-based tests characterise the system performance and controllability when operated according to 

their native control, such seasonal index may provide closer representations of the actual field performance 

of air conditioners and may drive virtuous developments of efficient control, as well as a method to verify 

control strategy improvements. Additionally, the performance characterisation extracted through this testing 

method is being used to construct performance curves and maps for performing seasonal energy calcula-

tions.  
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1.3.3 CSA SPE-07:23 Load-based and climate-specific testing and rating procedures for heat 

pumps and air conditioners 

 

1.3.3.1 Background 

In 2015, the Canadian Standards Association (CSA) began work on a test and rating procedure that would 

better represent installed performance of variable capacity heat pumps (VCHPs) in a range of climates. In 

2019, the Canadian Standards Association (CSA) published a technical review version called EXP-07:19, 

Load-based and climate-specific testing and rating procedures for heat pumps and air conditioners, (re-

ferred to as EXP07).9 After conducting numerous additional lab tests using EXP07 and soliciting public 

comments, a final revision was made and published as SPE-07:23 (CSA, 2023a) using the same title 

(hereafter SPE07). SPE07 uses load-based tests at a range of conditions of both heating and cooling oper-

ation in order to create a performance profile, which is then used to calculate a set of Seasonal Coefficient 

of Performance (SCOP) values. These SCOPs are reported separately for heating and cooling for seven 

different North American climates and represent an estimate of net seasonal efficiency of heat pumps in 

typical residential applications for each of those climates. 

The scope of SPE07 applies to residential, single-zone air-to-air heat pumps and air conditioners less than 

65k Btu/h (19 kW) in capacity.   

This section provides an overview of how SPE07 works and generally explains the concepts behind the 

SPE07 rating procedure. It is adapted from the EXP07 Plain Language Guide (CSA, 2023b). 

 

1.3.3.2 Load-based Testing 

Most fundamental to SPE07 is its approach to testing using a "virtual" or simulated building load, managed 

by test room system software (sometimes referred to as an "emulator"). As described in Section 1.3.1, 

SPE07 uses a dynamically-controlled, load-based approach that measures heat pump performance across 

a wide range of outdoor temperatures, while the system meets heating and cooling loads that are typical for 

residential applications, using its own thermostat and internal control logic to respond to changes in the 

room temperature. 

The approach taken in SPE07 is very similar to that outlined in Clauses 1.3.2 and 1.3.4, and to a lesser ex-

tent 1.3.5 (although all four methods have the same intent to emulate operation of the heat pump under its 

native control system rather than operation in a special test mode). However, SPE07 differs from the others 

because it is a published test method that includes both test procedures and performance rating calcula-

tions. 

To account for the natural variation in the unit operation, the test procedure includes detailed instructions 

so that the lab can determine at what point during a particular test condition the test may be considered 

“complete”. This process is defined by a set of rules that require monitoring the heating or cooling output 

and electric input over time, searching for a during which these measurements are steady, or repeating 

over time in such a way that additional measurements will not likely change the result in a meaningful way. 

This is referred to as “convergence”, and once convergence (or a test period time limit) is reached, the test 

condition is considered complete and the test procedure moves to the next condition, until all tests are 

completed. 

 

1.3.3.3 The Load Line 

During SPE-07 lab testing, two series of heating tests (Continental and Marine), and two series of cooling 

tests (Humid and Dry) are conducted (as described below). Each climate-based rating is derived from 

those test results using the appropriate set of heating and cooling tests, mapped into that climate data. For 

heating, SPE-07 uses a single, linear relationship between outdoor temperature and load, based on the 

rated capacity of the tested equipment (referred to as a “load line”). The load line is a typical generalised 

building load profile, and the concept is common to other heat pump rating systems such as AHRI 210/240 

(AHRI, 2023) and CSA C656 (CSA, 2014). A single load line is used for the heating load in SPE-07 

(CSA, 2023a); this is based on the rated cooling capacity at 95F. The load increases with decreasing 
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outdoor temperature, and the no-load point (intersection with the x-axis) occurs at 60F by definition. The 

Marine climate zone heating test conditions vary only by the outdoor unit humidity that is used. For cooling, 

separate load lines are defined for dry and humid conditions, which are then used to generate the cooling 

SCOP ratings.  

Each chosen load line implies an assumed relationship between the size of the equipment and the magni-

tude of the building load – that is, an implied “equipment sizing”. Defining the “right” load line is a challenge 

because home efficiency levels vary dramatically, and the relative sizes of a home’s heating and cooling 

design loads can vary significantly. Even within a given building, loads can vary significantly off of the “av-

erage” load line due to transient events, such as changes in solar gain. The SPE-07 (CSA, 2023a)heating 

load line is used for all the heating climate seasonal ratings. Even though heating design temperatures vary 

significantly from mild to cold climates, the chosen load line is a compromise that reduces the number of 

required lab tests while remaining broadly relevant across a range of climates. It generally results in the 

testing of heat pumps under the full range of operating modes, including cycling, modulating, and full-load, 

which is an objective of the test procedure.  

An analysis of alternative load lines to that used in SPE-07 (CSA, 2023a) was conducted and it concluded 

that the SPE-07 load line remained robust under a variety of circumstances, except for the extreme case of 

sizing a heat pump for full-load heating in the Subarctic and Very Cold climate zones. In this case, it was 

suggested that some additional metric such as cold-ambient capacity maintenance would also be required 

– especially if the objective is to reduce reliance on auxiliary heat sources (and such a metric has indeed 

been used in incentive and manufacturer challenge programs in Canada and the United States2. 

 

Learning Test Cycle 

Before proceeding with the cooling and heating rating test series, a learning test series is conducted. The 

learning test series allows the equipment to run under its own controls and acts as a “break-in” period. 

 

1.3.3.4 Test Conditions 

The SPE07 test procedure uses 6 heating conditions and 10 cooling conditions. The tests are run at each 

condition until the system achieves convergence, as outlined above. At each outdoor temperature, the 

amount of heating or cooling load that is dynamically simulated in the indoor room (see “the load line” 

above) is appropriate for the outdoor temperature at which the equipment is tested and is also scaled to the 

capacity of the tested unit, so that each unit is tested based on its rated capacity. 

The heating conditions are divided into two general climate areas, Continental and Marine, each with its 

own sequence of outdoor temperatures and corresponding loads. The cooling test conditions are divided 

into humid and dry climate areas, each with its own sequence. In addition, in the humid cooling tests, a dy-

namic moisture load is applied by monitoring the removal of humidity by the equipment under test, and then 

updating the indoor humidity in the test room programming. This works in very much the same way that the 

dynamic heating and cooling loads are applied to indoor temperature for all the tests, and it allows the test 

to measure how well the units remove moisture in the humid cooling tests. (By contrast, in a conventional 

test the reconditioning equipment maintains a constant humidity level in the indoor room). Table 1.3.3-1 

summarises the four test sequences: 

  

                                                      
2 In Canada, the Canada Greener Homes Grant Initiative, as a condition of eligibility for it’s cold climate heat pump grant 

amount, required an equipment capacity maintenance (Max -15 °C (5 °F)/Rated 8.3 °C (47 °F)) ≥ 70% (with a COP ≥ 1.8).  

In the US Department of Energy Cold Climate Heat Pump Challenge, the performance requirement at 5F (-15C) was to maintain 

100% of the nominal capacity of the system as tested at the AHRI 210/240 Appendix M1 A2 test point for heating/cooling heat 

pumps (with a COP ≥ 2.4 for equipment up to 4 tons and ≥ 2.1 for equipment > 4 tons. 
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Table 1.3.3-1. Summary of the four test sequences. 

Heating Outdoor Conditions Indoor Conditions 

Continental 

5 temperatures from  

5 to 54 °F (-15 to 12.2 °C), plus optional 

test at lowest operating temp, per manu-

facturer 

70 °F (21.1 °C)  

56% RH max 

Marine One additional at 34°F (1.1°C)  

Cooling  Outdoor Conditions Indoor Conditions 

Dry 5 from 77 to 113 °F (25 to 45 °C) 79 °F (26.1 °C) 21% RH max 

Humid 4 from 77 to 104 °F (25 to 40 °C) 74 °F (23.3 °C) 55% RH max 

 

Wherever possible, test procedures, such as measurement techniques, are harmonised with AHRI 

210/240. Although the indoor unit air flows during SPE07 tests may vary based on the internal controls of 

the tested unit, the initial setup to define and measure full-load air flows, and to establish static pressures 

for ducted systems, are harmonised with conventional test methods. 

 

1.3.3.5 Efficiency Metrics 

Once the test results have been measured and recorded, seasonal efficiency values are calculated. The 

result is a heating and a cooling Seasonal Coefficient of Performance (SCOP) for each climate zone – 

SCOPh and SCOPc. (Except that there is no cooling SCOP for the Subarctic zone.) The basic method to 

calculate seasonal efficiencies is called a bin model, consistent with other rating and common HVAC engi-

neering analyses. For each climate, the analysis uses a specific number of hours that represent the num-

ber of heating or cooling hours at each temperature “bin” throughout the heating and cooling seasons. The 

temperature "bins" are divided into increments of 5 °F (2.8 °C), and the unit's heating or cooling efficiency, 

as determined in the lab, is applied to each bin based on the number of hours within that bin. The size of 

the heating and cooling loads used for the rating calculation are the same as those used during the tests. 

For heating, at any outdoor temperatures for which the tested unit does not have enough heating capacity 

to meet the full heating load, it is assumed that the difference is made up with electric resistance supple-

mental heaters with a COP of 1.  

For each climate, the total delivered output for the season is divided by the total electrical input to deter-

mine the Seasonal Coefficient of Performance (SCOP) for that unit in that climate. The SCOP is a simple 

ratio, so a COP of 1.0 represents 100% efficiency (such as electric resistance heat). Heating SCOPs are 

generally higher in warmer climates and lower in colder climates, and cooling SCOPs are generally lower in 

the hottest climates and increase as summer climates get cooler. The eight representative climate zones 

are shown in Figure 1.3.3-1. 

There is a provision that the lab tests the energy input during “standby” modes of operation (when the unit 

is not heating or cooling), as a separate procedure. The results are used in the analysis for seasonal COP, 

which may be reported separately with and without the standby power. The standby power is added for 

hours (based on each climate), during heating or cooling seasons, for temperatures at which there is no 

heating or cooling requirement but when the HVAC system unit thermostat is likely to remain in “heat” or 

“cool” mode. Also, standby power is applied to shoulder periods when there is no heating or cooling de-

mand, and the unit controls are likely to be turned “off,” but the system is still powered on at the circuit 

panel. Standby energy makes a more significant impact on annual efficiency ratings in climates with long 

shoulder periods that require no heating or cooling, and of course, for equipment that has higher standby 

electric energy input. 

 



 
 

 39/182 

 

Figure 1.3.3-1. SPE07 Representative Climates 3 

 

1.3.3.6 Application Ratings 

Besides the standard climates and heating and cooling load conditions, Annex F of SPE07 provides alter-

native rating calculation methods called “Application ratings” so that users can vary the conditions used in 

the model in a predictable, standardised manner. This allows a designer or analyst to use a specific climate 

rather than one of the eight prototype climates. It also allows for equipment loads (heating and/or cooling) 

that vary from the ones used in the test, and for specification of auxiliary heat sources that have a fixed 

heating output, whether electric or some other fuel. For an application rating, details are provided on how 

such a result needs to be reported so that the application-specific conditions are properly disclosed.  

 

1.3.3.7 System Performance Metrics 

Improved climate-specific metrics such as SCOP provide a mechanism for energy efficiency incentive pro-

grams to estimate savings for specific heat pump models appropriate for various climates. Better predic-

tions of performance, using SCOP values based on tests conducted with native controls, will allow pro-

grams to more accurately attribute value for incentives and other support, to better match targets for sav-

ings to the systems with the highest efficiencies. Load-based test procedures and ratings such as SPE07 

should also improve understanding by designers and consumers about the value of various products. 

 

1.3.3.8 Repeatability, Representativeness and Reproducibility 

In 2022-2023, a research project organised by the Northeast Energy Efficiency Partnerships (NEEP) and 

sponsored by many US and Canadian organisations has measured performance of six heat pumps in the 

field and also in the lab, using both AHRI 210/240 (category A) and SPE07 (Category B) methods, with the 

purpose of assessing the representativeness of “real” field operation of each laboratory test method. The 

six heat pumps were installed in three identical (unoccupied), calibrated manufactured homes in Nebraska 

(US). They were monitored in cooling and heating operation from Aug 2022 to March 2023. The details of 

the field phase are published in (NEEP, 2023a) and summarised in Harley et al. (Harley et al., 2023) 

After the field data collection, the six units were tested by a lab that has much experience using SPE07, to 

compare the field performance with the reported efficiency metrics from the two test methods. The conclu-

sion is that SPE07 is more representative, although there was more low bias in the cooling rating using 

                                                      
3 The Marine climate is circled for clarity to differentiate it from climates shown in similar colors. 
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SPE07 than expected. A summary of the results is shown in Table 1.3.3-2 and Figure 1.3.3-2. In all cases, 

the field data and the M1 (which is related to the conditions of AHRI210/240 results) are both normalised to 

the same climate used in SPE07 to ensure they are comparable. This is explained in the cited papers. 

 

Table 1.3.3-2. The root mean squared errors (RMSE) and mean absolute percent errors (MAPE) for SPE-

07 and M1, using field SCOP as a reference. 

 Cooling RMSE Heating RMSE Cooling MAPE Heating MAPE 

 SPE07 M1 SPE07 M1 SPE07 M1 SPE07 M1 

Ducted 0.74 0.45 0.26 0.40 13% 9% 11% 17% 

Ductless 0.92 2.14 0.20 1.39 13% 43% 10% 64% 

Combined 0.82 1.40 0.24 0.93 13% 22% 10% 36% 

 

In the end, there were only five units with valid data for the comparison, three ducted and two ductless. In 

all cases for the entire group, the SPE07 errors are smaller, although when looking at the ducted and duct-

less subgroups, the errors were larger for SPE07 in the ducted group for cooling. The sample size is tiny, 

however, to generalise the results to ducted and ductless units. 

 

 

Figure 1.3.3-2. Normalized seasonal COP for M1, field, and SPE07 for cooling (left) and heating (right)  

 

Figure 1.3.3-2 shows a visual representation of the normalised results. Here, the low bias of SPE07 in cool-

ing is apparent (4 of the 5 units), and the more extreme over-statement of efficiency of M1 (AHRI 210/240) 

for some units in both cooling and heating can be seen. Further details of this study are awaiting publica-

tion but should be found in NEEP (NEEP, 2023b) and Harley et al.(Harely et al., 2024) . 

In addition, during the lab tests of this study, two of the heat pumps have been re-tested to assess repeata-

bility. Along with a previous study on EXP07 by AHRI and Purdue University (Dhilon et al., 2022), this small 

sample suggests repeatability is within ±3% at a 95% confidence interval. Although in the AHRI assess-

ment, reproducibility was not very good for EXP07, it is expected that it will be improved for SPE07, and a 

second lab will begin testing two of the units from the NEEP representativeness study shortly after this writ-

ing. 

1.3.4 Load-based test to obtain relationships between partial load ratio and energy efficiency of 

VRF systems by Better Living 

 

The purpose of this proposed test protocol is to improve the testing and evaluation of variable refrigerant 

flow (VRF) systems. 

The testing and evaluation of the multi-split system air conditioner and air-to-air heat pump, according to 

ISO 15042 (ISO, 2017b) and/or JIS B 8615-3 (JIS, 2015c) requires fixing the compressor speed, opening 

the electronic expansion valves (EEV), and adjusting the unit's set-point to the lowest temperature during 

cooling or the highest temperature during heating. Currently available products automatically control the 

compressor speed and electronic expansion valve to maintain a comfortable temperature. This proposed 
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test protocol evaluates the VRF system by analysing automatic control of compressor speed and electronic 

expansion valve at different thermal loading. 

This proposed test protocol shall be used in conjunction with existing testing and evaluation standards, 

such as ISO 15042 (ISO, 2017b), JIS B 8615-5 (JIS, 2015c), and BS EN 14511-3:2018 (BSI, 2018), to en-

hance the realism of testing and evaluation. ISO 15042 (ISO, 2017b), for instance, outlines specific condi-

tions in Section 12.2 of this standard that, when followed, can result in different ratings. Annex F of ISO 

15042 (ISO, 2017b) displays the part-load capacity test, and Annex G describes the individual indoor unit 

capacity tests. To apply this proposed test protocol as additional tests for the VRF system, it is necessary 

to follow the standards mentioned in (ISO, 2017b), (JIS, 2015c), (BSI, 2018). These standards cover the 

preparation of the VRF system, the arrangement of the testing facility, the selection and installation of sen-

sors and measuring instruments, and the choice of methods used to measure the parameters needed for 

data analysis. 

 

1.3.4.1 Terms and Definitions 

This proposed test protocol uses the terms and definitions provided in ISO 15042 (ISO, 2017b) and/or JIS 

B 8615-3 (JIS, 2015c). Additional terms and definitions are introduced based on testing and measurement 

evaluations conducted by Building Research Institute (BRI) and National Institute for Land and Infrastruc-

ture Management (NILIM) (Enteria et al., 2015, 2016, 2017). 

● Thermal capacity of the indoor unit(s) is measured using the air enthalpy method. The differ-

ence lies in the total enthalpy of the supply and return air, which is then multiplied by the mass 

airflow rate. 

● Balanced thermal capacity ratio means that each indoor unit has the same thermal capacity. 

● Unbalanced thermal capacity ratio means that each indoor unit does not have the same ther-

mal capacity. 

● Rated thermal capacity test measures the heating or cooling capacity of indoor units based on 

ISO 15042 (ISO, 2017b) and/or JIS B 8615-3 (JIS, 2015c). 

● Real operational control refers to the control logic of both marketed and installed VRF air-con-

ditioning and heat pump systems. 

● Real thermal capacity test measures the heating or cooling capacity of indoor units based on 

the system's operational control. 

● Partial thermal capacity test measures the capacity at a lower value than the real thermal ca-

pacity test. 

● Cyclic operation happens when the compressor turns on and off, especially when the thermal 

loading for cooling and heating modes is low. In the case of multi-compressors, one compres-

sor may operate while the other(s) is/are off. 

● Heating-defrosting operation is melting ice accumulation from the outdoor unit's heat ex-

changer in a heating-and-defrosting cycle.  

 

1.3.4.2 Responsible Persons 

Engineers who test and evaluate VRF systems using the methods described in ISO 15042 (ISO, 2017b) 

and/or JIS B 8615-3 (JIS, 2015c) shall also use the protocol proposed in this document to test and evaluate 

these systems. By incorporating the evaluation method mentioned in this test protocol, test engineers shall 

have less difficulty in testing products than they currently have when using ISO 15042 (ISO, 2017b), JIS B 

8615-3 (JIS, 2015c) and/or BS EN 14511-3:2018 (BSI, 2018) This will also ensure that the person testing 

the VRF system, based on the existing standards and the proposed test protocol mentioned in this docu-

ment, can easily differentiate, determine commonalities or similarities in the results, and make a final report 

on the product being tested. Hence, this proposed testing method will evaluate the VRF system based on 

its actual operational control strategy, not on the manipulated control strategy used in existing testing 

standards. 
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1.3.4.3 Capabilities and Description 

1.3.4.3.1 Description 

The VRF system shall be tested and evaluated according to the procedure outlined in this proposed test 

protocol. The test protocol tests the VRF system based on the actual product - the operating logic of the 

compressor and electronic expansion valves are the same as those found in the commercial marketplace. 

Prior to this, it shall be tested under the rating conditions specified in ISO 15042 (ISO,2017b), JIS B 8615-3 

(JIS, 2015c), BS EN 14511-3:2018 (BSI, 2018), or other relevant national standards. The preliminary test 

based on standards aims to confirm that the new VRF system adheres to the agreed-upon rules and regu-

lations for its development, creation, and performance. The results of the ISO 15042 (ISO,2017b) and JIS 

B 8615-3 (JIS, 2015c) standards mentioned in the text can be compared with the results of the proposed 

test protocol described in this document. 

A manufacturer of VRF systems or a third party shall test and measure the performance of the VRF sys-

tems based on the test and measurement method described in this proposed test protocol. The test can be 

performed after the completion of testing and performance measurements recommended by ISO 15042 

(ISO,2017b), JIS B 8615-3 (JIS, 2015c) and/or other standards. By incorporating the test and measurement 

procedure described in this proposed test protocol, more information about the actual performance of VRF 

systems can be gathered and evaluated than can be gathered using existing protocols alone. 

 

1.3.4.3.2 Testing Facility 

A company that manufactures VRF systems or a third party is expected to have a facility designated for 

testing and evaluating the VRF systems, as shown in Figure 1.3.4-1 The design, construction, maintenance 

and operation of the test facility are expected to follow ISO 15042 (ISO,2017b), JIS B 8615-3 (JIS, 2015c) 

and other standards. In a test facility, a VRF system shall be tested and evaluated based on the proce-

dures mentioned in this proposed test protocol, with the proper installation of the required sensors that 

measure the actual performance of the system, as shown in Figure 1.3.4-2. 

 

1.3.4.3.3 Data Measurement 

To ensure that the compressor operates continuously and predictably, data for analysis shall be collected 

at least 20 minutes after observing stability in the VRF system's operation, as outlined in ISO 15042 

(ISO,2017b) and/or JIS B 8615-3 (JIS, 2015c). To analyse cyclic compressor operation, data is collected 

for three cycles (when the compressor is on and off for cooling, heating, and defrosting) after monitoring 

the stability of the VRF system operation, as outlined in ISO 15042 (ISO,2017b) and/or JIS B 8615-3 (JIS, 

2015c). 

 

1.3.4.3.4 Test Conditions 

To test a VRF system using the proposed test protocol, the same control strategy currently in use shall be 

employed. Prior to testing with the proposed test protocol, the system shall be tested according to the rat-

ing conditions outlined in ISO 15042 (ISO,2017b) and/or JIS B 8615-3 (JIS, 2015c). 

 

1.3.4.3.5 Thermal Capacities 

The thermal capacities of the VRF system are determined using standardised testing and performance 

evaluation methods outlined in ISO 15042 (ISO,2017b) and/or JIS B 8615-3 (JIS, 2015c). This ensures that 

the thermal capacities are rated accurately and consistently. The results of the proposed test protocol shall 

be compared against the testing results based on ISO 15042 (ISO,2017b) and/or JIS B 8615-3 (JIS, 2015c) 

as a reference. 
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a) 

b) 

Figure 1.3.4-1. Test facility with one outdoor chamber and two indoor chambers: a) General diagram, and 

b) Specific diagram. Where H=Heater, C=Cooler, W=Humidifier, SA= Supply air, RA= Return air, IA=Inlet 

air, EA= Exit air. 

 

 

Figure 1.3.4-2. Representational one outdoor unit and two indoor units VRF system with installation and 

location of important sensors. Where, HEX=Heat exchanger, SA= Supply air, RA= Return air, IA=Inlet air, 

EA= Exit air. 
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1.3.4.4 Real Performance Testing 

 

1.3.4.4.1 Outdoor unit 

The air flow measurement procedure shall follow the standards set out in ISO 15042 (ISO, 2017b) and/or 

JIS B 8615-3 (JIS, 2015c). Other standards, such as ISO 5167-1 (ISO, 2022) and ISO 5151 (ISO, 2017a) 

shall also be consulted when making air flow measurements. In addition, as mentioned in ISO 15042 

(ISO, 2017b) and/or JIS B 8615-3 (JIS, 2015c), the instructions given by the manufacturer of the VRF sys-

tem shall be followed when making air flow measurements. 

 

1.3.4.4.2 Indoor unit 

The air flow measurement method used for each indoor unit shall follow the standard method discussed in 

ISO 15042 (ISO, 2017b) and/or JIS B 8615-3 (JIS, 2015c). Other standards, such as ISO 5167-1 

(ISO, 2022), ISO 5151 (ISO, 2017a) and ISO 3966 (ISO, 2020) shall also be consulted. In addition, as 

mentioned in ISO 15042 (ISO, 2017b) and/or JIS B 8615-3 (JIS, 2015c), the instructions of the manufac-

turer of the VRF system shall be followed. The air flow rate and noise level suggested by the manufacturer 

shall be used for testing. This information shall be available in the product catalogue. In addition, the sug-

gested air flow rate shall be an available option for the actual operation of the VRF system. In addition, an 

actual airflow measurement shall be performed on the installed VRF system to determine the actual airflow 

of the indoor units of the VRF system (Enteria et al., 2023). The airflow measurement used a device that 

measures the actual airflow of the installed indoor unit of the VRF system in the actual building. The actual 

air flow measurement shall be used in the thermal capacity. 

 

1.3.4.5 Cooling Tests Real Performance Testing 

The actual cooling capacity test referred to in this test report shall be performed with all indoor units operat-

ing under the air conditions specified in T1 of Table 2 of ISO 15042 (ISO, 2017b) and/or JIS B 8615-3 (JIS, 

2015c). 

 

Table 1.3.4-1. Comparison of system performance at cooling mode. 

 Cooling mode 

Cooling capacity, kW Power consumption, kW 

Catalogue value (rated) 22.40 6.61 

Measured value (real) 21.41 6.65 

 

The standard capacity test value based on ISO 15042 (ISO, 2017b) and/or JIS B 8615-3 (JIS, 2015c) shall 

be referred to when measuring the actual capacity. The results of the two tests shall be compared and 

made available as shown in sample Table 1.3.4-1. The measurement of the cooling capacity shall be de-

rived from the air enthalpy method, the calculations of which are specified in ISO 15042 (ISO, 2017b) 

and/or JIS B 8615-3 (JIS, 2015c). 

 

 

The appropriate conditioning of the air to stabilise the VRF system mentioned in ISO 15042 (ISO, 2017b) 

and/or JIS B 8615-3 (JIS, 2015c) shall be adopted to ensure the reliability of the data obtained. The data 

collection and analysis procedures shall follow the standards mentioned in ISO 15042 (ISO, 2017b) and/or 

JIS B 8615-3 (JIS, 2015c). In particular, the sample data evaluation and analysis shown in Figure 1.3.4-3 

shall be considered. The adjustment period is to evaluate the thermal capacity setting of the chambers. The 

stabilisation period is to make sure that the thermal capacity reading is already the stable target reading. 
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a) 

 
b) 

Figure 1.3.4-3. Raw data observation and data for analysis: a) Steady compressor operation, 
and b) On and off compressor operation. 

 

1.3.4.6 Partial Cooling Capacity Test 

As part of the evaluation of a system, a partial cooling capacity test with a balanced thermal capacity ratio 

shall be conducted. During this test, the total indoor capacity of all units is reduced from the actual cooling 

capacity to the minimum possible cooling capacity of the VRF system, as shown in Figure 1.3.4-4. In addi-

tion, the air conditions specified in T1 of Table 2 in ISO 15042 (ISO, 2017b) and/or JIS B 8615-3 (JIS, 

2015c) shall be used. In addition, the appropriate air conditioning conditions for the stabilisation of the VRF 

system mentioned in ISO 15042 (ISO, 2017b) and/or JIS B 8615-3 (JIS, 2015c) shall be followed. Data col-

lection and analysis shall also follow the standards mentioned in ISO 15042 (ISO, 2017b) and/or JIS B 

8615-3 (JIS, 2015c). The sample data evaluation and analysis shown in Figure 1.3.4-4 shall be considered, 

especially during cyclic operation (Figure 1.3.4-4b). 

 

a) b)  

Figure 1.3.4-4. Power consumption at partial thermal capacity with balanced cooling capacity: a) indoor unit 

1, b) indoor unit 2. Where 𝐸𝑅𝑒𝑎𝑙
̇ =Measured power consumption, 𝑄𝑖

̇ =Thermal capacity. 

1.3.4.7 Heating Tests 

1.3.4.7.1 Real Heating Capacity Test 

The actual capacity test referred to in this test report shall be performed when all indoor units are operating 

at the outdoor and indoor air conditions specified in H1 of Table 7 of ISO 15042 (ISO, 2017b) and/or JIS B 
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8615-3 (JIS, 2015c). The catalogue capacity test based on ISO 15042 (ISO, 2017b) and/or JIS B 8615-3 

(JIS, 2015c) shall be used as a reference when measuring the actual capacity test and the results shall be 

compared as shown in Table 1.3.4-2. Heating capacity measurements shall be based on the air enthalpy 

method with calculations taken from ISO 15042 (ISO, 2017b) and/or JIS B 8615-3 (JIS, 2015c). 

 

Table 1.3.4-2. Comparison of system performance at heating mode. 

 Heating mode 

Heating capacity, kW Power consumption, kW 

Catalogue value (rated) 25.00 6.43 

Measured value (real) 23.88 6.48 

 

The conditioning of the air required to stabilise the VRF system as specified in ISO 15042 (ISO, 2017b) 

and/or JIS B 8615-3 (JIS, 2015c) shall be followed. Data collection and analysis shall follow the standards 

mentioned in ISO 15042 (ISO, 2017b) and/or JIS B 8615-3 (JIS, 2015c). The sample data evaluation and 

analysis shown in Figure 1.3.4.3 shall be consulted. 

 

1.3.4.7.2 Partial Heating Capacity Test 

The partial heating capacity test shall be performed with a balanced thermal capacity ratio. In this test, the 

total capacity of all indoor units is reduced from the capacity of the real heating capacity test to the mini-

mum possible heating capacity at which the compressor of the VRF system can operate (Figure 1.3.4.5). 

The air conditions recommended in H1 of Table 7 ISO 15042 (ISO, 2017b) and/or JIS B 8615-3 (JIS, 

2015c) shall be used. The air conditioning required to stabilise the VRF system according to ISO 15042 

(ISO, 2017b) and/or JIS B 8615-3 (JIS, 2015c) shall be maintained. The data collection and analysis proce-

dures shall adopt the standards mentioned in ISO 15042 (ISO, 2017b) and/or JIS B 8615-3 (JIS, 2015c). 

The sample data evaluation and analysis shown in Figure 1.3.4.5 shall be considered, especially during 

cyclic operation (Figure 1.3.4-5b). 

 

 

  
a) b) 

Figure 1.3.4-5. System power consumption at partial thermal capacity with balanced heating capacity: a) 

indoor unit 1, b) indoor unit 2. Where 𝐸𝑅𝑒𝑎𝑙
̇ =Measured power consumption, 𝑄𝑖

̇ =Thermal capacity. 

1.3.5 Load-based testing of hydronic heat pumps - load-based method (by BAM) and hardware-in-

the-loop testing (by RWTH) 

 

This section describes load-based test methodologies for hydronic heat pumps that are connected to a wa-

ter-based heating system on the sink side. The source side can be air, brine, or water. The main section 

deals with a load-based test which aims to compare products under standardised yet representative test 
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conditions, whereas the final section gives a brief overview of hardware-in-the-loop testing as a holistic 

evaluating method. 

The Federal Institute for Materials Research and Testing (BAM) assessed the current standards EN 14511 

(BSI, 2018) and EN 14825 (BSI, 2022) within a research project ("Support for market surveillance – NAPE" 

(2015-2022). To solve multiple issues arising from fixing the compressor speed and overriding the heat 

pump controller during the standard test, BAM developed the load-based test to measure units with active 

control under normal operation mode. This yields representative operation behaviour (on-off cycling under 

part-load), ensures that different appliances are tested under the same conditions (no individual increase of 

supply temperature/heating capacity under part-load conditions) and enables testing independent from the 

manufacturer. In 2019, BAM submitted a proposal in the review process of the EU ecodesign and energy 

labelling regulations for space heating appliances to revise the current EN-standards summarising the 

shortcomings of the current standard and the benefits of the load-based method (Simo et al., 2019). To val-

idate the new method, repeatability and reproducibility were investigated in two round-robin tests (Wachau 

et al., 2023a). It was found that the inertia of the test stand impacts the operating behaviour under part-load 

conditions (Göbel et al., 2022). Therefore, the method was refined by introducing a simplified building 

model (emulator), which ensures the same response of different test stands (aligned inertia) and ensures 

the test stand responds like a real building (increased representativeness). The method is described in a 

test guideline published by BAM (BAM, 2023a) and an example of the building model is available in the 

form of a Python script on GitHub (BAM, 2023b). The proof-of-concept was successfully demonstrated in 

2023 (Wachau et al., 2023b) and is followed by further round-robin tests. The following sections describe 

the emulator approach as of January 2024, including the two-mass building model. 

 

1.3.5.1 Conceptual description of the testing methodology 

As mentioned before, conventional heat pump test stands can vary significantly in their hardware and con-

trol design, resulting in very different response (physical and virtual inertia) under dynamic operation of the 

tested unit (e.g. on-off cycling or defrosting). Therefore, the emulator approach developed by BAM aligns 

inertia across different test stands by implementing a virtual building model in the test stand to ensure re-

producible operating behaviour. This technology neutral approach allows existing hardware to be used 

(With minor hardware modifications/extensions any test standard is suitable). 

The simplified building model (two-mass model, cf. Figure 1.3.5-1) computes the heat pump’s water in-

let/return temperature 𝜗R,calc (and the building temperature 𝜗B,calc, where applicable) which is coming from 

the virtual building towards the heat pump. The test stand emulates these computed temperatures during 

the entire test duration. In particular, for each time step 𝛥𝑡step, the model calculates the return temperature 

𝜗R,calc  and the building temperature 𝜗B,calc (output variables) based on the measured heat pump’s water 

outlet temperature/supply temperature 𝜗S and the heating capacity 𝑄̇HP (input variables) of the unit under 

test. Through the measured heating power, the model considers the supply temperature 𝜗s, return temper-

ature 𝜗R,emu, and mass flow rate 𝑚̇W. Like the supply temperature, the mass flow is controlled by the heat 

pump. 

Based on a simple energy balance, the test stand dynamically adapts the so-called compensation load to 

match the calculated return temperature 𝜗R,calc. The heat pump responds in accordance using its heating 

curve or its indoor temperature control or both as it tries to maintain the required supply temperature 𝜗s. 

Aligned with testing conditions in EN 14825 (BSI, 2022), the outdoor room shall maintain constant condi-

tions over a temperature range associated with different climate zones for testing air-water heat pumps. 

Compared to the conventional testing procedure, the heat pump under the test is operated with its onboard 

control system (native control) active and not in a fixed-speed mode. The heat pump is, thus, permitted to 

switch into on/off operation of the compressor. 

To ensure representativeness the building model is parametrised according to the test conditions defined in 

EN 14825 (BSI, 2022) considering the temperature application (e.g. low, medium or high) and the climate 

zones (cold, average, warm) (The concept can be applied to any temperature application, but representa-

tive time constants must be applied). In addition, the Pdesign of the heat pump is considered scaling the size 
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of the virtual building. The equations and a detailed description can be found in the test guideline published 

on the BAM website (BAM, 2023a). 

 

 

Figure 1.3.5-1. Schematic of the two-mass building model 

1.3.5.2 How the tested system is operated 

The emulator method allows for the use of conventional test stands with minor modifications to implement 

the building model. Depending on the type of unit, the source side contains a water loop or a climate cham-

ber which ensures constant brine/water and outdoor conditions, respectively. The sink side comprises a 

water cycle, which is used to apply the required load. In accordance with EN 14825 (BSI, 2022), a test con-

dition dependent setpoint for the supply temperature (water outlet temperature) and the heating capacity 

must be reached. For both measurements, the arithmetic mean value (over full cycles for on-off or defrost 

operation) is used. 

The emulator method subjects the unit under test to the load dynamics of a representative building. In con-

trast to the current standard, the unit under test is operated with its on-board (native) control active. Prior to 

testing, only slight adjustments of the factory settings must be made on the installer level (single heating 

circuit, disable domestic hot water, etc.). In addition, the heating curve settings inside the controller are ad-

justed to match the set point for the supply temperature required by the specific test condition, as an in-

staller would do. The controller modulates the compressor speed to match the load as it would do in the 

field. Hence, on-off operation is observed for loads below the modulation limit of the compressor. For loads 

below the bivalence point, two options can be applied: (a) the real or (b) a virtual electrical auxiliary heater 

is active, the power input of which is considered in the evaluation. 

Figure 1.3.5-2 illustrates the difference between the fixed compressor speed test according to EN 14511 

(BSI, 2018) and the load-based test on the same heat pump. The test conditions (E, A, B, C and D) defined 

in EN 14825 (BSI, 2022) are the same in both cases. However, to ensure steady-state operation of the 

compressor, the heating capacity must be increased below the modulation limit of the compressor. Thus, 

any deviation from the prescribed load-line is allowed in the standard test for conditions where on/off opera-

tion would occur and must be corrected afterwards. Consequently, different heat pumps are not tested un-

der the same test conditions since the adjustment is individual for each heat pump. In contrast, the required 

load is always met during load-based tests within the permissible deviations, since on/off operation is ena-

bled via active control. Hence, the operation behaviour is much more representative.  

Finally, load-based tests can be performed independently from the manufacturer, whereas the standard-

ised fixed frequency test in general, requires intervention from the manufacturer to set different parameters 

in the test mode. 

 

Figure 1.3.5-2. Partial loads measured on the same heat pump according to EN 14511 (BSI, 2018) and the 

emulator method (2MM) at different test conditions defined in EN 14825 (BSI, 2022). The load curve 
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(setpoint) and permissible deviations according to EN 14825 (BSI, 2022) are depicted by dashed and dot-

ted lines, respectively 

 

1.3.5.3 Illustrative test results 

Figure 1.3.5-3 compares measurements at part load condition C according to EN 14511 (BSI, 2018) and 

the emulator method. During the standard test, the supply and return temperatures are quasi-constant 

since the compressor speed is fixed, whereas on-off operation is observed for the load-based test, which is 

reflected in the periodic increase in supply and return temperatures. The dynamic operation in the latter 

case is due to the native controller trying to match the load below the modulation limit of the compressor. 

As previously emphasised, the mean value of the supply temperature is much higher for the standard test, 

which requires steady-state operation of the compressor, resulting in a too high heating capacity (supply 

temperature) compared to the test condition defined in EN 14825 (BSI, 2022). 

 

 

Figure 1.3.5-3. Measured supply and return temperatures according to EN 14511 (BSI, 2018) and the emu-

lator method (2MM) on the same heat pump. 

 

 

1.3.5.4 Selection of set of test conditions  

The load-based test can be applied to any test condition if the source side conditions are constant. So far, 

test conditions according to EN 14825 (BSI, 2022) have been used since the load-based test was devel-

oped to replace the fixed frequency test defined in EN 14511 (BSI, 2018). 

 

1.3.5.5 Assessment of repeatability, reproducibility, and representativeness of the test results  

The repeatability and reproducibility of the load-based test has been assessed in two round robin tests 

(RRT) with an A/W and a W/W heat pump from 2020-2021 (Wachau et al., 2023a). Similar reproducibility 

was found compared to the current standard. However, very different inertia of the test rigs in the RRT 

leads to non-uniform operating behaviour. Especially, quick responding test rigs with low inertia failed to 

reach the setpoint for the heating capacity. In the following, the two-mass building model was introduced to 

align the test stand response independently from its physical inertia and ensure the same operating behav-

iour. The concept has been proven on three test stands with three different heat pumps (Wachau et al., 

2023b). Starting from September 2023, a new round-robin test is launched by BAM and RWTH to investi-

gate the reproducibility of the emulator (building model) based approach and to refine the test guideline 

based on the observations.  

 

1.3.5.6 Definition of seasonal performance indices 

The calculation of the seasonal coefficient of performance (SCOP) is defined in EN 14825 (BSI, 2022) and 

can be applied to load-based measurements. Slight adjustments in the calculation procedure are required 

since the electrical power consumption for the back-up heater is directly recorded during the load-based 

measurement and included in the measured COP opposed to the standard correcting a lack in heating 
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capacity during the SCOP calculation. The electrical power consumption of the back-up heater can either 

be measured directly, in case of a real back-up heater, or calculated virtually. 

 

1.3.5.7 Outlook: Holistic Testing of Building Energy Systems 

The load-based-testing method described in the following is based on the Hardware-in-the-Loop (HiL) ap-

proach that couples hardware and software in real-time. At RWTH Aachen University, we developed a 

method for testing the holistic building energy system, including further components like the hydraulic trans-

fer system, PV-systems or thermal energy storages (TES) (Mehrfeld, 2022). The device under test can be 

the heat source (e.g. heat pump), the TES, and the control algorithms. Therefore, the scope of this method 

goes beyond the load-based approach described above, which aims to compare product performance un-

der standardised conditions. 

 

 

Figure 1.3.5-4. Schematic overview of holistic BES testing. 

 

The developed method creates an experimental-based annual KPI (e.g. SCOP) by performing the following 

steps: 

1. The BES is modelled, including all components. 

2. A sensitivity analysis and clustering algorithm delivers typical days for a specific location. 

3. The typical days are experimentally investigated with the HiL approach 

4. Annual KPIs are calculated from the daily KPIs. 

Figure 1.3.5-4 shows the schematic overview of the holistic test approach. A modern model predictive con-

troller (MPC) is investigated in the example. We use a fully controllable heat pump test bench for a deep 

control interface. To couple the climatic chamber, the hydraulic test bench, the system controller, and the 

heat pump with the building performance simulation, we transfer data via the MQTT protocol. The building 

performance simulation is a multi-zone Modelica model realised with the BESMod Modelica library (Wüll-

horst et al., 2022). 

Figure 1.3.5-5 shows exemplary the test of one typical day for the BES controlled by an MPC. The figure 

shows the room temperature (red line) and comfort bounds (black line) at the top. The middle figure illus-

trates the heat pump's relative compressor speed while the bottom figure gives the set supply (black 

dashed line) and the measured supply temperature (red line). The experiments show the potential for holis-

tic BES testing and support the introduction of complex control algorithms into practice. Further details can 

be found in (Göbel et al., 2023). 
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Figure 1.3.5-5. Hardware-in-the-Loop test for a building energy system controlled by an MPC. 

1.4 Perspectives of load-based test standards and R&D plans in An-
nex 88 

1.4.1 Perspective of load-based tests and considerations on methods of utilisation of the results 

When the building-level policies started in the late 1970s, they dealt only with the thermal performance of 

the building envelope. After year 2000, many national or regional building-level policies started covering 

equipment's energy performance, including heat pump systems. Because of the fundamental nature of 

heat transfer, it is conceptually incorrect to separate the performance of heating and cooling supply tech-

nologies from the building envelope and vice versa. However, in practice, the different approaches adopted 

in product- and building-level policies have resulted in fundamental differentiations, if not incompatibilities, 

between the two levels of analysis. Insufficient communication between tests conducted for product- and 

building-level policies results in inconsistent testing conditions and methodologies, making results obtained 

when testing product efficiency not applicable for building evaluations, and eventually increasing the re-

quired testing time and cost to the industry. 

The review of new testing methodologies and rating standards conducted in Annex 88 is also intended to 

recognise potential convergences between the information extracted during product-level performance rat-

ings and building-level energy calculations, simulations, and equipment sizing. 

As mentioned in Section 1.1, product-level policies are intended to provide values representing products’ 

energy efficiency and are used to compare different products of the same kind. Product-level evaluation of 

energy efficiency does not aim to characterise the complete spectrum of possible load scenarios and build-

ing characteristics, and simplifying assumptions must be made on the relationship between outdoor tem-

perature and heat needs, for instance. 

On the other hand, building-level policies and standards rely on values representing products’ energy effi-

ciency, which are used to evaluate overall energy performance (i.e., total energy consumption) of the build-

ings. The energy calculation results are frequently used to compare energy reductions with different prod-

ucts and technologies. Additionally, designers’ decisions related to equipment sizing (e.g., heat pumps) are 

one of the main targets for evaluating the building´s energy performance. To increase the resolution and 

reliability of building-level evaluations, energy efficiency of equipment under low partial load conditions has 

become critical, mainly because the actual partial load ratio for the equipment may substantially deviate 

from the assumptions made in the product-level standards, and it is not uncommon for designers to over-

size building equipment to avoid any shortage in heating/cooling capacity. Therefore, building-level policies 

increasingly require evaluations with higher resolution and complexity, which imply a continuous methodol-

ogy improvement in the search for higher resolution of the energy characterisation. Examples of policies 

are added in the lower part of Table 1.4.1-1, which summarises the essential features of product- and build-

ing-rating policies. 

Testing methodologies for product-level policies provide the fundamental measurements and material for: 
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• the development of effective Minimum Energy Performance Standards for meeting the conflicting 

challenges of increasing demand for heating and cooling with the necessity of energy saving,  

• defining the basis for performance rating of units available in the market,  

• capturing realistic operation characteristics that may stimulate technology developments, evidence-

based policies, and guide consumers to beneficial choices. 

The development of testing methodologies for assessing the performance of heat pumps and air condition-

ers when operated under the same control as in buildings presents both challenges and opportunities. 

These arise from the dynamic characterisation of system operation and the performance relationships to 

building and load features, similar to those observed in field installations. The reviewed testing methodolo-

gies are intended to: develop new product level standards, support building-level policies by providing data 

for energy modelling and simulation purposes, provide evidence for efficient equipment sizing and selec-

tion, as well as for the development of more efficient design and control. 
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Table 1.4.1-1. Comparison of product- and building-level standards. 

 Product-level standards: Building-level standards: 

(1) Scope   Provide comparable values representing products’ energy efficiency to 

compare different products of the same type. Allow for determination of 

high and low performing equipment of the same equipment type. 

Evaluate overall energy performance of the building and evaluate the suitability of 

different kinds of systems within the building.  

*default characteristics for energy efficiency under partial load conditions are pres-

ently being utilised along with the rated energy efficiency of the HP. 

(2) Seasonal or an-

nual average effi-

ciencies 

Necessary for regulating the energy efficiency level of each product cate-

gory. 

 

The assumption of the relationship between heat needs imposed on HP 

and the maximum capacity of the HP: fixed ratios are applied, such as 1.0 

for cooling in JIS C 9612. 

Assumption on the relationship between the heat needs and outdoor tem-

perature: a linear relationship is assumed.   

Not necessary. Instead, whole building energy performance is regulated with cal-

culated energy use by buildings. 

The relationship between the thermal load imposed on HP and the maximum ca-

pacity of the HP is influenced by building/interior space usage and designers’ deci-

sion on sizing the HP. 

The thermal load is also influenced by solar radiation and outdoor humidity. 

Examples 

of relevant 

policies 
EU 

The Ecodesign Directive prescribes minimum requirements for SEER and 

SCOP, and only products compliant with the requirements can be sold. The 

definitions of the SEER and SCOP are prescribed in EN14825 based on 

EERs and COPs at load ratios of 100%, 75%, 50%, and 25%.  

National building energy standards based on EPBD. European standards on the 

methods for energy calculation are developed as EPB standards. EN 15316-4-2 is 

one of them, which is for space heating heat pump systems.   

US 

AHRI standards prescribe SEER and HSPF (Heating Seasonal Perfor-

mance Factor) based on test results at full, intermediate, and low compres-

sor stages. DOE implements minimum SEER and HSPF with the authoriza-

tion of the National Appliance Energy Conservation Act of 1987. 

For non-residential buildings, ASHRAE Standard 90.1 prescribes the whole build-

ing performance approach using a simulation tool, such as EnergyPlus. The build-

ing energy codes are implemented based on the Energy Conservation and Pro-

duction Act of 1976. 

JP 

Top-runner programs for HP systems are implemented in the Energy Con-

servation Law and its ordinances. Relevant JIS standards with testing 

methods for full and intermediate capacities define the Annual Performance 

Factor (APF). 

In the Building Energy Conservation Law and its ordinances, the calculation meth-

ods for primary energy use of buildings are prescribed with standard primary en-

ergy uses. In the methods, rated energy efficiencies and default curves for the re-

lationship between partial load ratio and input power for HPs are used for energy 

use calculations. 
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In principle, load based tests rely on the same equipment and instrumentation required by current stand-

ards, while revisiting the software elements of the testing facility (though some specialised test apparatus 

may be required depending on the method undertaken). It can be arguably stated that load-based tests 

might require more time for test convergence than current standards, but this may be related to the neces-

sary learning curve needed for new procedures and could be quantitatively assessed during subsequent 

efforts of subtask B1 on testing methodologies. The possibility of testing heat pumps under the same con-

trol as operating in field installations provides opportunities for automating tests and provides additional 

value in terms of representativeness of field operation and transparency.  

Finally, a strategic choice of test points for product standards has the potential to narrow the gap between 

product- and building-level policies, and eventually limit overall testing time and cost when considering 

overall interests of manufacturers, designers, planners, and installers. One challenge to this process is that 

the interest of planning and product comparison is to have a relatively simple (and less expensive) method 

to reasonably demonstrate a standardised metric, mostly for product comparison or differentiation; but this 

lower cost approach does not provide the complete performance maps that are needed for accurate simu-

lation and design. More work can be done to bridge that gap, which may include: streamlining test proce-

dures and the choice of test conditions to provide a better compromise between these differing needs; the 

use of load based testing to validate a subset of fixed-speed data (that may be available at a wide range of 

operating conditions); the creation of better models that allow interpolation of tested, load-based operating 

conditions to other conditions that facilitate both types of metrics; or other innovations, which also may vary 

by different heat pump technologies.  

 

1.4.2 Perspective within Subtask B1 of Annex 88 Perspective of load-based tests and considera-

tions on methods of utilization of the results 

Efforts to advance load-based and innovative testing methodologies should address the challenges and 

technical solutions necessary for developing experimental methods that go beyond product performance 

characterisation. These methods may also serve the purposes of design and control development, model-

ling, energy calculations, and efficient energy management techniques, particularly in the context of heat-

ing and cooling technologies and their complex interaction with the built environment and grid dynamics. 

During the working phase of Annex 88, the reviewed proposals for the testing methodologies of Category B 

standards will be compared in detail to exchange expertise and provide evidence of the required testing 

time and cost, as well as repeatability, reproducibility, and representativeness of the results. Additionally, 

the comparison of procedures and results with the corresponding Category A standards shall provide quan-

titative insights for clarifying the performance gap with heat pumps and air conditioners when operated un-

der the same control as operated in buildings.  

Consequently, pathways toward adoption including such opportunities as regulator adoption, program 

adoption (e.g., as an eligibility for incentives or subsidy programs), and building code reference, should be 

discussed. 

The activity of Annex 88 is also intended to increase result comparability across jurisdictions and harmo-

nise standard performance rating procedures toward convergence to a common proposal: for instance, the 

final results of Annex 88 will support the proposal for load-based tests currently under review within the ISO 

TC86 for the drafting of a new standard. 
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