The need for energy performance calculation of heat pumps is a consequence of the evolution of legal re-
quirements and available technologies concerning the energy performance of buildings. A similar trajectory
can be observed in most advanced countries in the world.

Taking Europe as an example, before the first oil price shock in the years 1970s, there were no or little reg-
ulations about the energy performance of buildings. The first oil shock in 1973 triggered a wave of regula-
tions that focused on heating and on limiting the installed heating capacity. The supporting standard was
the heat load calculation, which is still used for basic sizing purpose (EN 12831 (CEN, 2017b)).

Besides the cost, the concern about resource depletion triggered attention on the energy performance. The
next step around the years 1980s to 1990s were regulations limiting the energy need for heating, involving
only the building envelope. The requirement applied to new buildings and the supporting standard was EN
832. The calculation of building envelope energy need for heating and cooling was soon standardised at
the highest level (ISO) and EN 832 evolved as EN ISO 13790 and now EN ISO 52016-1:2017

(CEN, 2017a).

In the next decade (years 90s) technical systems were included in the energy performance calculation,
starting with heating and domestic hot water systems. This was considered by local (national or regional)
standards. Since technical systems may use several energy carriers, the concept of weighted energy was
introduced. Initially, non-renewable primary energy was used as a reference, sometimes implicitly just to
compare fossil fuels and electricity.

Then, the concern about energy performance was extended to include all comfort services (cooling, ventila-
tion, dehumidification, lighting) and ultimately, following installations of PV panels, also exported energy
had to be considered somehow. The extension to other services is justified because heating needs can be
dramatically reduced by building envelope insulation whilst the other comfort services are little or not at all
influenced by the building envelope properties (e.g. domestic hot water).

Now the new objective of decarbonisation implies that fossil fuel energy carriers be dismissed. Unless syn-
thetic fuels are produced in significant amounts from non-fossil and carbon free sources, electricity will be
the fundamental energy carrier to supply energy to buildings and the nearly obliged choice for space heat-
ing and cooling and domestic hot water preparation is heat pumping. Direct electric heating is inefficient
compared to heat pumping and should be limited to small and localised loads.

Energy performance calculation methods are a fundamental supporting tool because any regulation that
sets energy performance requirements needs a “meter”, so that buildings can be evaluated and compared
to the requirements, whichever the purpose. As shown in Figure 3.1.1-1, the meter is the calculation
method that provides the energy performance of the building to be compared with the regulated value.
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Figure 3.1.1-1. The complementary role of regulations and calculation methods (technical standards)

The calculation method may also provide performance indicators for specific parts of the building (some-
times called “partial performance indicators”) to support the regulation of renovation work and/or to comple-
ment the overall energy performance requirement of the building to avoid efficiency trade-off between dif-
ferent parts. Examples of partial performance indicators are the energy need of the building envelope and
the seasonal performance factor of a heat pump, which may be both regulated to avoid trade-off between
envelope insulation and heating system efficiencies.

The calculation method can be detailed directly in the regulation, or the regulation may refer to technical

standards, such as national or international standards (EN and 1SO). The calculation method shall be sta-

ble because any change in the calculation method causes implicitly a change in the requirement, if require-
ments are not updated accordingly.

The calculation of the energy performance to demonstrate compliance and get a building permit is a com-

mon practice in most EU countries since years 1990s.

The first EPBD (energy performance of buildings) Directive 2002-91-CE established the obligation for all

EU member states to:

— establish a calculation method of the energy performance of buildings;

— set minimum energy performance requirements for new buildings;

— require an energy performance certificate stating the amount of energy required to provide a standard-
ised comfort level with standard climatic conditions and building use so that the building's energy perfor-
mance becomes a factor in the real estate market when selling or renting.

The intent of the Energy Performance Certificate is to display the energy performance of the building when
selling and renting so that it is part of the economic evaluation of the building. This mechanism makes the
energy efficiency not only a regulatory requirement but also a market opportunity (higher value of the build-
ing).
The EPBD Directive left Member States with the freedom to choose their own calculation methods, pro-
vided they considered a list of influencing factors. This is because several EU countries already had their
own methods in place for several years and the market of buildings is local. Unlike products, building do not
travel across national boundaries and also building professionals usually operate on a local scale. So, there
was not a strong feeling for a need of a unique European calculation and evaluation method. The argument
of “national specific conditions” was always used to delay uniform EU calculation methods. It must be noted
that energy performance calculation methods concerning the building envelope are almost uniform across

Europe: EN 832 (and then EN 1SO 13790 and now EN ISO 52016-1) (CEN, 2017a) are used everywhere.

A variety of methods flourished especially for technical systems and for the final energy weighting, leading

to quite different indicators (in terms of both quality and quantity) across EU countries. This variety of meth-

ods is even more evident for new technologies like heat pumps.
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EPBD Directive evolved. The first recast (a new version is issued, the old is cancelled) of directive
2010/31/UE, introduced the concept of NZEB (nearly zero energy buildings) which was set as the target for
new buildings.

In 2018, the EPBD was amended and the concern for the variety of calculation methodologies was first ad-
dressed. The EU Commission could not impose a common method, but each member state had to com-
pare its calculation method with a set of so-called “overarching” EN standards.

A further recast of the EPBD directive has been approved in May 2024 and it will change the target to “zero
emission buildings”, coherently with the general decarbonisation objective. The decarbonisation has huge
impacts at a global scale but also on the individual building scale. The currently available energy carriers
are listed in Table 3.1.1-1.

Table 3.1.1-1. Energy carriers and decarbonisation.

Energy carrier Notes
Natural gas To be dismissed
Oil To be dismissed
LPG To be dismissed

No emission where used. Should be produced with renewable and carbon

Electricity free sources. Available in every building

Available in a limited quantity.

Biofuels Biofuels require large plants for their production

Hydrogen and

: Should be produced with renewable and carbon free sources
synthetic fuels

The consequence of the decarbonisation is that the first three carriers must be dismissed. In several EU
member states, natural gas and fossil fuels are already banned from new buildings and the EPBD recast is
encouraging fossil fuels dismission in the whole EU. On the long run, this means that fossil fuel boilers will
be phased out and cannot be used any more.

Biofuels can be available only in limited quantities. Hydrogen and synthetic fuels are still experimental. So,
it is expected that in the short term, the heat pump will become the main heat generator for new buildings
and, on medium term, it will be the main generator for existing buildings as well.

In several EU countries, there are already requirements that oblige to install heat pumps in new buildings
with few exceptions (biofuel boilers, efficient district heating).

The urgent need for reliable heat pump energy performance calculation methods is therefore obvious.

To support regulations, the energy performance calculation methods should be:

— reasonably accurate;

— comprehensive, i.e. covering all relevant applicable technologies;

— applicable, that is based on available building and product data;

— understandable by practitioners;

— objective;

— software proof.

The overall accuracy is hard to evaluate because of the huge number of input data and of the uncertainty
on each one of them. As an order of magnitude, an uncertainty up to 10% is expected or desired. The
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evaluation of accuracy is hard because in most cases there is no “real value” or “experimental value” to
compare, due to the random influence of climate and use of the building. The evaluation is often done by
comparing with other models that are assumed to be more accurate.

Comprehensiveness is required because since the calculation method is the tool to fulfil legal requirements
(e.g. to get a building permit or a permit of use), failing to cover a technology means that this technology is
de facto not allowed or its contribution will not be recognised for regulatory purpose. This is relevant, espe-
cially for technical systems, that may have several variants.

Applicability is an issue especially for technical systems, where the choice of the calculation model imposes
the required input data. A coordination is needed between developers of building energy performance cal-
culation methods and developers of product testing procedures. This is rarely the case with technical sys-
tems. Heat pumps are precisely an example of this issue.

Energy performance calculations are performed using software. Practitioners shall still be able to under-
stand the methods so that they are aware of what is calculated by the software. They are held responsible
for the result of the calculation that determines an authorisation from public authorities, so they must be in
control of the calculation process. Calculation methods shall be objective, i.e. unbiased. If not, the compari-
son between alternative solutions would be incorrect and unfair.

Being software proof is an emerging requirement for calculation methods. Calculating the building energy
performance implies several calculations, which are not feasible in the daily routine of professionals without
the help of a computer. An Excel file can be enough only for very simple buildings and monthly methods,
for research or software validation purpose. Complex buildings and hourly methods require the use of soft-
ware. Developing the software based on standards requires that the method is fully unambiguous and that
the chain of equations is complete.

All software models have inherent limitations. It is important that users understand the limitations of inputs
and applications, so that they can ensure the answers are reasonable; unfortunately, it is too common that
users simply trust complex simulation software to be “correct” and often make fundamental errors in the
software’s use. Having full insight into the calculation method and being able to experiment would enable
users to get a better feeling of capabilities, limitations, input requirements and sensitivity of the method.
Additionally, tools should be developed to help validate both software processes and individual software
results, providing cross-checks on basic parameters

All these requirements must be balanced when designing calculation methods.

To tackle some of these challenges, in the CEN environment, those responsible for drafting calculation
methods are required to provide an Excel file for demonstration, verification, validation, quality assurance
and education purposes.

The modelling of heat pumps, which are expected to become the main generation technology to provide

space heating, raises several specific challenges.

— The performance of the heat pump is extremely sensitive to operating conditions and the efficiency
spread is at least 1 to 3 in the expected operating range (whilst it is =+/- 10...15% for boilers).

— There are several types of heat pumps, depending on source and sink types (air, water, etc.), basic
technology (vapor compression, absorption, etc.), which implies a variety of calculation options to
achieve comprehensiveness.

— There are multiple internal control options (compressor speed, fan speed, etc.) and external control op-
tions (cut-off temperatures, priorities, etc.) that can significantly impact heat pump performance.

— The availability of standardized product data is limited and not finalized to energy performance calcula-
tion.

— Operating conditions are related to other parts of the calculation. The connection may imply iterations or
approximations (e.g. exhaust air pump performance depends on temperature and flow rate of available
exhaust stream.

— Products which are providing simultaneous heating and cooling are appearing on the market, which re-
quires to integrate the calculation methods for the heating and cooling functions.
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The increasing role of automation and controls, not to mention Al, is providing another layer of complexity.
The compromise between simplicity versus accuracy is therefore hard to achieve for heat pumps.

The heat pump calculation is just a “module” within (a section of) the overall building energy performance

calculation. Like any generation sub-system module, its objective is to answer the following three questions

for each calculation interval (month, hour or bin):

— can the heat pump provide the heat supply (or heat extraction) required by the attached systems?

what are the required inputs?

are there secondary outputs (e.g. recoverable heat)?

In other words, given:

— the duration (hours) of the calculation interval;

— the required energy output (kWh) for each service (heating, cooling, domestic hot water);

— the required operating conditions for each service (e.g. leaving water temperature, room air tempera-
ture);

— the product data (hp properties and performance map);

— the system control options;

the heat pump module must calculate:

— the part of the required energy output that can be provided by the heat pump and/or the integrated
back-up heater;

— the required driving energy;

— the required auxiliary energy;

— the recoverable heat, if any, is available and considered.

| Duration of calculation interval

Fraction of load covered

| Required output (per service)

Driving energy

Heat pump
| Operating conditions (per service) CaICU |ati0n
module Auxiliary energy

| System control options

Recoverable losses

| Product data

Figure 3.1.2-1. Inputs and outputs of a generic heat pump calculation module. The font size highlights the
relative importance of input and output data

The duration of the calculation interval does not matter, unless the time interval is much shorter than 1
hour. One hour is already much longer than the expected transients of heat pump operation. Therefore, no
dynamics is expected in a heat pump hourly calculation module. Figure 3.1.2-1 shows some inputs and
outputs of a typical heat pump calculation module“.

4 The most common calculation interval in the European countries is still monthly. There is a progressive shift to hourly calculation
method (due to the necessity to handle increasing automation, intermittent operation, and interaction with the grid). The most likely
next step might be a 15 minutes calculation interval, to align with the electric grid metering based on 15 minutes sampling. Even for
this option, the internal dynamics to the heat pump is much faster and likely to be neglected.
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The heat pump is a machine that forces the transfer of heat:

— from a cold medium (the “source”) at a lower temperature;

— to a hot medium (the sink) at a higher temperature.

The driving energy adds to the transferred heat on the sink side.

The efficiency of any machine is defined as the ration of a useful effect to the resource needed to get it.

For any heat pump in heating mode:

— the useful effect is the heat output to the sink;

— the resource used is the amount of driving and auxiliary energy that is needed to run the heat pump.

This ration is usually called COP (coefficient of performance). The energy captured from the external envi-

ronment (from outdoor air, water, or ground) is not included, because it costs nothing.

For any heat pump in cooling mode:

— the useful effect is the heat extracted from the source;

— the resource used is the amount of driving and auxiliary energy that is needed to run the heat pump.

This ration is called EER (energy efficiency ratio).

NOTE 1 depending on the context, COP may be used for both heating and cooling, whilst EER is reserved for cool-
ing.

NOTE 2 In the US, which uses primarily IP units, COP and EER refer to a different convention of measurement units.
COP is expressed as a ratio of like units (thus is the same as in S| units) whilst EER is expressed as
Btu/(W-h) so it is on a different scale: EER in Sl units = EER in IP units x 3,412.
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Figure 3.2.1-1. The basic definition of COP and EER

The basic definition of COP and EER is straightforward, but there are several possible variants depending
on the considered time-span and scope of COP and/or EER evaluation (see Figure 3.2.1-1).

The instantaneous value of COP or EER is a ration of instantaneous power in a given operating condition
whilst the average value of COP or EER in a time span (hour, month, bin, season, ...) is a ration of cumu-
lated energies over a defined calculation period.

. q)out . q)C
instantaneous COP = —— instantaneous EER = (3.2.1.1)
<I)in q)in
average or seasonal COP = 2i Qousi average or seasonal EER = % (3.2.1.2)
2i Qin,i 2i Qin,i

COP and EER can be based on either calculated or measured data.

Concerning the scope, in principle it can be the entire “heat pump” device, but it can be restricted to the

compressor or enlarged to include auxiliary devices such as the integrated back-up heater, the heat source

or heat rejection auxiliaries.

Concerning the services provided, the scope can be heating, domestic hot water, cooling, or a combination

thereof.

Figure 3.2.1-2 provides an example of different possible scopes according to the part of the installation

which is being evaluated:

— HP is the heat pump scope that considers only the driving energy Wy (electricity to the compressor)
and internal auxiliaries Waux,int (€.9. evaporator and condenser fans of an air to air heat pump);

— whilst GEN is the “generation scope” that includes external auxiliaries Waux.ext (€.9. circulation pumps)
and back-up heater input Whu.
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Figure 3.2.1-2. Example of possible scopes of COP and EER

When reporting a COP or EER value, all the boundary conditions must be clearly stated.

e A mere statement such as “the COP of the hp is 3,0...” means nothing.

e A complete statement should be (for example) “the calculated seasonal COP of the heat pump for
the heating service, including all auxiliaries, is X ...”. For a seasonal COP, the climate assumptions
must also be clearly specified.

e When reporting instantaneous COPs and EERSs, a code can be added to indicate the type and tem-
perature of source and sink, like A7W35. Unfortunately, this coding does not indicate the applicable
part load, which is also significantly influencing the instantaneous efficiency of a heat pump.

In general, the quality of the reference to boundary conditions in the technical documentation of products is
poor, e.g. relying on notes specifying the applicable operating temperatures and load for the specified effi-
ciencies.

Building energy performance calculation methods shall provide seasonal values of the COP and EER ac-
cording to the GEN boundary of Figure 3.2.1-2, based on product data which are instantaneous data re-
lated to HP boundary.

The properties of the heat pump are defined by a series of parameters, such as:

— maximum capacity and part load range;

— temperature limitations for both source and sink (operating range);

— declared efficiencies in a set of operating conditions, which are often stated as declared capacities and
input power across those conditions.

The maximum capacity of the heat pump is relevant for sizing and to assess if it can provide the required

services in the calculation interval. The maximum capacity may depend on:

— evaporation temperature;

— maximum driving power (control limitation for inverter type heat pumps);

— condensation temperature.

The maximum capacity is not well defined in the EN standards. EN 14511 (BSlI, 2018) only defines a “nomi-

nal capacity” which is stated by the manufacturer. Even though this is mostly interpreted as nominal capac-

ity = maximum capacity, this is not always the case.

The part load range (or the minimum output power with continuous operation) is seldom declared by the

manufacturer. This information is important because:

— on off cycling has detrimental effects on both efficiency and life span of heat pumps;

— turndown ratio is limited (1:2 to 1:3) compared to other generators, like e.g. boilers that easily reach 1:5;
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— oversizing and the increase of maximum power at the extreme outdoor temperature for AA and AW heat
pumps brings to frequent on-off cycling.

The operating range of the heat pump applies to assess if it can provide the required services. Example of

such limitations are:

— minimum source temperature may be critical in cold climates (no heating available in the coldest days);
— maximum sink temperature may be critical based on the design of the indoor distribution system, or to
provide domestic hot water service. Thermal cycles for legionella prevention may require a back-up

heater;

— maximum source temperature may be critical (depending e.g. on refrigerant used) for domestic hot wa-
ter service in temperate and warm climates (e.g. no domestic hot water is available if outdoor tempera-
ture exceeds the maximum operating temperature of the condenser).

Efficiency (COP) depends strongly on influence factors (see next clause). Any declared efficiency value

shall be accompanied by operating conditions information such as source temperature, sink temperature

and load factor.

Conventionally efficiencies are reported with tags like “A7W35” that specify the type and temperature of

source and sink. However, this convention lacks an indication about the load factor at which the COP was

measured. A tagging like A7W35P100 could incorporate the information that the declared COP is for full
load (provided there is a clear definition on “full load”- see next clauses).

Calculating the energy performance of a heat pump means considering the effect of significant influence
factors, like:

— source and sink temperatures;

— part load operation;

— system control options;

— auxiliary energy use;

— defrosting.

The sensitivity to source and sink temperature is in the range of 2 to 3% per °C temperature change.

The source from which to extract heat for heating or to which to reject heat for cooling may be:

— external air;

— exhaust air;

— internal air;

— ground;

— ground water;

— surface water;

— special devices like solar collectors.

Source and sink temperature is a data input coming from:

— climatic and environmental data, for outdoor air, groundwater, surface water, that cannot be controlled;

— results of other parts of the calculation for ground coupled heat exchangers, exhaust air, indoor air, that
can be controlled only to some extents by system sizing and operation mode;

— results of other parts of the calculation for required leaving water temperature that can be controlled by
system sizing and operation mode.

Since part load is defined as the ratio of actual load to full load, before defining part load, full load must be
defined. For heat pumps, full load capacity is a moving target (because it depends on evaporation
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temperature and maximum driving power) and a clear definition of full load is not yet available in the EN

and ISO standards. It is sometimes assumed that “hominal load” is “full load” but for several products, there

are different values for “maximum load” and “full load” at different operating conditions.

“Full load” should be the maximum heat power output under given operating conditions (source and sink

temperature). The first issue is that full load capacity depends mainly on the evaporation temperature

(hence on the cold source temperature) and somehow also on the condensation temperature (sink temper-

ature). A possible definition of part load is the ratio of actual required capacity (actual load) to the maximum

capacity at the same operating conditions (CR, capacity ratio).

Instead of using a moving target, EN 14825 (BSI, 2022) defines part load as the ratio of actual load to a

fixed power Pdes (“design power”) which is just a reference power to set test conditions, adding to the un-

certainty.

The second issue is that the full load capacity may be limited by internal controls of the heat pump to avoid

compressor and power supply overload or to improve efficiency. In this case, it is important to understand

that limiting the maximum capacity by controls has implications on the turndown ratio.

Additionally, part load operation can be:

— either continuous operation at reduced power (e.g. reduced compressor drive frequency);

— orintermittent operation (on-off cycling) at a given minimum power.

These two modes require different calculation procedures.

The impact of part load operation on efficiency is because of several causes:

— compressor performance decay at lower loads;

— energy lost for each start-up of the compressor during cycling;

— change in temperature drop across evaporator and condenser heat exchangers, as detailed in the next
clause.

When modulating (inverter technology), the change in temperature drop across heat exchangers may have

a positive effect (may, because this effect depends on the control strategy of the fan, see next clause), so

that part load operation may be initially beneficial until compressor efficiency decays and intermittency

losses prevail and COP eventually drops at low loads. Given that most of the time heat pumps work at part

load, this is challenging to consider correctly.

Intermittent operation is characterised by at least two parameters:

— duty cycle, that is the fraction of time with compressor ON. The output power is mostly determined by
this parameter;

— cycling frequency, that is how often the compressor starts and stops. The decay in COP looks mostly
related to this parameter.

Figure 3.2.2-1 illustrates these concepts.

Duty cycle 50%
1 Cycle every 10 minutes
6 Cycles per hour

Duty cycle 50%
1 Cycle every 5 minutes
12 cycles per hour

0 5 10 15 20 25
Time [minutes]

Figure 3.2.2-1. Example of different cycling frequency with the same duty cycle

Both operating modes shown are characterised by a 50% duty cycle, meaning that the average power is
approximately 50 % of the power when ON in both cases. However, the operating condition with a higher
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frequency of start stops (i.e. a shorter cycle time) is less efficient (because each start stop causes e.g. de-
pressurisation of circuits) and causes compressor wear (poor lubrication during compressor start).

The cycling frequency is determined by several factors such as:

— available volume of water for the heat pump and flow rate in hydronics systems;

— volume and geometry of the conditioned room for air-based system;

— control settings of both heat pump and installation.

which make the evaluation difficult since they depend highly on building and systems design choices.

An additional hidden challenge is the fact that, for practical purpose, operating conditions are defined ac-

cording to the available and accessible source and sink temperatures, like:

— external air (or ground loop) temperature as source temperature for heating mode and sink temperature
for cooling mode;

— room air or leaving water temperature as sink temperature for heating mode and source temperature for
cooling mode.

However, the relevant temperatures that define the operating conditions of the thermodynamic compres-

sion cycle are the evaporation (source side) and condensation (sink side) temperatures.

This is shown in Figure 3.2.2-2.

External air f
AVAILABLE ¢ Internal air
(evaporator inlet) (condenser inlet)

é@

RELEVANT EVAPORATION ][ CONDENSATION ]

Figure 3.2.2-2. Example of the relationship between available temperatures and relevant temperatures for
an air to air heat pump in heating mode

There are two main possible contributions to the difference between available and relevant temperatures.

— The temperature difference between inlet and outlet of the external fluid across the evaporator and the
condenser.
Figure 3.2.2-2 shows that external air is entering the evaporator at 7 °C (the available information) but it
leaves the evaporator at 2°C. To allow capture of heat with a reasonable flow rate, a temperature differ-
ence of 5°C is required.
Similarly, indoor air is entering the condenser at 20 °C (the available information) but it leaves the con-
denser at 30°C. To allow release of heat with a reasonable flow rate, a temperature difference of 10°C
is required on this side (typically higher than on the external side for comfort reasons).

— Any heat exchanger has an approach, that is a residual temperature difference between the fluids that
are exchanging heat. In Figure 3.2.2-2, the evaporation temperature shall be 2°C below evaporator
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outlet temperature to capture heat from external air and condensation temperature shall be 2 °C higher
than condenser outlet to allow heating indoor air to 30 °C*.

This is a huge impact, especially for air-to-air heat pumps. Taking as an example the operating conditions

shown in Figure 3.2.2-2:

— The maximum theoretical COPin transferring heat from an environment at 8¢c=7°C (source) to another at
B8r=20 °C (sink temperature) COPcarnotsrc_snk IS 22,5, as shown in equation (3.2.2.1).

COP _ 04 +273,15 20+273,15_22 5 (32.2.1)
Carnot,src_snk 0, — 0, 20—17 ’ ol

— The practical maximum theoretical COP (COPcamotmax) due to the temperature differences on the heat
exchangers is only 9,5 because the compressor must transfer heat from the evaporation temperature
Bevap = 0°C to the condensation temperature Bcond = 32 °C, as shown in equation (3.2.2.2).

Ocona + 273,15 32 +273,15
COPCarnot,mux = = = 9:
9cond - 9evap 32-0

(3.2.2.2)

— Since the current technology achieves approximately 45 % of the Carnot COP (this is the “exergetic effi-
ciency” nexe, that is the ratio of the actual COP to the corresponding theoretical Carnot COP), the ex-
pected COP according to evaporation and condensation temperatures is 4,3 and not 10,1 as expected
according to source and sink temperature. This is shown in equations (3.2.2.3) and (3.2.2.4).

— Expected COP according to source and sink temperature COPexp;src_snk:
Copexp,src_snk = COPcarnot,srcsnk " Nexe = 22,5x 0,45 =10,1 (3.2.2.3)

— Expected COP according to evaporation and condensation temperature COPexp:
COPexp = COPCarnot,max "MNexe = 9, 5x 0, 45 = 4,3 (3234)

The impact of the temperature difference across evaporator and condenser for this sample operating condi-
tions is a 57% reduction of the COP, which is not negligible at all.

The magnitude and impact of the temperature differences across source and sink heat exchangers de-
pends on:

source and sink heat exchangers sizing;

type of source and sink (for water sinks, the available temperature is already the outlet);

required load;

control strategy of the external fluid flow rate (e.g. evaporator and/or condenser fan speed control).
Considering the available temperatures instead of the relevant temperatures for the calculation therefore
introduces a distortion which depends on the heat pump type. If this approximation is not acceptable, the
calculation method may include algorithms to estimate evaporation and condensation temperatures, but
this requires additional assumptions and data.

Despite its apparent simplicity, there are several control options of the heat pump system that significantly
affect its performance.

Control options can be classified in several ways. One possible classification is according to the responsi-
ble for the set-up:

— user adjustable parameters that can be set by the end user;

5The “external fluids” are those fluids from which heat is captured or to which heat is rejected by the refrigerant. The
refrigerant (where evaporation and condensation occur) is separated from the external fluids (where availa-
ble temperatures are measured) by heat exchangers that introduce temperature differences.

In total, for the given operating conditions, the temperature difference between sink and source:

— appears to be 13 °C (20 - 7) if calculated according to available temperatures;

— butis actually 32 °C (32 — 0) if calculated according to relevant temperature.
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— control options and parameters that can be specified and set by the professionals involved in the heat
pump installation, commissioning, maintenance, and operation (designer, operation and maintenance
(O&M) staff);

— control options that are embedded into the heat pump firmware and that are only accessible by the
manufacturer.

Examples of user adjustable parameters are:

— the temperature set-point of a heat pump domestic hot water heater;

— the operation time schedule.

User adjustable parameters are linked to the level of service (comfort level). The calculation method may

handle them for energy auditing purpose. For regulatory purpose a standardised level of service is as-

sumed for a fair comparison.

Examples of control options that are set according to the specific design are:

the outdoor temperature reset of leaving water temperature;

the bivalent temperature, that is the temperature at which a back-up generator is started;

the hysteresis of on-off controls;

building automation functions.

These control options should be specified in the design and/or during commissioning and considered in the

calculation.

Examples of embedded control options are:

— the modulation range of the inverter heat pump;

— the fan speed control of source and/or sink when air is the external fluid,;

— the defrosting logics.

Most energy performance calculation methods of heat pumps make a considerable number of assumptions

and several control options are not explicitly considered. It is therefore important that products are tested

with representative settings of controls.

The driving energy is feeding the heat pumping process. For vapor compression heat pumps, the driving
energy is usually the electricity to the electric motor of the compressor. The declared COP or EER of a heat
pump always includes the driving energy.
Auxiliary energy, as opposed to the driving energy, is used for tasks that help the operation of the heat
pump. The main purposes of auxiliary energy are:
— circulating the external fluids across the evaporator and condenser;
— powering controls;
— heating the crankcase to avoid liquid refrigerant in the compressor.
For the purpose of the connection of product data with the calculation methods, auxiliaries are classified in
two categories:
“internal auxiliaries”, which are already included in the declared COP or EER and shall not be calcu-
lated again;
— ‘“external auxiliaries”, which are not included in the declare DOP and EER and therefore must be ac-
counted for separately and added to get the COP within the “GEN” scope of Figure 3.2.2-2.

Example of internal auxiliaries are:

— the evaporator and/or condenser fan of an air coupled heat pump;
— control circuits.

Examples of external auxiliaries are:

— the lifting pump of a ground-water heat pump;

— the cooling tower of a water cooled chiller;

— the back-up heater energy.

A practical rule to identify internal and external auxiliaries is:
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— Internal auxiliaries are under direct control of the manufacturer and are independent of the case specific
installation. An example is the evaporator and/or condenser fan of an air coupled heat pump: it is part of
the supplied machine and controlled by the manufacturer’s firmware. The manufacturer is totally respon-
sible for the sizing of these auxiliaries.

— External auxiliaries are not under control of the manufacturer, and they depend on installation specific
conditions. An example is the lifting pump of a groundwater coupled heat pump. The manufacturer does
not know where the heat pump will be installed and which is the required lifting height.

There are also cases where the auxiliary energy of a component is considered partly internal and partly ex-

ternal. A frequent example is the circulating pump incorporated into a heat pump. The pump is controlled

by the heat pump automation, but in the product testing, only the energy allocated to the pressure loss
within the condenser is counted into the testing. This makes sense because the attached hydraulic circuit is
not under the control of the manufacturer that tests the product.

Auxiliary energy use may be quite relevant for ground coupled systems, systems using groundwater and

for heat rejection of air-cooled chillers.

There are no standardised ways to define the power of external auxiliaries and to account for their varying

power according to load.

Due to the high sensitivity of the heat pump efficiency on the operating temperatures, it is important that the
other parts of the calculation provide an accurate estimation of the source and sink temperature. Sink tem-
perature (required leaving water temperature from the heat pump) calculation for hydronic systems de-
pends on:

heating terminals properties and sizing compared to the required heat output;

heating circuits control options

distribution temperature control options

allowed operation time

ratio of flow rate in the distribution and generation circuits.

If this is not calculated accurately, the calculated COP of the heat pump will be affected.

In Europe, in the context of CEN, a set of standards has been developed to cover the calculation of the en-
ergy performance of a whole building. These standards were drafted following two mandates (financing)
provided by the EU commission to support the EPBD directive implementation. The first set of EN stand-
ards for energy performance of buildings was published in 2007 and it has been revised in 2017. This set of
standards is known as “EN-EPB standards” and Figure 3.3.1-1 shows its overall organisation in modules.
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HEAT GAINS

EN 16798-1
internal gains

BUILDING FABRIC

EN ISO 13789
thermal transmission
EN ISO 13370

CLIMATIC CONDITIONS

EN ISO 15927
clim. data calculation
EN ISO 52010-1

INDOOR EMVIRONMENT
REQUIREMENTS

EN 16798-1

transm. ground floor conversion solar rad.
EN ISO 10077 National
transm. windows

EN ISO 52022-1 &-3
solar gains Bi=

EN 12464-1
visual environment

EN 12831-3

CALCULATION OF BULDING ENERGY MEEDS FOR HEATING, COOLING AND (DE)HUMIDIFICATION EN ISO 52016-1 i
needs, -

CALCULATION OF BUILING POWER DEMAND EN 12831-1 (HEATING), EN ISO 52016-1 (HEATING & COOLING)

HEATING DHW LIGHTING

EN 15316-1 EN 15316-1 EN 15193-1
EN 15316-3
EN 15316-5

EN 15316-4

You are

h ere COMVERSION TO PRIMARY ENGERGY: EN ISO 52000-1

public regulations: POSTPROCESSING (indicators, requirements, ratings and certificates)
background information: EN 150 52003 (overall performance) & EN 150 52018 (partial performances)

Figure 3.3.1-1. The structure of the set of EN-EPB. “You are here” balloon indicates the modules covering
heat pumps for heating, cooling and domestic hot water)

Individual EN-EPB standards are developed to be a piece of the overall calculation. Therefore, their struc-
ture and formatting must comply with common technical and editorial rules given in the CEN Technical
specification CEN-TS 16679:2014 (CEN, 2014) to ensure compatibility of modules and suitability for imple-
mentation by software developer (“software-proofness”). This includes common rules for:

— symbols, subscripts, and definitions;

— organisation of the text, with predefined clauses for output data and input data which must be listed and
defined, including the source of input data and the intended destination of output data;

— explicating any option or choice by using “identifiers” to label them and avoid any ambiguity;

— supporting national customisation by providing a template for the required input data in normative annex
A, whilst a default input data set is given in informative annex B to allow immediate use of the standard
(but the default input data-set can be superseded by national application documents, since it is informa-
tive). In the 1ISO environment, this includes possible reference to supporting national standards;

— providing an XLS file, with a predefined structure (three sheets dedicated to input data, step-by-step cal-
culation procedure, and output data respectively) to demonstrate and test the proposed calculation pro-
cedure;

— providing an accompanying technical report with all supporting information (informative contents).

EN 15316-4-2:2017 (CEN, 2017c) is the current module dedicated to heat pumps.

The whole package is not used “as is” in its entirety in any EU country, which is still free to have their own
building energy performance calculation procedures for regulatory purpose.

Several EN-EPB standards, especially those concerning the building envelope like EN ISO 52016-1 (CEN,
2017a) (and related supporting standards) are in use in most EU countries. Some, like EN 15316-4-2
(CEN, 2017c) are not used as is but national experts participating in the EN committees introduce elements
from the EN standards into their national calculation schemes.

A convergence process of EN and ISO standards in the field of energy performance of buildings is in pro-
gress since EN-EPB standards are being converted into EN I1SO standards. Several EN-EPB standards,
especially for the building envelope part and for heating and domestic hot water systems, are already EN
ISO standards since they have been developed jointly under CEN lead. ISO already reserved a block of
numbers (ISO 52000 series) to allow a complete coverage of the energy performance of buildings.
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EN 15316-4-2 (CEN, 2017c) is the EN EPB module for the calculation of the efficiency of heat pumps in
heating. The first release of EN 15316-4-2 was issued in 2007 and the current version was published in
2017.

A draft for a major revision was prepared and submitted to CEN public enquiry at the end of 2021. Because
of the scope extension to cooling mode, the draft is currently being reworked again by an active task group
in CEN-TC 228 WG4 (CEN, 2017d). The release for the second public enquiry is expected within the end
of 2024.

The description in the following relates to the current draft of the revision.

This standard was originally developed in 2007 when:

— heating systems in Europe were mostly water based,;

— there was no other standardised information than rated COP and capacity at full load for the operating
conditions defined in EN 14511 (BSI, 2018).

The later development of EN 14825 (BSI, 2022) for product rating purpose, required some static tests at

part load conditions.

Given these two different sources of product data (EN 14511 (BSI, 2018) and EN 14825 (BSI, 2022)), two

calculation methods have been developed within EN 15316-4-2 (CEN, 2017c):

— the so called “path A” is based on full load performance data according to EN 14511 (BSI, 2018);

— the so called “path B” is based on part-load data according to EN 14825 (BSI, 2022).

For each calculation interval, EN 15316-4-2 (CEN, 2017c) provides the following output data:

— the part of the required output that can be supplied by the heat pump (the remaining load has to be pro-
vided by another generator, if available);

— the required driving energy;

— the required auxiliary energy;

— the amount of heat captured from the environment (this is required in the EU context because legally it
is accounted for as use of renewable energy);

— the recoverable heat released to the conditioned space.

These results are provided separately per each service provided by the heat pump.

The current draft EN 15316-4-2 (CEN, 2017c) applies the following procedure for each calculation interval.

— The required energy output per each service and the duration of the calculation interval are input data
coming from EN 15316-1, the general part for heating and domestic hot water systems. This makes the
module usable for monthly, bin and hourly calculation intervals. Some dynamic features, like allowing to
provide in the next hour the missing heat for space heating because of a simultaneous domestic hot wa-
ter requirement, are available only for the hourly calculation interval.

— The source temperature is determined according to the heat pump type, and it is assumed to be an in-
put value, either climatic data for air source heat pumps or the result of a dedicated module for other
sources like e.g. ground coupled heat pump. Simple models are proposed as default options.

— The sink temperature (e.g. required leaving water temperature for water heat pumps) is calculated for
each calculation interval in the general part of heating and domestic hot water systems EN 15316-1.

— For direct expansion and condensation heat pumps, the room temperature and humidity also impacts
the performance. In the EN environment, these data are available for an hourly calculation interval in EN
ISO 52016-1.
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The EN environment can provide a reasonably accurate calculation of the required operating conditions

for each calculation interval.

Operational and control options (e.g. temperature limits of source and sink, service scheduling, control

commands) are checked to decide if the required services can be provided in the calculation interval.

Priorities are assigned if several services are required in the calculation interval. The most common by

far is domestic hot water preparation, first at full load then space heating.

Given the operating conditions, the maximum available output is calculated for each service. This calcu-

lation depends on the selected calculation path.

— for path A, it is based on the interpolation of a performance grid (maximum power as a function of the
combination of a given number of source and sink temperatures);

— for path B, the maximum available power is assumed to be that at the declared bivalent point (a con-
stant value, independent from source and sink temperature).

Given the required output per service, the available maximum power, the total calculation interval dura-

tion and the priority rules, the operation time and the part load are determined for each service.

The driving energy input is calculated for each priority. This calculation is performed according to a se-

lected “path” (i.e. calculation method).

The same procedure is repeated independently for each different operating condition required in the

same calculation interval (e.g. space heating, domestic hot water preparation).

— Path A is based on a performance grid of COP at full load at a given number of source and sink tem-
peratures according to EN 14511 (BSI, 2018) (an example is shown in Figure 3.3.1-2).
Firstly, the COP at full load COP100%ci (Equation 3.3.1.1) for the specific source and sink temperature
in the calculation interval ci, is determined by interpolation of the full load performance grid.

COPIO()%,ci = f(osource,ci; esink,ci) (4311)

Then the COP1oow.ci at full load is corrected to consider the effect of part load operation and modula-
tion type. There are currently several options to perform this correction, as described in the following
clauses. The COP at the actual part load COP; in the calculation interval ci can be obtained by ap-
plying a multiplication factor or by adding a correction term, depending on the calculation options.

COP.; = COPyo0yci * feorrcop(LR) o1 COP1ggo,c; = COP 190 ci + Acop(LR) (33.1.2)

where LR in Equation (3.3.1.2) is the ratio of the required capacity to the maximum capacity in the
same operating conditions.

Finally, the required heat output for heating Qw;np;outci is divided by the corrected COP.i to obtain the
required driving energy En:np:out.ci:

_ QH;hp;out,ci

Eyhpiinci = COP.. (3.3.1.3)
ci

— Path B is based on measurements of part load COP according to EN 14825 (BSI, 2022). Six testing
points are defined, labelled A to G (see Table 3.3.1-1 for their definition), but only four with different
source temperature, sink temperature and required power output ®npout,x are always available be-
cause of possible (and frequent) duplicates, such as bivalence point set as -7 °C so that A=F.

For the available testing points X (A to G), the evaporation and condensation temperatures are esti-
mated to get the exergetic efficiency nexe,x of the compressor.

COPy COPy
cond X + 273; 15 (3314)
cond,X — Bevap,X

Nexex = =
nCarnot(eevap,X; econd,X) 0
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The exergetic efficiency nexe of the compressor is the ratio of the actual COP to the ideal Carnot COP
for the same evaporation and condensation temperatures.

It is assumed that the temperature differences between

— source temperature and evaporation temperature

— sink temperature and condensation temperature

are proportional to the require power output.

The effect of intermittent operation is included in the exergetic efficiency of testing points with a lower
capacity than minimum continuous operation. It is then assumed that the exergetic efficiency of the
compressor to be a function of the required power output only.

Nexe = f(¢hp;out) (3.3.1.5)

For any power between the two test points, the exergetic efficiency is found by linear interpolation.

Given these assumptions:

— the exergetic efficiency is found for the required power output

— and the COP is calculated according to evaporation and condensation temperature in the actual
operating conditions in the given calculation interval.

Finally, the required output is divided by the COP to obtain the required driving energy.

— If the heat pump output does not fully cover the required heat for any service, the possible contribution
of an integrated back-up heater is calculated.

— Required auxiliary energy for external devices, such as heat capture or rejection systems, is calculated.
The required input data is the auxiliary power at zero, minimum and maximum load.

— Losses to the surrounding environment are calculated.

— Results are collected to provide the required calculation results per service.

The basic input data for Path A is a couple of performance grids for capacity and COP at maximum load.
Source temperatures defined in EN 14511 (BIS, 2018) are -7, 2, 7 and 12 °C for air source heat pumps.
Additional external temperatures may be considered for cold climates and summer operation (e.g. for do-

mestic

hot water preparation).

Typical sink temperatures are 20 °C for air heat pumps and 35, 45 and 55 °C for water heat pumps.
Other source and sink temperatures are defined depending on the source and sink type.

Full load power output [kW] COP at full load
9,0 6,00
8,0 o —e—35,0°C
° o—35,0°C 5,00
7,0
6,0 4,00 45,0 °C
5,0 45,0 °C
40 300 —e—55,0°C
3,0 2,00
—e—55,0°C
2,0
1,00
1,0
0,0 0,00
-10,0 °C 0,0°C 10,0 °C 20,0°C 30,0°C 40,0 °C -10,0°C 0,0°C 10,0 °C 20,0°C 30,0 °C 40,0 °C
Source (external air) temperature [°C] Source (external air) temperature [°C]

Figure

3.3.1-2. sample full load performance grids according to EN 14511 for input to path A calculation of

an air to water (AW) heat pump. Each curve is the maximum capacity or the COP of the heat pump as a

functio

n of the source temperature for a given flow temperature (LWT leaving water temperature).
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The basic inputs for Path B are the measured COP and output power in 6 testing points according to EN
14825, some of which may be coincident. Table 3.3.1-1 shows the testing conditions (source and sink tem-
perature) and a sample set of declared values (testing power and COP) for air to water heat pumps, modu-
lating power, average climate, and low leaving water temperature (35 °C nominal). In the shown data-set,
the manufacturer assumed a bivalence temperature (point F, BIV) of -7°C. Design external temperature
(point E, DES) for the average climate is -10 °C.

Table 3.3.1-1. Test data according to EN 14825 for input to path B calculation. AW heat pump.

Point A B C D DES BII:V
Source temperature °C -7 2 7 12 -10 -7
Sink temperature °C 34 30 27 24 35 34
Testing power (Pd) kw 4,6 2,9 19 19 4,2 4,6
COP (COPd) - 3,21 4,66 6,56 8,49 2,25 3,21

Only this data set (average climate and low temperature) is used because it is mandatory for the purpose
of product labelling. EN 14825 defines additional sets for different reference climates (warm climate and
cold climate) and operating temperatures (medium and high) but they are optionally declared and therefore
not used in the calculation. The method needs some small adaptations for the different heat pump types
(AA versus AW, WW and WA).

Additional data required for all calculation paths are:

— descriptive data of the heat pump (e.g. type of source, main technology), to establish the calculation
procedure options (namely the calculation path depending on national options);

— stand-by and crankcase heater auxiliary power in W;

— data on external auxiliaries (not included in the heat pump), usually in the shape of auxiliary power at
stand-by and maximum capacity;

— maximum power of the back-up heater;

— energy carrier type for the heat pump and for the back-up heater;

— operation limits (minimum and maximum source and sink temperatures)

— control options (priority between services).

The draft EN 15316-4-2 (CEN, 2017c) contains several methods to correct the COP according to part load
because there is still ongoing discussion about the most suitable method depending on the heat pump
type. They are briefly discussed in the following.
The part load factor LR (load ratio) in path A is defined as the ratio of the actual required power output in
the calculation interval to the maximum power output in the given operating conditions (source and sink
temperature).
— Default multiplication factor of full load COP fcorr,cor(LR)
This method assumes that the full load COP shall be multiplied by the correction factor fcop;Lr, which is
a function of the part load ratio LR. The correction factor is assumed to be independent of any other op-
erating conditions, that is fcop,.r= f(LR).
Default functions fcor,.r= f(LR) are given for absorption heat pumps (single stage and modulating) and
for combustion engine driven heat pumps.
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The function may be presented as a table of values, then linear interpolation is used for intermediate

values of LR.
A further possibility is to calculate the correction factor with equations 28 (air source heat pumps) and

29 (water source heat pumps) of EN 14825 (BSI, 2022), which use the Cd factor to adapt the shape of

the curve.
Typical values for the default correction factor are given in Figure 3.3.1-3.
This method is deemed to be most suitable for heat pumps whose COP is not severely affected by part

load, such as air to water and water to water heat pumps.

Sample COP correction factors

. L20
(=]
£ 1,00 ——EN 14825 €q.29 X/W Cd=0,9
o
2 080 ——EN 14825 eq.28 X/A Cd=0,25
"E 0,60
'% 0,40 Absorption, ON-OFF
[
8 020 —— Absorption, modulating
-9
S 0,00
o

0,00 020 040 060 080 1,00
Part load factor LR

Figure 3.3.1-3. Sample COP correction factors feor;cor(LR)

This method does not require product data, since it is based on default functions. The parameter Cd can
be optionally determined by the manufacturer according to EN 14825 (BIS, 2022).
— Default additive term Acor(LR) (Figure 3.3.1-4)
This method is taken from DIN V 18599-5 (DIN, 2016a) and it assumes a default additive term to COP
for:
— optimal load factor, assumed to be 60% of maximum load (LR = 0,60);
— minimum continuous operation load factor (LR = 0,3...0,5).
Default values of the additive term are in the following range:
— for optimal load factor: +0,2...+0,4
— for minimum continuous load: previous optimal correction term - 0,4...0,6

At zero load (LR=0,0), the COP is assumed to be 0.
For intermediate values of the load factor LR, the COP is interpolated linearly.

COP 4 Heat pump actual COP

e
L

7
/‘\}\Approximated
cop

A A
0,2..04
0,4..0,6 v

, 1
ON-OFF ' Modulating
gperation operation

i’

v

Minimum load with Optimum load LR
0 continuous operation LR=0,6
LR=0,2...0,35

Figure 3.3.1-4. Acor(LR) additive term according to DIN V 18599-5 (DIN, 2016a)

This method is intended for air to water heat pumps.
— Constant internal auxiliaries and COP increase at minimum load
This is the method that was included in the original EN 15316-4-2 in 2017 (CEN, 2017c). This method

was taken from the French regulation RT 2012.
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— First, the auxiliary energy included in the declared COP is separated from the driving energy. If not
measured, this internal auxiliary energy is assumed to be 2% of the driving energy.

— The compressor COP is calculated, considering only the net driving energy. This results in a slightly
higher compressor COP than the heat pump COP.

— Itis assumed that the compressor COP will have a higher value at minimum modulation than at full
load. There is a default correlation and several other proposals on how to estimate this increase, still
under discussion. The result is in the range +10%...+30% for air to water heat pumps.

— When the load is in the range between minimum continuous operation and full load, the compressor
CORP is considered being linear with LR and the auxiliary power constant. Net driving energy and in-
ternal auxiliary energy are summed again to determine the heat pump COP at any part load.

— When the load is below the minimum for continuous operation,

— either equation 29 of EN 14825 (BSI, 2022) is used to correct the COP at a minimum continuous
load;

— or the impact of intermittency is estimated according to a correlation that considers the transient
during each compressor start and the type of heating terminals

The resulting behaviour is illustrated in Figure 3.3.1-5.

Compressor COP at minimum load

Linear inerpolation

Heat pump COP at full load

ON-OFF g Modulating ‘E
operation 0 operation ")
i i
»
1 1 w
0 Minimum load Full load LR
with continuous operation LR=1,00

LR=0,2...0,35

Figure 3.3.1-5 — Heat pump COP at part load for AW heat pumps with the constant internal auxiliary
method of EN 15316-4-2:2017 (CEN, 2017c).

The reaction of a calculation method to changing operating conditions can be shown by repeating the cal-
culation for several intervals and changing one operating condition at a time. Figure 3.3.1-6 shows the cal-
culated COP (red line, scale on the right) of an air to water heat pump with varying load (blue line, scale on
the left), from 0 to 6,4 kW, for two leaving water temperature levels (30 °C and 40°C) and for three different
external air temperatures (-8, 0 and +10 °C).
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Figure 3.3.1-6. Sample calculation results

Each operating condition is identified by the code (e.g. A-8W30) on the top of the graph.

The calculation is repeated 30 times for each operating condition, linearly increasing the required heat out-
put Q;gen;outreq, Shown by the dashed blue line.

Depending on the air and water temperature, the actual heat pump output Qw:np:out, Shown by the solid blue
line, will be equal to the required amount and will cover it. When the maximum capacity of the heat pump is
reached for the given operating conditions, the dashed blue line (required output) appears because it can-
not be fulfilled by the heat pump. The graphs show clearly the high sensitivity of the maximum capacity to
external temperature (A-8W30 versus AOW30 versus A10W30, maximum capacity is 4,5 kW, 5,8 kw and
6,6 kW respectively) and the smaller effect of leaving water temperature (e.g. A-8W30 versus A-8W40).
When the heat pump cannot provide the required output, the back-up contribution Qw;gen:outbu appears,
shown by the green line. Here, an electric heater is assumed, and the electricity input can be considered
equal to the heat output.

The COP of the heat pump COPuwp is shown by the solid red line. Again, the strong influence of both oper-
ating temperatures and part-load operation is clearly visible.

When the heat pump cannot provide the required output, the generation system efficiency COPsys appears
(dashed red line), Until there is no back-up required, COPxp and COPsys are equal, and the solid red line
(COPu+p) covers the dashed red line (COPsys). When the back-up contribution increases, the system COP
drops quickly.

This kind of presentation is used to test and compare energy performance calculation methods.

The main issue is the coordination between the tested product data and calculation methods. Product data
should be defined according to the needs of the users of the data, i.e. in coordination with the calculation
methods using those data. This happened for product testing and labelling (EN 14825) but did not happen
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for energy performance calculation, which has a different purpose and different data needs. Therefore, the

energy performance calculation methods were developed with two alternatives to best fit the available data:

— Path A assumes that the effect of part load is independent of the source and sink temperature. There
are uncertainties about how to evaluate the effect of part load and several methods are still under con-
sideration for this feature. Path A looks suitable for AW and WW heat pumps where the sensitivity of
COP to part load during continuous operation (not intermittent) is limited. Path A looks less suitable for
air-to-air heat pumps where the effect of part load operation on COP can be much greater.

— Path B uses the data declared for product labelling according to EN 14825. There are only 6 data
points, some of which may be duplicate, and at each point all operating conditions are changing. Addi-
tionally, they cover a marginal part of the operating range of the heat pump. Extrapolation to distant op-
erating points has risks. Some manufacturers are willing to stick only to these points because they are
already tested and declared for product classification purpose, but “safety” from official declaration does
not compensate for inadequate data.

Path B requires a specific procedure for each variant of heat pump configuration (e.g. air to air, air to
water inverter type, air to water on-off type).

Other issues include:

— the effect of intermittent operation (start-stop duty cycle and frequency, see item 3.2.2.3), which is cur-
rently introduced via default correlations;

— the definition of auxiliary energy needs and its connection with part load operation;

— the variety of heat pumping technologies, sources and sinks makes it difficult to design a unique and
comprehensive calculation method; extensions are required to cover additional types of heat pumps, not
yet explicitly covered, like heat pumps with solar assisted evaporator;

— missing connection with heat pump water heaters test data;

— additional calculation procedures are needed for special sources like the ground coupled heat ex-
changer. These calculation procedures are not yet fully available in the CEN environment;

According to the comments received during public enquiry, this standard should be extended to cover cool-
ing (chillers), either as an alternative or simultaneous service. This means that EN 16798-13 (CEN, 2017e)
(see the following) should be incorporated into or referenced by the future EN 15316-4-2 (CEN, 2017c).

A CEN working group is actively working (2024) on the revision of the standard.

EN 16798-13 (CEN, 2017e) is the EN-EPB module covering the heat pumps in cooling mode. The first ver-
sion of this standard was published in 2017 by CEN TC 156.

Following a change in the respective scopes of CEN TC 156 and CEN TC 228 (CEN, 2017d), the contents
of EN 16798-13 (CEN, 2017e) should be transferred and incorporated (with possible amendments) into the
new revision of the EN 15316-4-2 (CEN, 2017c), which will cover the energy performance calculation of
heat pumps in both heating and cooling mode.

As for heating mode, also for cooling mode there were and there are still two possible sources of product

data in the EN environment:

— EN 14511 (BSI, 2018), providing performance data at “nominal” load;

— EN 14825 (BSI, 2022), providing performance data for a selected number of part load operating condi-
tions.

The original intent was to develop a method based on the available data for product testing according to

EN 14825 (BSI, 2022). Research was performed in 2009 by Swiss experts seeking a calculation method for

chillers and the outcome (Zweifel, 2009) was that the four test points of EN 14825 (BSI, 2022) could not
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provide enough information to build a comprehensive performance map. The conclusion was that at least

one additional point was required to complete the calibration of the performance map.

The results of this research were considered and therefore EN 16798-13 (CEN, 2017¢) included:

— amethod based on EN 14825 data (BSI, 2022), but requiring information in an optional additional 5%
point;

— methods based on EN 14511 data (BSI, 2018);

thus, replicating the situation of EN 15316-4-2 (CEN, 2017c) for the heating mode, with path A linked to EN

14511 (BSI, 2018) and path B linked to EN 14825 (BSI, 2022).

For each calculation interval, EN 16798-13 (CEN, 2017e) provides the following output data:

— the required driving energy;

— the required auxiliary energy;

— the part of the required cooling output that can be supplied by the chiller (the remaining load can be pro-
vided by another generator, if available);

— the amount of heat rejected to the environment;

— the recoverable heat for heating purpose and its maximum supply temperature;

— the recoverable heat released to the conditioned space.

Similarly to EN 15316-4-2 (CEN, 2017c), EN 16798-13 (CEN, 2017e) includes several calculation options

to make the best possible use of available data.

— Method 1 allows the use of product data according to either EN 14511 (BSI, 2018) or EN 14825 (BSI,
2022) and is intended for the calculation in hourly intervals or temperature bins and for all possible types
of cooling generators.

— Method 2 allows the use of data from EN 14511 (BSI, 2018) only and is intended for monthly or hourly
calculation intervals for chillers, split and VRV/VRF systems.

If available, the method starts with the evaluation of the contribution of free cooling operation, that is provid-
ing cooling directly with the heat rejection equipment and by-passing the compressor.
The fundamental equation to calculate the driving energy input Ec:ge:ei:in for the remaining load is simply:

n
QC-gen'inj
Ec.genet;in = e (3.3.1.6)
= EER;

There is a sum in Equation (3.3.6) because this standard also handles the option of having several chillers
(or compressors) operating in parallel, each providing the amount of cooling Qc;gen;inj. The index j is omitted
in the following for simplicity. There are several options to calculate EER;.6

The basic assumption is that the exergetic efficiency nexe of the compressor is a 3 order polynomial func-
tion of the part load factor fc;pL.

6 NOTE This standard follows the physical flow of heat in the selection of subscripts. The “chiller output” is called
Qc:geniin because the cooling effect (the useful output of the chiller) is an incoming heat extracted from the
distribution or from the installation room.
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ﬂexe(fc;PL) =Cq (fC;PL)3 +Cy- (fC;PL)Z +C3- (fC;PL) +Cy (3.3.1.7)

The constants Ci to C4 and the parameter ABcorr, which is used in the following, are determined by solving a
system of five linear equations whose coefficients are determined according to the test results. This re-
quires five independent data to solve the system. Since the four test points of EN 14825 (BSI, 2022) are
somehow “aligned” in the space of the operating conditions, for a good identification of the performance
map of the chiller, the fifth testing point should be away from them (Zweifel, 2009 for more details). If no
data is available form a suitable 5" point, EN 16798-13 (CEN, 2017¢e) provides the option to replace them
with calculated data based on the previous 4 points.

The part load factor fc;pL is defined as the ratio of the required capacity to the actual maximum capacity of
the chiller, depending on operating conditions.

QC;gen;in _ QC;gen;in

fer= (3.3.1.8)

QC;gen;in;max (pC;gen;in;n 'f(erej; GC;gen:in) "t

The function f(Brej; Bcievap;out) describes the change in capacity depending on source (evaporation) and sink
(condensation, rejection) temperature. For vapor compression chillers, the change in maximum capacity is
estimated according to this default equation:

273,15 + ac;evap;out

erej - ac-evap-out + Aecorr
0 - 0, P = (7] - 0, . = a 4
f( rej C,gen.m) f( rej C,evap,out) 273‘ 15 + ac;evap;out;n

(3.3.1.9)

Bcond;in;n - BC;evap;out;n + Aecorr

where:
— Bcevap;out is the required leaving temperature from the evaporator;
— Bcievapioutn is the leaving temperature from the evaporator in nominal conditions;
— By is the relevant rejection temperature, which is:
— the external air temperature, for air cooled chillers;
— the wet bulb external air temperature, for wet operation of water-cooled chillers;
— Bcond;inn is the inlet temperature to the condenser in nominal conditions;
— ABcor is the additional temperature difference between evaporation and condensation due to heat trans-
fer across the evaporator and condenser, which is calculated according to product data.
Assuming:
— eC;evap;out,n =7°C
- econd;in,n =35°C
— ABcor=12°C
the resulting values of f(Brej; Bcievap;out) are shown in Table 3.3.1-2.

Table 3.3.1-2. Example of values provided by Equation 3.3.1.9.

Brej °C
25 30 35 40 45
7 1,33 1,14 1,00 0,89 0,80
Oc:evapout °C 12 1,36 1,16 1,02 0,90 0,81
17 1,38 1,18 1,04 0,92 0,83

A correlation based on empirical coefficients is provided for absorption chillers.
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If the part load factor fcpL is lower than the minimum for part load operation fc:pL:min, then this minimum
value is used. This means that there is no correction for intermittent operation.

It is assumed that the additional temperature differences across evaporator and condenser is proportional
to the load and the value in nominal conditions is ABcorr.

The resulting equation of the EER of a vapor compression chiller is:

273; 15 + ec;evup;out

econd;in - OC;evap;out + fC;PL ' Aecorr

EER = 'nexe(fC;PL) (3.3.1.10)

Again, an empirical equation with default coefficients is provided for absorption chillers.

Method 1 using EN 14825 data for cooling mode is based on a similar assumption, like path B of EN
15316-4-2 (CEN, 2017c) for heating mode: the compressor exergetic efficiency is assumed to be a function
of the actual load.

Method 1 can also be used with product data, according to EN 14511 (BSI, 2018).
The evaluation of the maximum capacity is the same.
The EER is calculated assuming constant exergetic efficiency:

273' 15+ GC;evap;out
acond;in - GC;evap;out

273, 15+ BC;evap;out;n

ocond; inin — ac;evap;out;n

EER = EER,, - (3.3.1.11)

where the subscript “n” identifies data at nominal (rated) conditions and the other terms have the same
meaning as in the previous equations.

With this option, the EER is corrected according to operating temperatures only, and there is no influence
of part load.

External auxiliaries, such as heat rejection loop pumps and fans, may be quite relevant.

Reference is made to EN 15316-3 (CEN, 2017c) for the calculation of the auxiliary energy of any circulating
pump for primary loop and/or heat rejection loop.

For other heat rejection equipment (e.g. cooling tower fans), EN 16798-13 (CEN, 2017e) assumes that the
auxiliary energy use be proportional to the rejected heat power. The ratio is evaluated according to rated
nominal values.

Method 2 is based on the correction of the rated EER according to several factors that are assumed to be
independent of each other. The fundamental equation is

E _ QC;gen;in
Cgemelit = PLV - EERy * f pgricorr

(3.3.1.12)

where

— PLV, the “part load value”, incorporates the effect of part load operation of the compressor, rejection
systems, free-cooling and cascade connection of multiple units;

— feericorr iS @ correction factor that takes into account the change in source and sink temperature. For va-
por compression chillers the assumption is constant exergetic efficiency.
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The required input data is the rated efficiency EERn according to EN 14511 (BSI, 2018) and a few operat-
ing parameters (e.g. source and sink temperature, auxiliary power, thermal power of the rejection system),
all under nominal conditions.

Configuration and control options are also required as an input, like e.g. control mode of multiple genera-
tors, control mode of the heat rejection system.

The part load value PLV is given by the equation:
PLV = fepii Frrp* Frrpe * Fomue (3.3.1.13)

The term fc;pLk accounts for the effect of part load operation of the compressor.
The relative load fcpL is given by:

QC;gen;in _ QC;gen;in

f(;:pL = (33114)

QC;gen;in;max ¢C;gen;in;n ’ top

The relative load fc;pL is evaluated against the nominal capacity (instead of against the maximum capacity
depending on operating temperatures, as in Method 1).

The values of fc;pLk are given as a function of fc;p in default tables, depending on the type of chiller and on
modulation options. As an example, the values of fc;pLk for air cooled air conditioners are given in Ta-

ble 3.3.1-3:
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Table 3.3.1-3. Sample default part load factors.

Relative load fcp 01 |02 [o3 |04 |05 Jo6 [07 |08 |09 [10
Type of system Part load factor fc.pLk

On-off split system 134 | 134 [134 (134 | 127 |123 |116 |[1,09 |1,02 | 0,95
On-off multi split system 068 | 0,73 | 0,77 | 0,8 0,86 | 093 | 095 |[097 |094 |09
Inverter split system 152 | 154 | 157 | 169 | 145 | 131 |121 |1,09 | 1,03 | 0,95
Inverter multi split system 0,77 | 1,128 | 142 | 155 |154 |146 |1,35 |1,19 | 1,06 | 0,92

It has to be noted that due to the position of the “part load factor” fc;pLk in Equations (3.3.1.13) and
(3.3.1.14):

— values less than 1 mean an increase in efficiency

— values higher than 1 mean a decrease in efficiency

The term firpL accounts for the effect of part load operation of the heat rejection system. It is given by:

frrpr =02 0% +a;-0+ag (3.3.1.15)

where

— B is areference temperature that depends on the heat rejection type and location;

— default values of the coefficients az, a1 and ao are given in the informative annex B of EN 16798-13
(CEN, 2017e).

The calculation of the reference temperature depends on the heat rejection system.

The term furic accounts for the effect of an optional free cooling system. If there is no free-cooling, then

fare=1 (neutral value). Otherwise default values are given in annex B of EN 16798-13 (CEN, 2017e).

The term fcmut accounts for the effect of the presence of multiple compressors. If there is only one com-

pressor, then farmut=1 (neutral value). Otherwise default values are given in annex B of EN 16798-13

(CEN, 2017e).

Depending on the chiller type, external auxiliary energy (i.e. not included in the declared COP or EER),
when relevant, is considered proportional to the rejected heat and is corrected according to part load factor
and to free cooling operation. Default correction factors are provided in the informative annex.

The connection with product data was a main concern. Despite the effort, most features of the calculation
methods, such as the correction for part load and/or operating temperatures, are controlled by default
equations and default coefficients depending on the heat pump type and control options. This cancels the
comparison between products and hides their specific properties, good or bad.

The method was developed and checked on big water-based chillers. It looks less suitable for small air-to-
air heat pumps.

EN 16798-13 will be incorporated into EN 15316-4-2 (CEN, 2017c), especially to handle simultaneous
heating and cooling.

For methods relying on EN 14825 (BSI, 2022), the procedure with the 5™ point is being replaced by the in-
terpolation of exergetic efficiency of the test points with the same method as for heating.
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EnergyPlus (US DOE, 2024) has its roots in both BLAST and DOE-2 programs. BLAST (Building Loads
Analysis and System Thermodynamics) and DOE-2 were both developed and released in the late 1970s
and early 1980s as energy and load simulation tools. BLAST was developed by the Construction Engineer-
ing Research Laboratory (CERL) and the University of lllinois while DOE-2 was developed by Berkeley Lab
and many others. In the late 1990s, concerns about the limitations of BLAST and, both the metric and inch-
pound versions, of DOE-2, along with the challenges of maintaining their outdated codebases, led to the
decision to combine development efforts into a new program called EnergyPlus. The first release of Ener-
gyPlus was in April 2001 (version 1.0) and has been under revision since then. The U.S. Department of En-
ergy released the latest version (23.2.0) in September 2023.

EnergyPlus calculates the heating and cooling loads, indoor environment conditions, and equipment opera-
tions throughout a secondary HVAC system and coil loads, and the energy consumption of primary plant
equipment. It is the simulation engine around which a third-party interface can be wrapped. When using
EnergyPlus for demonstrating compliance with ASHRAE Standard 90.1 (ASHRAE, 2022), an appropriate
interface is usually used in order to choose models in EnergyPlus and parameters for the models, which
are required to do the simulation according to ASHRAE Standard 90.1 (ASHRAE, 2022).

EnergyPlus is an open-source building energy simulation program based on BLAST and DOE-2 (US DOE,
2024). It works as a modular system integrated with a heat balance-based zone simulation with time steps
of less than an hour. IEA BESTest building load and HVAC tested EnergyPlus based on the directives of
ASHRAE 140 (Method of Test for Evaluating Building Performance Simulation Software) (ASHRAE, 2023).
So far, the ASHRAE 140's tests show that EnergyPlus provides reliable results with a good fit compared
with actual building envelope performance parameters.

EnergyPlus has several different types of outputs, but initially, the most important ones to understand are
the tabular output reports that summarise the simulation results. These reports contain monthly and annual
energy consumptions of a building's main systems and equipment (lighting, air conditioning, etc.), life cycle
analysis parameters, and economics.

EnergyPlus models and allows the analysis of buildings' energy consumption and environmental impacts.
Its structure and rationale provide detailed insights into building performance, aiding architects, engineers,
and policymakers in making informed energy efficiency and sustainability decisions.

The following items briefly explain the EnergyPlus structure.

— Input Processing:
EnergyPlus begins with the input processing stage, where users define the building geometry, materi-
als, occupancy schedules, HVAC systems, and other relevant parameters using text-based input files.
This step ensures the software accurately captures the building design's intricacies and operational
characteristics.

— Simulation Engine:
EnergyPlus simulation engine employs various algorithms and computational models to simulate the
dynamic interactions between the building envelope, internal systems, and external environmental con-
ditions. It calculates energy consumption, thermal comfort, indoor air quality, and other performance
metrics over time.
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— Output Generation:
Upon completing the simulation, EnergyPlus generates comprehensive output reports, including graph-
ical visualisations, tables, and text files, to present the results in a user-friendly format. These outputs
allow stakeholders to analyse the performance of different building components and systems under di-
verse operating conditions.

— Post-Processing and Analysis:
Users can further analyse the simulation results using post-processing tools or third-party software to
extract insights, identify optimisation opportunities, and compare alternative design strategies. This iter-
ative process facilitates the refinement of building designs to achieve higher energy efficiency and occu-
pant comfort levels.

EnergyPlus rationale is listed below:

— Accuracy and Detail:
EnergyPlus prioritises accuracy and detail in its simulation capabilities to provide reliable building perfor-
mance predictions. Accounting for factors such as thermal mass, solar radiation, airflow, and occupant
behaviour offers a realistic representation of how buildings behave under varying conditions.

— Flexibility and Customisation:
The software's modular structure allows users to customise simulations to specific project requirements
and research objectives. Whether modelling residential homes, commercial offices, or specialised facili-
ties, EnergyPlus offers the flexibility to incorporate diverse building typologies and system configura-
tions.

— Support for Decision-Making:
EnergyPlus empowers users to make data-driven decisions regarding building design, retrofits, and op-
erational strategies. By simulating the energy and environmental performance of different scenarios,
stakeholders can evaluate the cost-effectiveness of various interventions and prioritize measures that
yield the most significant energy savings and environmental benefits.

In general, EnergyPlus represents HVAC equipment at various levels of detail and users can choose a par-
ticular model considering the complexity and available data for their simulation use case. The part-load per-
formance of mechanical equipment, which is one of the requirements from ASHRAE Standard 90.1
(ASHRAE, 2022), is taken into consideration in EnergyPlus as shown in the following example for electric
chillers. An example of energy calculation models for heat generator: Electric Chiller Model Based on Con-
denser Entering Temperature (object name Chiller:Electric:EIR) is presented in the EnergyPlus Documen-
tation (US DOE, 2024)

This model simulates the performance and the power consumption of electric liquid chillers, such as recip-
rocating liquid chillers, centrifugal liquid chillers and screw liquid chillers. It also models the power con-
sumption of condenser fans if modelling an air-cooler or evaporatively cooled condenser. This model does
not simulate the thermal performance or the power consumption of associated pumps or cooling towers.

It is said that these model and associated performance curves are developed using performance infor-
mation for a specific chiller and that they should normally be used together for an EnergyPlus simulation. It
is also said that changing the model’s input values or swapping performance curves between chillers
should be done with caution.

Power consumption (P,;;.-) Of @an electric liquid chiller is calculated by the following equation:

Qref
COP,y

Piier(W) = X CFT x EIRFT x EIRPLR x CCR (3.3.2.1)

where Qref is the chiller capacity at reference conditions for temperature and flow rates, COP, is the refer-
ence coefficient of performance, CFT is the cooling capacity factor as a function of temperature curve,
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EIRFT is the energy input to cooling output factor as a function of temperature curve, EIRPLR is the energy
input to cooling output as a function of part-load ratio (PLR), and CCR is the chiller cycling ratio, which is the
coefficient to determine the power consumption below the minimum part load ratio.

CFT = a; +a; (Tcw,ls) t a3 (Tcw,ls)2 + a4(Tcond,e) + as (Tcond,e)z + aG(Tcw,ls)(Tcond,e) (3322)
EIRFT = bl + bZ (Tcw,ls) + b3 (Tcw,ls)z + b4(Tcond,e) + bS(Tcond,e)2 + b6(Tcw,ls)(Tcond,e) (3-3-2-3)

EIRPLR = ¢; + ¢,(PLR) + c3(PLR)? (3.3.24)
CCR = mi (PLR 10) 3.3.25
= min PLR,.." (3.3.2.5)

where T, ;s is the leaving chilled water setpoint temperature (°C), T;onq iS the entering condenser fluid
temperature (°C), PLR is the part-load ratio = (cooling load) / (chiller’s available cooling capacity), and
PLR,,;», is the minimum part load ratio, below which the chiller cycles on and off to meet very small loads
and the power consumption during the on cycle is the same as when the chiller is operating at the minimum
part load ratio.

The performance curves for more than 160 chillers, including the default curves for reciprocating and cen-
trifugal chillers are provided in the EnergyPlus Reference Datasets (Chillers.idf), which can be obtained
when users download EnergyPlus. The performance curves were developed from information collected
over a 10-year period from 1991 to 2001 based on procedures described on ARI Standard 551/591.
According to the descriptions of the model (US DOE, 2024), EER (COP) values defined in AHRI 551/591
(ANSI/AHRI, 2023) are calculated at the various load capacity points (100%, 75%, 50% and 25% part-load
ratios) by using the Equations (3.3.2.5.1) to (3.3.2.5.5). This relationship seems to mean indirectly that the
performance curves (3.3.2.2) to (3.3.2.5.3) equivalently represent energy efficiency under various condi-
tions of chillers as the test method prescribed in AHRI 551/591 represents. However, AHRI 551/591
(ANSI/AHRI, 2023) does not provide a method for the curve fitting of the performance data provided using
its procedures. Therefore, the EnergyPlus should use a suitable method for the curve fitting in order to pro-
vide the coefficients of Equations 3.3.2.1 to 3.3.2.5.

When using EnergyPlus to verify building compliance with ASHRAE Standard 90.1 (ASHRAE, 2022) and
US building energy codes, specific rules apply. According to Appendix G of ASHRAE Standard 90.1
(ASHRAE, 2022), which outlines the performance rating method using simulation programs, these pro-
grams must meet certain requirements, such as the capability to model part-load performance curves for
mechanical equipment.

EnergyPlus uses text-based files to provide inputs and outputs. The input files provide information regard-
ing the envelope, occupation profiles, and the main parameters of lightning and air conditioning systems.
The calculation requires rated values and the coefficients of the correlation curves (two correlation curves
for full load performance and one for part load effect).

While EnergyPlus is a highly regarded simulation software in building energy analysis, it is not immune to
certain limitations and known issues. These issues can impact the accuracy of simulations and may require
workarounds or additional scrutiny by users. Here are some of the known issues associated with Ener-
gyPlus.

— Complexity and Learning Curve:
EnergyPlus has a steep learning curve, especially for users unfamiliar with the underlying principles of
building energy simulation or the software's input syntax. The software's complexity can be daunting for
beginners and may require significant time and effort to master.

— Limited Graphical Interface:
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EnergyPlus lacks a fully integrated graphical interface for model creation and result visualisation. While
third-party interfaces like OpenStudio and DesignBuilder offer graphical front ends, they may only cover
some aspects of EnergyPlus’s capabilities, leading to potential workflow inefficiencies.

— Validation and Calibration:
Despite the development team rigorously validating and testing EnergyPlus, discrepancies between
simulated and measured building performance have been reported. Calibration of simulation models to
match real-world data is essential but can be challenging because of uncertainties in input parameters,
model assumptions, and measurement errors.

— Simulation Speed and Resource Requirements:
EnergyPlus simulations can be computationally intensive, especially for large and complex building
models or simulations with high temporal resolution. Running simulations with detailed HVAC systems
or incorporating advanced features like Computational Fluid Dynamics can require significant computa-
tional resources and time.

— Modelling Assumptions and Simplifications:
EnergyPlus relies on various assumptions and simplifications to model complex physical processes
within buildings. While these simplifications are necessary for computational efficiency, they can intro-
duce uncertainties and inaccuracies, particularly in scenarios where the assumptions could be better
suited.
Modelling of equipment performance is often a basic polynomial curve fitting. Manufacturers usually pro-
vide tables and curves.

— Limited Weather Data Coverage:
EnergyPlus relies on weather data to simulate outdoor environmental conditions. While it provides ac-
cess to a wide range of weather files from different sources, gaps in coverage for specific locations or
periods may impact the accuracy of simulations conducted in those regions.

The potential areas of development for EnergyPlus are:

— Improved User Interface:
Enhancing the EnergyPlus user interface could improve accessibility and ease of use. This could in-
volve developing more intuitive graphical tools for model creation, result visualisation, and scenario
analysis, reducing the reliance on text-based input files and third-party interfaces.

— Integration with Building Information Modelling (BIM):
Integrating EnergyPlus with Building Information Modelling (BIM) software is a promising development
that can streamline the building design and simulation workflow.

— Expanded Library of Components and Systems:
Future developments in EnergyPlus may include an expanded library of building components, HVAC
systems, and renewable energy technologies to support more comprehensive energy simulations.

— Enhanced Performance and Scalability:
Future versions of EnergyPlus may focus on enhancing simulation performance and scalability.

— Integration with Machine Learning and Data Analytics:
EnergyPlus could integrate data-driven algorithms and offer personalised recommendations for energy-
efficient building design and operation based on historical performance data and real-time sensor in-
puts.

— Open Data and Collaboration Initiatives:
Future developments in EnergyPlus may include initiatives to promote open data sharing, model in-
teroperability, and collaborative research efforts. This could involve the establishment of standardised
formats for sharing simulation models and results and the development of online platforms for commu-
nity engagement and knowledge exchange.
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The NECB is a model code in the sense that it helps promote consistency among provincial and territorial
energy codes for buildings. Persons involved in the design or construction of a building should consult the
provincial or territorial jurisdiction concerned to determine which energy code applies.

The NECB (NCEB, 2020) succeeds in the 2017 edition (First edition was issued in 1997). The development
of the NECB 2020 has been supported by the National Research Council of Canada (NRC), Natural Re-
sources Canada, and other stakeholders. The NECB 2020 will help to improve the energy efficiency of new
buildings and reduce greenhouse gas emissions, contributing to long-term benefits for both Canada's econ-
omy and the environment.

The NECB comprises three divisions: Division A for compliance, objectives and functional statements, Divi-
sion B for acceptable solutions, and Division C for administrative provisions.
The objectives of the NECB are achieved by measures, such as those described in the acceptable solu-
tions in Division B, that are intended to allow the building or its elements to perform the eleven functions,
among which limitation of unnecessary energy consumption for heating and cooling (F95), for service water
heating (F96), etc.
Buildings shall comply with
a. the prescriptive or trade-off requirements stated for each portion of buildings (envelope, lighting,
HVAC, etc.),
the performance requirements stated in Part 8 of Division B, or
c. the tiered performance requirements stated in Part 10 of Division B (for buildings whose occupancy is
unknown).
According to the performance requirements (b) stated in Part 8, the annual energy consumption of the pro-
posed buildings (to be checked for their compliance with the code) shall not exceed the building energy tar-
get (annual energy consumption) of the reference building. Calculation methods for the annual energy con-
sumption of the proposed and reference buildings need to satisfy specifications described in Section
8.4.2.2 of Part 8.

The result is the annual energy consumption of the proposed building and the building energy target (an-
nual energy consumption) of the reference building.

In the annual energy consumption calculation for HVAC systems in the proposed building, part-load perfor-
mance curves of heat sources shall be consistent with the equipment detailed in the building specifications.
However, where part-load performance curves for the proposed building’s system are not available, the
performance curves provided in the NECB for the calculation for the building energy target of the reference
building shall be used.

In Section 8.4.5 Part-Load Performance Characteristics, the performance curves for boiler, furnace, direct-
expansion cooling equipment, electric chiller, cooling tower, electric air-source heat pump, absorption
chiller and fuel-fired service water heater are provided.

An example of the performance curve for electric air-source heat pump (Section 8.4.5.7) is overviewed in
the following:

Poperating = Pratea X EIR_LFPLR X EIR_FT X CAP_FTgs (3.3.3.1)

where:
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Poperating- €l€Ctric input in KW of the reference heat pump

P,.qreq: rated electric input in kW at AHRI test conditions

EIR_FPLR: electric input ratio adjustment to rated efficiency due to changes in heat pump load, which is de-
termined by Equation (3.3.3.2)

EIR_FT: electric input ratio adjustment to rated efficiency due to environmental variables, which is deter-
mined by Equation (3.3.3.3)

CAP_FTgys: heating capacity adjustment, which is determined by Equation (3.3.3.4)

The performance curves for parameters in Equation (3.3.3.1) are provided with coefficient values as fol-
lows:

EIR_FPLR = a + (b X PLR) + (¢ X PLR?) + (d x PLR®) (3.3.3.2)
Where:

PLR : part-load ratio based on available capacity (not rated capacity)

a = 0.0856522,

b =0.9388137,

¢ = —0.1834361,and

d = 0.1589702.

EIR_FT =a+ (b X todb) + (C X todbz) + (d X todbS) (3333)
Where:

t,qp - OUtdoor-air dry-bulb temperature in °F,

a = 2.4600298,

b = -0.0622539,
¢ = 0.0008800, and

d = —0.0000046.

CAP_FTgys = a+ (b X togy) + (¢ X toap®) + (d X toqpn®) (3.3.3.4)
Where:

toqp - OUtdoor-air dry-bulb temperature in °F,

a = 0.2536714,

b = 0.0104351,

¢ = 0.0001861, and

d = —0.0000015.

As already mentioned, in the annual energy consumption calculation for HYAC systems in the proposed
building, part-load performance curves of heat sources shall be consistent with the equipment detailed in
the building specifications. Depending on the performance curves and models, input data varies. If any
consistent performance curves are not available, the performance curves for the reference building are
used. In that case, for electric air-source heat pumps, as shown in the above-mentioned equations, 1) rated
electric input in kW at AHRI test conditions, 2) rated capacity at AHRI test conditions, 3) present load (heat
need) on heat pump, and 4) outdoor dry-bulb temperature are needed as input data.
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In Japan, implementing the method of primary energy calculation for residential and non-residential build-
ings for compliance checking under the Building Energy Conservation Standard (hereafter abbreviated as
‘BECS’) as a national law was initiated in April 2013.

Compliance with the BECS shall be mandatory for all kinds of new buildings after April 2025. It means no
new construction of any buildings shall be permitted without compliance with the BECS.

National calculation programs, which are called ‘Web-Program’ are available online (ECSC, 2024a, b), and
is maintained by the Ministry of Land, Infrastructure, Transportation and Tourism (MLIT) and organisations
including two national research institutes, National Institute for Land and Infrastructure Management and
Building Research Institute.

The energy calculation programs can calculate energy uses for space heating, space cooling, ventilation,
domestic hot water, lighting and elevators. They are being updated twice a year, but the calculation meth-
ods for heat pump systems for space heating and cooling and domestic hot water have not yet been
changed since 2013. In this review, energy calculation methods for 1) room air conditioners (hereafter ab-
breviated as ‘RAC’ or ‘RACs’) (3.3.4.3), 2) heat pump systems for HVAC of non-residential buildings
(3.3.4.4) and 3) heat pump water heaters called ‘EcoCute’ (3.3.4.5) shall be overviewed.

Room air conditioners (RACs) have become the most popular equipment for space heating, especially in
mild climate regions (major climatic condition) in Japan. It is partly because they fit the Japanese lifestyle to
air condition houses patrtially and intermittently. Therefore, reliable energy calculation methods, which can
compare energy efficiencies of different equipment, including floor heating systems with boilers, have been
crucial for the BECS.

The input data representing RACs’ characteristics are the rated COPs for heating and for cooling based on
the test standard, JIS C 9612 (JIS, 2013a). The input data representing thermal characteristics of the build-
ing envelope are overall heat loss coefficient and overall solar heat gain coefficient, which are calculated
from input data for dimensions and thermal characteristics of portions of the building envelope.

The energy calculation method for RACs was developed by referring to the results of field monitoring pro-
jects (BRI, 2013).

Figure 3.3.4-1 and Figure 3.3.4-2 are the results for a room air conditioner, which were obtained by experi-
ments in a laboratory without fixing the compressor speed or airflow rate. A series of experiments was car-
ried out for temperature conditions in Table 3.3.4-1 and for air conditioners of various rated capacities and
manufactures.
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Figure 3.3.4-2. Part load ratio and COP (EER) for a room air conditioner with the rated capacity 2.2 kW

Table 3.3.4-1. Experimental conditions (temperature and humidity)

Outdoor Indoor
i RYH. T. R.H
(°’C) (%) (°’C]) (%)
c-1] 25 40| 27 47
c-2 | 30 40| 27 47
Ic-3 | 35 40| 27 47)
T -3 87| 20 59
H-2 2 87| 20 59
|H-3 7 87] 20 59|
H-4 12 87] 20 59

Note C-3 and H-3 are the rated conditions in JIS B 8615-1 (JIS, 2013b)

Cooling

n

Heat

The following characteristics can be found for the room air conditioners:

e The maximum COP (EER) appears at approximately 50%-part-load-ratio to the maximum capacity,

e Below 50%-part-load-ratio, COP (EER) decreases rapidly due to increased ratio of fan power and de-
creased energy efficiency of compressors,

e Relative changes of COP (EER) under different outdoor temperature conditions vary according to ca-
pacities.
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e The results of COP (EER) measured in the experiments are lower than values in the catalogue, which
are measured according to JIS standard (JIS C 9612:2013 (JIS, 2013a)). It is partly due to lower airflow
rates in the experiments. On average, the measured COP (EER) was lower than the published values
by approximately 15%.

The following equations are applied in the calculation of COP at various conditions for part load ratio and
outdoor temperature. The function, f, (L) is determined by the test results for a representative room air con-
ditioner.

__COPgLyfo(ry)
cop; = fo(ro-Le)Ty

(3.3.4.1)

Where

— COP; : COP (EER) at any part load ratio, L, at outdoor temperature, 6

— COP, : COP (or EER) at the rated capacity multiplied by correction factor, 0.85

— L, : part load ratio, ratio of the capacity at the time to the rated capacity of the air conditioner

— fe(L) : ratio of the power consumption (W) for part load ratio, L at the time to the rated power consump-
tion (W) of the air conditioner

— 1, : ratio of the maximum capacity (Lsnq) to the rated capacity (Lg,) of the standard room air condi-
tioner, divided by the ratio of the maximum capacity (L,,,,) to the rated capacity (L,) of the room air
conditioner, of which energy use is being calculated as shown by the following equation.

Lsmax Limax
= =>max . max 3.3.4.2
Lsa Lq ( )

Ty
— 1, :ratio of the power consumption at the rated capacity at outdoor temperature, 6 to the power con-
sumption at the rated capacity at the standard outdoor temperature (cooling: 35°C, heating: 7 °C).

Figure 3.3.4-3 shows an example of average heating and cooling COP throughout seasons, based on the
heating and cooling energy calculation (Sawachi et al., 2010). In the calculation, a wooden detached house
of about 120 m? floor area with three different levels of envelope performance (insulation and solar shad-
ing) is assumed. The results shown in the figure are for the air conditioner in the living and dining room, of
which the floor area is about 30 m2 including the kitchen. The rated values of the air conditioner are shown
in Table 3.3.4-2.
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Figure 3.3.4-3. Examples of seasonal average COPs for heating and cooling for different climatic and
building envelope performance (‘lower’, ‘standard’ and ‘higher’)

Table 3.3.4-2. Specification of the room air conditioner, of which seasonal average COPs are calculated

Rated Rated heating | Maximum heating Rated Rated cooling | Maximum cooling
heating COP capacity capacity cooling COP capacity capacity
4.62 6.90 kW 9.33 kW 3.77 5.60 kW 5.82 kW

As mentioned above, the function, f,(L) is determined by using test results for a representative room air
conditioner, but there may be room air conditioners with better energy efficiency at low part load ratio. One
important issue is how the better characteristics at low partial load ratio should be certified. Before room air
conditioners, for variable refrigerant flow (VRF) systems, a test protocol to certify other characteristic func-
tions is under development as introduced in Section 1.3.4 ‘Load-based test to obtain the relationship be-
tween partial load ratio and energy efficiency of VRF systems by Better Living’ in this report.

On the side of improvement of energy efficiency of room air conditioners under low part load condition,
there are already some products, of which compressors have special mechanisms. There seems to be a
barrier for those products to be introduced more broadly into the market, because there is a lack of a stand-
ard, which can evaluate their superiority.

Residential heat pump water heaters have been produced since 2001 in the Japanese market, and their
accumulative number of sold units is 9.39 million units at the end of Fiscal Year 2023, according to the sta-
tistics by JRAIA (JRAIA, 2024).
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JIS C 9220, ‘Residential heat pump water heaters’ (JIS, 2018) is the product, testing and rating standard,
where annual energy efficiency e,.4 is defined. In the energy calculation method for BECS, as the firstly de-
veloped method, annual energy use is calculated by using a linear regression equation between e,.; and
the annual energy use for a four-member family. In the last stage of the calculation, the annual energy use
for DHW shall be adjusted taking the total floor area of the house and expected number of family member
into consideration.

When the regression equation was made, the 30-consecutive-day hot water usage pattern, which com-
prises the mixture of 6 daily patterns (three patterns for ‘weekday’/’holiday-to-stay’/’holiday-to-go-out’ for
each of two hot water daily usage volume ‘large’/’small’) was applied to test the amount of supplied hot wa-
ter and the power consumption for summer, medium season and winter.

The test with 30-consecutive-day hot water usage patter for three seasonal outdoor temperature conditions
is a very heavy task and has been performed only when the energy calculation method should be revised.
More importantly, the test shall be conducted not only for the control setting at the time of factory shipment
but also the second control setting, which heats hot water in the tank up to the second lowest temperature,
are used as the settings of the units to be tested.

The algorithm of the energy calculation is fully described in the published specification of the program
(BRI&NILIM, 2016a).

An example of energy calculation by using the Web-Program for residential buildings is shown in Figure
3.3.4-4. In this example, it is shown that the annual energy use by EcoCute with annual energy efficiency
e,q+q Of 3.5, according to JIS C 9220 (JIS, 2018) is 14,417 MJlyear, while standard energy use for this
house is 25,091 MJ/year.
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Step 1: ‘JIS Efficiency’ for the EcoCute product can be identified easily in its catalogue. The JIS Efficiency
is defined together with its test method in JIS C 9220: 2018 as an input data for the building energy
calculation program.

Step 2: Input the JIS Efficiency (3.5 in this example) in the screen of the building energy calculation
program (below).

@R TRLX—EERERET OS50 E IR Ver3.6.0 (2020.04)
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Step 3: After starting the calculation, energy use for domestic hot water (14,417 MJ/year in primary energy
basis in this example) can be obtained with energy uses for other purposes (below).
Calculated annual primary energy B crrv—Hstnnrassn ik B IR

uses for different uses including HRsEOAR o
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Figure 3.3.4-4. An example of energy calculation for an EcoCute (Step 1 to Step 3)

3.34.4.4 Known issues

The method introduced above is the initial method for energy calculation for EcoCutes and tends to make a
safe side estimation of energy use. A more detailed method has been developed and is already available
within the same Web-Program (BRI&NILIM, 2016a).

3.3.4.4.5 Foreseen developments
It is strongly recommended to develop testing standard(s) to certificate other characteristic curves for en-
ergy-efficient heat pump systems and other heat sources.
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Heat pump systems for HVAC systems in hon-residential buildings are grouped into categories, such as
air-source heat pumps, absorption chillers, variable refrigerant flow systems. The input data to represent
the energy performance of each heat pump system is the rated capacity, and the rated energy use for
space heating and cooling according to specified testing standards.

The heating and cooling needs calculation is done by a quasi-hourly calculation for each of the conditioned
rooms in non-residential buildings. The conditions of room usage (e.g., internal heat gain, outdoor air in-
take, occupancy density, etc.) are defined for 201 room categories according to 1ISO 18523-1 (1SO, 2016).
The energy use by heat and cold generators including heat pump systems is calculated by using the calcu-
lated heating and cooling needs, outdoor dry-bulb/wet-bulb temperature, part load ratio, supplied water
temperature, and characteristic curves for each type of heat and cold generator (Fuijii et al., 2009; BRI&NI-
LIM, 2016b). Operating hours of heat pumps are allocated to six ranges of outdoor temperature and eleven
ranges of part load ratio.

The characteristic curves for heat pump systems for cooling are exemplified in Figure 3.3.4-5.
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Figure 3.3.4-5. Examples of characteristic curves of heat pump systems for cooling

In the example shown in Figure 3.3.4-6, energy uses for HVAC systems in an office building are calculated.
Calculated energy uses for four types of HVAC systems (electric chiller, absorption chiller, electric VRF and
gas engine VRF) are shown in the Figure 3.3.4-6 (BRI, 2021).
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Figure 3.3.4-6 Energy calculation of HVAC in an office building (10,000m?, 7 stories, mild climate, Tokyo)

In Case 1, standard specifications are input in the program, while in other Cases more energy-efficient de-
signs are reflected, such as sizing of fans, pumps and heat sources has been carried out according to the
public design standard (MLITT, 2021). These examples demonstrated the importance of fulfilling the stand-
ardized sizing practice and the control of number of heat sources in operation, both of which contribute to
higher part load ratio.

3.3454 Known issues

The characteristic curves of heat generators including heat pumps have been used for energy calculation
programs, but their evidences are not necessarily clear, even though monitoring projects (BRI, 2016) had
been carried out to check their reliability as much as possible.

3.3.4.55 Foreseen developments
It is strongly recommended to develop testing standard(s) to certificate other characteristic curves for en-
ergy-efficient heat pump systems and other heat sources.

3.3.5 Italy UNI-TS 11300-4

3.3.5.1 Status

The energy performance calculation method for regulatory purpose is defined by the technical specification
UNI-TS 11300 (UNI, 2016), which is issued by CTI (which is the historical Italian association in charge of
standardization in the field of building comfort in Italy) and referenced by the regulation. The heat pump
module is included in part 4, which deals with special heat generation sub-systems (other than combustion
systems).
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In Italy, the energy performance of buildings is regulated since 1976. An energy performance calculation is
required for any application for a building permit since 1993. Since 2009 it is required also to issue EPCs
and for deep renovations.

The whole calculation procedure of the energy performance of the building is monthly. The calculation of
the heat pump is performed according to monthly bins. This is to check if the heat pump can cover the
whole load and, if not, to evaluate the share of the load which is covered by the integrated back-up heater
or of next generator in the priority sequence.

UNI-TS 11300 calculation method is used in the day-to-day workflow of designers and energy performance
assessors in Italy. For regulatory purpose, an approved software shall be used. There are currently about
20 energy performance software in Italy, which are available by commercial entities and approved by CTI.

The output data of the heat pump module of UNI TS 11300-4 (UNI, 2016) is:
the part of the required output that can be supplied by the heat pump;

the required driving energy;

the required auxiliary energy;

the amount of heat captured from the environment;

No recoverable losses are considered.

The results of the monthly bin calculations are aggregated into monthly values.

The calculation method is like path A of EN 15316-4-2 (CEN, 2017c).

The capacity and COP at full load of the heat pump (®100% and COP100%) shall be declared by the manufac-
turer at a set of predefined values of source and sink temperatures (Bsrcyrefj and Bsnkret,i) Which create a “grid”
of reference values. The reference values for source and sink temperature are the usual ones already de-
fined in EN 14511 (BSI, 2018). Table 3.3.5-1 shows the predefined source and sink temperature depending
on source and sink type.

Table 3.3.5-1. Reference source and sink temperatures for UNI-TS 11300-4 (UNI, 2016), heating mode.

Reference sink temperatures, Bsnk:ref,i
Reference source

Type of source

temperatures BOsrc;ref; i
p sr;ref, Air Water Domestic hot
water
External air -7 2 7 12
Surface water
and ground water 5 10 | 15 20 35 45 55 45 55
Ground heat exchanger -5 0 5 10

Domestic hot water

. 7 15 | 20 | 35 Not applicable 45 55
heaters, air source only

The full load capacity for the actual source and sink temperature (8src and Bsnk respectively) ®1009%(Osrc; Bsnk)
is calculated by linear interpolation between the nearest points.

The part load LR is calculated as the ratio of the required capacity to the full load capacity at the same
source and sink temperature:

QH; en;out;re
LR = g q
(DIOO%(esrc; Osnk) “tein

(3.3.5.1)
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where:
— Qngenoutreq iS the required heat output for heating in the calculation interval (temperature bin);

— tein is the available time for space heating operation during the calculation interval (this is less than the
entire calculation interval if the heat pump must provide other services, too).

The full load COP for the actual source and sink temperature COP100% (Bsrc; Bsnk) is calculated by linear in-

terpolation (or extrapolation) of the exergetic efficiency from the values at the nearest available reference

points. The extrapolation according to source and/or sink temperature is limited to 5 °C. Example: if perfor-

mance data are declared for leaving water temperature of 35 and 45 °C, the calculation can be performed

only in the range 30 to 50 °C (interpolation between 35 and 45 °C plus 5°C extrapolation on both sides).

A correction factor is then applied to the full load COP to consider the effect of part-load operation.

COoP = COPlOO%(esrc: esnk) ' fcorr;COP(LR) (3352)

There are several options to establish the correction function fcorrrcor(LR) depending on the type of heat

pump and on the availability of product data:

— acalculation based on a set of declared values of COP at full load and part load with the same sink and
source temperatures, which was intended to leverage the use of data according to EN 14825;

— default correction functions;

— a correction function declared by the manufacturer;

— arecently proposed method based on the estimation of the change in evaporation and condensation
temperature due to part load operation and constant exergetic efficiency.

The basic assumption is that the function fecorr,cor(LR) does not depend on source and sink temperatures.

The default correction functions feor;cop(LR) in use with UNI-TS 11300-4 (UNI, 2016) are given in Figure

3.3.5-1.

Default COP correction factors
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Figure 3.3.5-1. Default values of feor:cor(LR) for UNI-TS 11300-4 (UNI, 2016)

The required leaving water temperature (sink temperature) for hydronic systems is calculated explicitly for

each month in other parts of UNI-TS 11300-4 (UNI, 2016) and then interpolated to get the conditions in

each bin. The following influence factors are considered:

— the actual size of the heat emitters (nominal power at a given average water temperature);

— the required heat emission in the calculation interval;

— the type of hydraulic circuit (e.g. direct, mixed, by-pass);

— the type of heat emission control (e.g. constant versus variable flow rate, constant versus variable flow
temperature);

— the type of hydraulic connection of the generator (e.g. direct connection versus hydraulic decoupling).

Little information is provided for other sources than air (e.g. ground coupled loops, groundwater, surface

water). This information shall be provided by the assessor, depending on the system’s design.

129/182



The minimum required input data is a full load performance map (capacity and COP), according to EN
14511 for the set of reference source and sink temperatures.
Optionally, the manufacturer may supply suitable information to determine the function fcor.cor(LR).

UNI-TS 11300-4 (UNI, 2016) was developed having in mind water-based heating systems. Thus, this cal-
culation method is not suitable for air-to-air heat pumps, whose efficiency is strongly linked to part load op-
eration.

An attempt has been made to extract the information of the impact of part load on COP using data declared
according to EN 14825 (BSI, 2022). The result was not satisfactory because data about the test conditions
of EN 14825 (BSI, 2022) also incorporate the effect of changing both source and sink temperature, making
it very difficult to isolate the effect of part-load only. Also, the connection with domestic hot water heaters
product data is not clear.

Italian experts are contributing to the development of EN 15316-4-2 (CEN, 2017c), in the view of referenc-
ing it in the future major revision of the UNI-TS 11300-4 (UNI, 2016) calculation method. The next major
revision is expected to include the switch from monthly to hourly calculation intervals. Some years are still
needed before the hourly procedure for the whole building is established and tested.

The Standard Assessment Procedure (SAP) is the mandatory calculation method in force in the United
Kingdom for the assessment of energy performance of residential buildings for regulatory purpose. It is
therefore used in the day-to-day workflow of energy performance assessors.

SAP was developed by the Building Research Establishment (BRE) for the former Department of the Envi-
ronment and was based on the BRE Domestic Energy Model (BREDEM). SAP was first published in 1993.
It has been regularly updated and the current version 10.2 was published in 2022.

SAP procedure covers the entire calculation of the energy performance of a building. It covers heating,
cooling, ventilation, domestic hot water and lighting services. The calculation interval is monthly. The over-
all calculation is guided by a worksheet which is presented in annex U of SAP 10.2. Intermediate results for
each calculation module shall be filled in into this worksheet.

Heat pumps, as well as other emerging technologies, were included at a later stage. The details about the
heat pumps calculation method are presented in appendix N of SAP 10.2.

The heat pump module provides a seasonal efficiency which is fed into the building energy performance
calculation worksheet.

The seasonal efficiency of any heat pump introduced on the UK market shall be pre-calculated for a num-
ber of installation options and for a set of values of the so called “Plant Size Ratio” (PSR) (BRE, 2022).
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The PSR is the ratio:

— of the nominal maximum output of the heat pump,

— to the design heat loss of the building.

The PSR is an indicator of the sizing of the heat pump relative to the space heating needs. The considered
values are in the range from 0,2 (undersized heat pump) to 2,0 (highly oversized heat pump).

The installation and control options include:

— the type of heat pump (air source, water source, exhaust air source),

— the emitter temperature category (35 to 70°C and warm air),

— the services provided (space heating, domestic hot water preparation and combinations thereof).

For each heat pump, identified by brand name, model name and model qualifier, the seasonal efficiency
(SPF, seasonal performance factor) is calculated using an hourly method (not described in SAP 10.2) for
each desired combination of PSR and installation and control option. The resulting SPF is stored in the offi-
cial Product Characteristics Data-Base (PCDB). An example of such data is given in Table 3.3.6-1. (PCDB,
2024).

Table 3.3.6-1. Data found in the PCDB for a sample heat pump.

PSR (Plant Size Ratio) 0,2 0,5 0,8 1,0 1,2 15 2,0

Floor heating

Heating SPF 3,855 3,926 4,173 4,217 4,241 4,191 4,108
Running hours 4925 2716 1770 1447 1231 1016 800

Radiators

Heating SPF 3.502 3.413 3.607 3.665 3.698 3.657 3.585
Running hours 4699 2516 1643 1345 1146 947 749

Convectors

Heating SPF 3.930 3.89 4.133 4.186 4.215 4.166 4.081
Running hours 4776 2577 1682 1376 1172 968 764

For a specific calculation, the seasonal efficiency SPF found in the PCDB is interpolated linearly according
to the PSR of the specific building.

The technical documents declare compliance of the underlying hourly calculation procedure with EN
15316-4-2:2017, path B (CEN, 2017c).

The pre-calculated efficiencies are stored in the Product Characteristics Data Base (PCDB, 2024a) for use
by the assessors. This approach simplifies a lot of the tasks of the assessor and guarantees the availability
of suitable product data for the calculation method.

Little input data is required: qualitative information and then model and make of the heat pump are enough
to find the efficiency as a function of the PSR in Product Characteristics Data Base (SAP, 2017; SAP,
2024a; SAP, 2024b; PCDB, 2024b).

The pre-calculated values make the calculation simple for the assessor. The downside is that the method
relies on extensive assumptions (e.g. load and operation profiles) and there are few rough options to adapt
the calculation to the specific case. The result is little sensitivity to the specific conditions of the evaluated
building.
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The calculation of heating and domestic hot water needs is monthly, but a unique seasonal efficiency is
used for heat pumps. The change of COP during the heating season is not considered.

The UK government is developing a new method to increase the accuracy and robustness of the energy
performance calculation of buildings: the so-called Home Energy Model (DESNZ, 2023a).

The Home Energy Model is still under development and its first version will be implemented alongside the
Future Homes Standard in 2025. The heat pump module is based on EN 15316-4-2:2017 (CEN, 2017c),
path B.

The Home Energy Model documentation can be found in (DESNZ, 2023a) and the specific document about
heat pumps can be found in (DESNZ, 2023b).

DIN V 18599 is the German standard for the calculation of primary and final energy demand (use) for heat-
ing, cooling, ventilation, domestic hot water and lighting in buildings. The development of the standard com-
menced in 2002 by the committee formed by the German Federal Ministry of Transport, Building and Urban
Affairs in response to European Directive 2002/91/EC on the energy performance of buildings (EPBD). The
first version of DIN V 18599 was published in 2005.

Calculation of energy demand (use) for heat generators for space heating differs greatly from that for space
cooling. Because of the space limitation in this report, only the calculation method for space heating by
heat pumps is introduced here.

The relevant calculation method for energy use for space heating is described in 6.5.3 (motor-driven heat
pumps) of DIN V 18599-5 (DIN, 2016a). The calculation method for space cooling is described 7.1.3 (chill-
ers) in DIN V 18599-7 (DIN, 2016b).

As for the motor-driven heat pumps, the following factors are considered:

— Type of heat pumps (air-water, brine-water, water-water, direct condensation, etc.);

— System configuration (priority switching of domestic hot water heating before space heating, combined
operation with simultaneous domestic hot water and room heating);

— Operation in bivalent operation combined with boilers depending on outdoor temperature;

— Running time for space heating, domestic hot water heating and combined operation;

— Effects of variation of source and sink temperature on the capacity and COP;

— Effects of part-load operation of single-stage, multi-stage and continuously controlled heat pumps on the
COP;

— Required auxiliary power for operation of the heat pump, which is not considered in test conditions (ex-
ternal auxiliaries);

— System losses due to built-in storage.

Heating energy demand for heat pumps is calculated following DIN V 18599-5 (DIN, 2016a), while energy
demand for cooling is calculated following DIN V 18599-7 (DIN, 2016b) differently.

The basic procedure for calculating the energy demand for heating is divided into the following steps:

— Evaluation of source temperature (determination of outdoor temperature classes and their heating
degree hours);
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— Reduction of the heat output by the heat pump;

— Allocation of the heat output to the temperature classes;

— Correction of the source (e.g. outdoor temperature) and sink (e.g. room temperature) temperatures
for adjusting test results of the heat pump;

— Consideration of the partial load behaviour of the heat pump;

— Calculation of running times;

— Calculation of the actual heat output, auxiliary energy use and total energy demand.

Necessary heat pump monthly heat outputs (Qn, outg) are divided into temperature class i, which are defined
as shown in Table 3.3.7-1, commonly used for all areas in Germany, by using the following equation:

DHTk im
Qn.outgi = Qnoutg * (M - k) (3.3.7.1)

HDH¢mth

Where

— Qnoui is necessary heat pump heat output for the temperature class i in the month mth,
DHrx,imth is the degree hours of the temperature class i in the month mth,

— HDH:imt is the total degree hours of all temperature classes in the month mth and

k is the coverage of the second heat generator for bivalent operation.

Table 3.3.7-1. Default values for the monthly hours and the degree hours in the individual temperature
classes, which are divided into the test points according to EN 14511-2 (BSI, 2018).

temperature W-7 W2 w7 W20

class

Checkpoint, °C -7 -2 7 20 Monthly sum
BIN tempera- -15t0 -3 -2to4 5t0 152 152to 32

ture limits, °C

month monthly hourly rate in h / degree hours in Kh

January 156/4,103 392/7,705 196/2,335 0/0 744/14,143
February 90/2,208 436/8,239 140/1,724 6/0 672/12,171
March 41/975 337/6,172 349/4,219 17/0 744/11,366
April 4/83 142/2,527 463/4,920 111/0 720/7,530
May 0 13/224 425/3,920 306/0 744/4,144
June 0 0 301/2,470 419/0 720/2,470
July 0 0 131/921 613/0 744/921
August 0 0 146/986 598/0 744/986
September 0 0 411/3,584 309/0 720/3,584
October 0 93/1,692 597/5,955 54/0 744/7,647
November 34/824 317/6,032 369/4,606 0/0 720/11,462
December 154/3,793 424/8,171 166/2,231 0/0 744/14,195
Year 479/11,986 2,154/40,762 | 3,694/37,871 2,433/0 8,760/90,619
a The temperature BIN 15 °C is split in half.

By using heat pump test results, the maximum heat output, the power consumption and the coefficient of
performance of the heat pump under the checkpoint temperatures in the second line of the above table are
calculated through interpolation. If such test results are not available, default values given in Appendix C of
DIN Vv 18599-5 (DIN, 2016a) can be used.

In the next step, the load factor of temperature class i in each month (FC) is calculated as the ratio of
Qn,outg,i to the maximum heat output of the heat pump, and the partial load factor (frint) for each range of FC
is determined by referring to the tables also given in Appendix C (Correction factors and performance fig-
ures). For electrically driven air-air heat pumps, the following table is used to determine the partial load
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factor (frin). The default values for COP at outdoor temperature ranges are also provided, such as in Table
3.3.7-2 and 3.3.7-3 for VRF systems.

Finally, the coefficient of performance (COPprinti) under the load factor (FC) and the temperature class i is
calculated using the following equation, and the heat pump energy use (Qn,) is also calculated.

(3.3.7.2)
(3.3.7.3)

COPPint,i = fPint X COPhpyesourcermax

Qh — Zr-ldass Qh,outg,i
S =1 COPpint,i

where,

— COPnp,0source.max is the coefficient of performance at maximum heat output of the heat pump under the
source temperature (checkpoint temperature representing each temperature class);

— Ndiass IS 4, the number of temperature classes.

Table 3.3.7-2. Correction factor for partial load operation (frint) for electrically driven outside air-room air
heat pumps with direct condensation

svstem Load factor FC %

Y 10 20 30 40 50 60 70 80 90 | 100
Compact devices (window or wall) 0.39| 0.6 | 0.7 |0.75|0.78 | 0.82 | 0.85|0.88 093 | 1.0
:ﬁ:;{i)sysmms (also simultaneous 0.4 | 065|075 |0.78|081|085| 0.9 | 092|095 | 1.0
Multi-split systems 054 1085|094 |1098|102|1.02| 1.0 | 1.0 | 0.99 | 0.98
VRF systems (variable refrigerant | o o5 | 4 07 | 115 | 1.15 | 1.17 | 1.15 | 1.10 | 1.07 | 1.01 | 0.98
mass flow)

Table 3.3.7-3. Default COP values for each outdoor temperature range for products
Outside temperature (in- Constantly performance-regulated
let source temperature) -7°C 2°C 7°C 10°C
w-7 w2 w7 w10

COP from 2003 3.0 3.3 3.5 3.7
COP from 1998 to 2002 2.7 2.9 3.0 3.3
COP before 1998 2.5 2.9 3.1 3.2
Utilization 100% 0.81 0.96 1.00 1.00

In France, the supporting calculation method for regulatory purpose is developed by the “Centre Scien-

tifique et technique du Batiment” (CSTB) and adopted as a French regulation. The version currently in force
is the “RE 2020”, which was published in the Official Journal of the French Government on the 15" of Au-
gust 20217.

7 Arrété du 4 aodt 2021 relatif aux exigences de performance énergétique et environnementale des
constructions de batiments en France métropolitaine et portant approbation de la méthode de calcul prévue
a l'article R. 172-6 du code de la construction et de I'habitation — 15th of August 2021 - Journal officiel de la
République Francaise
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In France, the energy performance of buildings is regulated since 1974. An energy performance calculation
is required for any application for a building permit, to issue EPCs and for deep renovations.

The text of RE2020 is written like an analysis of a calculation software because CSTB is also in charge of
providing and maintaining a software kernel for the calculation of energy performance of buildings accord-
ing to RE 2020. Software houses providing professional software to practitioners must incorporate the offi-
cial kernel into their software (they develop only the user interface) and submit their software to a validation
test.

RE 2020 applies similar (and sometimes identical) concepts and methods, but it is not directly linked to na-
tional and international technical standards (AFNOR, EN and 1SO standards).

RE 2020 covers the whole building energy performance calculation for space heating, space cooling, do-
mestic hot water preparation, ventilation, lighting, and people transport (elevators and travelators). The cal-
culation interval is hourly. Section 8.23 of RE 2020 is dedicated to “thermodynamic generators for heating
and cooling”, that is heat pumps and chillers.

RE 2020 also covers the assessment of the building environmental performance over its whole life cycle.

The module for heat pumps provides the usual results for each calculation interval:
— the part of the required heat output that can be supplied by the heat pump;

— the required driving energy, per energy carrier;

— the required auxiliary energy;

— the amount of heat captured from the environment;

— the efficiency and load factor;

No recoverable losses are considered.

RE2020 covers also extensively the calculation of the temperature of the following sources (or sinks for
cooling):

— external air;

— extracted air;

— indoor air of an unheated space (for domestic hot water preparation only);

— ground water;

— brine;

— water loop (a common loop to act as source and/or sink of multiple heat pumps);

— ground heat exchanger with direct expansion (heating and domestic hot water only).
The method considers a total of:

— 9 combinations of source and sinks for heating,

— 7 combinations of source and sinks for cooling,

— 6 possible sources for domestic hot water heaters.
The method is the same as path A of EN 15316-4-2:2017 (CEN, 2017c) and it is applied for both heating
and cooling. The calculation of the COP or EER is performed in two basic steps:

— calculate the COP or EER at full load, with the same source and sink temperature;

— correct the full load COP or EER according to part load LR.
The full load performance map of the heat pump (both capacity and COPLr100 or EERLr100 at full load) may
be generated from a single value at full load and a given source and sink temperature (the “pivot” value).
All other values in the grid are calculated by applying default multiplying factors that depend on the heat
pump type. Optionally, the manufacturer can declare additional pivot values.
The pivot value provided by the manufacturer is evaluated according to the following criteria:

— itis taken as is, if the value is “certified” by an accredited organism;
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— itis reduced by 10%, if the value is “justified”, that is “measured” by an accredited organism;

— itis reduced by 20%, if the value is simply declared by the manufacturer;

— otherwise, a default value is provided, depending on the technology.
Figure 3.3.8-1 shows an example of filled in values of full load COPLr100 for an AW heat pump with a certi-
fied pivot value of COP=4,2 at air 7°C and water 35 °C (A7W35). Since it is certified, the starting value is
4,20. Then:

— values in the next columns are obtained by multiplying the COP by factors fcop;src;

— values in the next rows are obtained by multiplying the COP by factors fcop;sn.

iV 280 ; , Pl o, W35 to W45

55 | Y113 Vv 141 iV 225 v 282 | 352Y i | 080 W45t Wss
65 ! ’ i1 0,80 W55 to W65
"""" f0800625080125
COLSE P ATIOALS | A210AT7 | ATto A2 AT to A20

Figure 3.3.8-1. Sample COP calculation table for an air to water heat pump

The COP at A-7W45 is given by: 4.40 (pivot value) x 0.80 (A7 to A2) x 0.625 (A2 to A-7) x 0.80 (W35 to
W45) = 1.76

The correction of the COP or EER for part load to get COP or EER at actual load is performed with the
method at constant auxiliary power of EN 15316-4-2:2017 (CEN, 2017c) and considering a multiplication
factor of COP at minimum load. The default values are:

— fraction of auxiliary energy: 2%;
— minimum continuous operating load: 40% of full load (turndown ratio = 2.5);
— default increase of COP a minimum continuous load: 0%.

The manufacturer can provide certified, justified or declared values to replace the default values.
Dedicated calculation procedures are provided to calculate the heat capture and/or rejection temperature.

The method can be used with the default values only. Input values can also be declared by the manufac-
turer but they are derated according to the supporting evidence (certified, justified and declared values).
The possible input data are:

— full load performance grid (COP and capacity) for the relevant source and sink temperature;

— fraction of auxiliary energy;

— minimum continuous operating load;

— increase of COP at minimum load.

The derating of data according to the level of supporting documentation is introducing a bias in the calcula-
tion. Like all other methods based on full load data and then correction according to part load, the method
is not suitable for air-to-air heat pumps.
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French experts from CSTB are actively participating in the development of EN 15316-4-2 (CEN, 2017c).
This should ensure alignment between the French method and EN standards.

SBEM is a computer program that provides an analysis of a building’s energy use (UK, 2015). It was devel-
oped for the UK National Calculation Method (NCM), which is defined by the Department of Communities
and Local Government (DCLG) in consultation with the Devolved Administrations (DAs-England, Wales,
Scotland and Northern Ireland). The procedure for demonstrating compliance with the Building Regulations
for buildings other than dwellings involves calculating the annual energy use for a proposed building and
comparing it with the energy use of a “notional building”. The “notional building” (or “reference building”) is
a building having the same size, location, orientation and operating conditions of the actual evaluated build-
ing and predefined energy efficiency properties like e.g. building envelope transmittance, HVAC system
efficiency. The calculated energy performance of the notional building is assumed to be the regulatory re-
quirement for the actual building under evaluation.

The NCM allows the calculation either by an approved simulation software or by a simplified tool based on
CEN standards. The simplified tool, SBEM — Simplified Building Energy Method, was developed for DCLG
by BRE.

The Building Regulations compliance calculation generally compares the total energy use of the building
and its systems (in kWh/m?2/year), expressed as carbon dioxide emissions of the building being evaluated
(its “Building Emission Rate” or BER) with a target value (“Target Emission Rate” or TER) derived from sim-
ilar calculations for a “notional building” (where both emission values are in kgCO2.m?/year).

The purpose of SBEM and its basic user interface iISBEM is to produce consistent and reliable evaluations
of energy use in non-residential buildings for Building Regulation Compliance and also for Building Energy
Performance Certification. In introductions of relevant documents, the following caution is described:
“SBEM is a compliance procedure and not a design tool. If the performance of a particular feature is critical
to the design, even if it can be represented in SBEM, it is prudent to use the most appropriate modelling
tool for design purposes. In any case, SBEM should not be used for system sizing.” (p.11 in User Guide
iISBEM (1) Basics — UK, 20 November 2015)

“The need is to ensure that comparisons with the notional and other buildings are made on a standardized,
consistent basis. For this reason, the energy and CO» emission calculations should not be regarded as pre-
dictions for the building in actual use.” (p.20 in A Technical Manual for SBEM, UK volume, 20 November
2015)

For the calculation of heating and cooling demand (load), a monthly calculation under ISO 52016-1 “Energy
performance of buildings — Energy needs for heating and cooling, internal temperatures and sensible and
latent heat loads — Part 1: Calculation procedures” is conducted.

Heating energy consumption is determined on a monthly basis for each HVAC system defined in the build-
ing4. Having calculated the energy demand (load) for heating in each zone of the building (Qnh,yr) as de-
scribed above, the heating energy demand (load) for the HVAC system is the sum of the demands of all the
zones serviced by that HVAC system (Ha in the following equation). The heating energy consumption for
the HVAC system (He) is then calculated as follows:
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o o= Hy (3.3.9.1)
e~ ScopP

where SCOP is the Seasonal System Coefficient of Performance of the heating system, which is the ratio
of the total heating need in zone(s) serviced by the HVAC system to the energy input into the heat genera-
tor(s). The SCoP includes generator (e.g., heat pump) efficiency, heat losses in pipework and ductwork,
and duct leakage, but does not take account of energy use for fans and pumps (but does include the pro-
portion of that energy which reappears as heat within the system).The building heating energy use will be
the addition of the heating energy use of all the HVAC systems included in the building.

The SCOP is measured under the procedures in BS EN 14825:2013 Air conditioners, liquid chilling pack-
ages and heat pumps with electrically driven compressors for space heating and cooling. Testing and rat-
ing at part load conditions and calculation of seasonal performance. As of 2013, European Commission
Regulation No 206/2012 sets standards only for SCOP of electrically-driven air-to-air heat pumps with an
output =< 12 kW. There was no European test standards for part-load testing of air-to-air heat pumps with
an output > 12 kW or for other types of heat pumps, and so the performance of these must be specified us-
ing COP obtained at the heating system rating conditions.

Cooling energy consumption is also determined on a monthly basis for each HVAC system defined in the
building. Having calculated the energy need (load) for cooling in each zone of the building (Qncyr.z) as de-
scribed above (according to ISO 52016-1), the cooling energy demand for the HVAC system is the sum of
the demands of all the zones serviced by that HVAC system (Ca in the following equation). The cooling en-
ergy consumption for the HVAC system (Ce) is then calculated as follows:

. = Cq (3.3.9.2)
¢ SEER

where SSEER is the Seasonal System Energy Efficiency Ratio of the cooling system, which is the ratio of
the total heating need in zone(s) serviced by the HVAC system divided by the energy input into the cold
generator(s) of the system. The SSEER takes account of the efficiency of the cold generator(s), heat gains
to pipework and ductwork, and duct leakage, but does not consider energy consumption for fans and
pumps. The building cooling energy consumption will be the addition of the cooling energy use of all the
HVAC systems included in the building.

The value of SEER to be used in the SBEM tool can be calculated in several ways, according to the availa-
bility of information and the application (CEN, 2017e). In general, where an industry approved test proce-
dure for obtaining performance measurements of cooling units at partial load conditions exists, and the
cooling load profile of the proposed building is known, the SEER of the cooling unit is given by:

SEER = a(EER1q0y) + b(EER;50,) + c(EERsgs;) + d(EER,s0,) (3.3.9.3)

where EERy is the EER measured at the load conditions of 100%, 75%, 50% and 25% at the operating
conditions detailed under the part load energy efficiency ratio in Table 3.3.9-1.

Table 3.3.9-1. Operating conditions of cooling system for part load conditions

Percentage part load 25% 50% 75% 100%
Amb.|ent air temperature (°C) 20 o5 30 35
for air-cooled chillers
Entering cooling water temper-
ature (°C) for water-cooled 18 22 26 30
chillers
Note: Chilled water temperatures are assumed at 7 °C out 12 °C in (at 100% load). For air cooled chillers, the rele-

vant temperature is the outdoor temperature. For water cooled chillers, the relevant temperature is the inlet
temperature of the cooling water (not the chilled water), which is assumed to be lower than air temperature
because it is assumed that a cooling tower is used.
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For cooling units that have no part load data, the SEER is the full load EER.

For applications where the load profile under which the cooling plant operates is not known but there is
some data on chiller part load EER:

For chillers where the full and half load (50%) EERs are known, the 100% and 50% are equally weighted.
For chillers with four points of part load EER, the SEER is calculated using Equation (3.3.9.3) with each
EER weighted equally, i.e., a, b, ¢ and d each equal to 0.25.

For applications in general office-type accommodation, the following weighting factors can be taken as rep-
resentative of the load profile:

a=0.03, b=0.33, ¢=0.41 and d=0.23

The first evidence is the wide variety of calculation methods for the energy performance of heat pumps that
have been developed independently in several countries. These methods are mostly used for regulatory
purpose, as part of the energy performance calculation of the entire buildings, starting from the building en-
velope properties and providing the weighted energy use as primary energy and/or carbon emissions to
provide comfort services (space heating and cooling, domestic hot water preparation, etc.).

None of the methods appears to be prominent: all have some to several shortcomings.

Several causes explain the current situation.

The activity of professionals involved in the installation, operation, maintenance, and renovation are mostly
local as well as the building environment regulations that can be national, often regional and sometimes
local to large municipalities. Products are distributed worldwide, whereas buildings stay where they are
erected and the in-use energy performance of a heat pump is used as part of the characterisation of the
building as a whole. This leads naturally to local developments about the in-use energy performance calcu-
lation.

Historically there has been a first interest on the performance of the building envelope. Heating and cooling
needs calculation had the time to be standardised internationally and EN 1SO 52016-1 (CEN, 2017a) (the
new name of EN ISO 13790) is routinely used in several countries.

The standardisation on heating systems efficiency calculation started later and the massive use of heat
pumps for heating is a recent development. Mechanical systems are very various and heat pumps are
available and used in a wide range of different types that require different parameters for their characterisa-
tion. An additional complexity is the extreme sensitivity of the heat pump to operating conditions: an accu-
rate and reliable calculation method of the in-use efficiency of a heat pump in a specific building with spe-
cific operating conditions must consider several parameters.

The result are substantial differences among the calculation methods related to the following aspects,
which can be used as a basis for a classification:

— Calculation interval: this can be seasonal, monthly, hourly or based on temperature bins.
— Services considered: space heating, space cooling, domestic hot water preparation.
— Supported heat pump types, which are a combination of:

— type of heat capture and/or heat rejection and related equipment: external air, exhaust air, ground
heat exchanger, groundwater, surface water, cooling tower, solar assisted direct expansion, and
more;

— type of connection on the internal side of the building: indoor air (direct expansion or compression),
technical water (i.e. non-domestic, just heat transfer fluid), domestic hot water;

— type of heat pumping technology: vapor compression cycle (electric motor or combustion engine
driven), absorption;
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— special devices such as heat recovery (de-superheater), simultaneous heating and cooling (VRV,
VRF and 4 pipes heat pumps), by-pass for free cooling.
— influence parameters considered (source temperature, sink temperature, volume of water in the installa-
tion, flow temperature control, etc.);
— basic modelling concept (independent influence of parameters (or operating conditions parameters),
)
— connection with product data (fit for use of existing standardised product data).
— additional modelling criteria and energy performance concerns:
— control options considered (type of capacity modulation, turndown ratio, etc.),
— external auxiliaries calculation,
— auxiliary calculation methods for heat capture and/or rejection devices,
— calculation of back-up heater and checking the available capacity,
— handling priorities between services,
— any dynamic feature.
Table 3.4-1 summarises some features of the reviewed methods.
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Table 3.4-1. Comparison of calculation methods

Coverage (*) Calc.  Basic modeling Product
Method ) . | d Notes
Services =~ HP type Tech. Other  Intérva concept ata
EN AW, WW, EN 14511
15316-4-2 H’ w AA E’ A - M’ H’ B A’ B EN 14825 On-gomg revision.
EN AW WW EN 14511 Path A related to EN 14511 data,
' ' path B related to EN 14825 data.
16798-13 C AA E, A FC, M M, H, B A, B EN 14825
NECB H
BECS
Monthly bins
UNITS H, W AW, WW E,A C - B A EN 14511 Y .
11300-4 UNI-TS 11300-3 for cooling
PDB Precalculated seasonal COP based
SAP 10.2 H W AV\\//VVCA E, A - S (H) B on hourly calculation
EN 14825 PDB = official Product Data Base
SBEM
DIN AW, WW,
V 18599 H W, C AA E,A M C EN 14511
RE 2020 H W, C AWAXVW’ E,A Exh H A EN 14511
Energyplu  H, W, C Any Any H A Requires n_"nodelmg skills and effi-
ciency curves.
Key
Services: H = heating C = cooling W = domestic hot water
HP type: A =air W = water/brine G = ground heat exchanger
Technology: E = electric compression. A = absorption C = combustion engine
Other FC = free cooling C = cascade Exh = Exhaust air heat pump
Interval: S = seasonal H = hourly B = Bin M = Monthly
Influence

Basic modeling A = Based on full load data and correction for part load B = Based on part load data processing C = Based on weighted average of
test results

(*) Main intended and/or suitable coverage.
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A critical issue is the connection between product data and related testing procedures and the energy
performance calculation methods. The strong and non-linear sensitivity of the heat pump performance
to several parameters makes it difficult to provide enough information to identify the full performance
map of a heat pump with only a few testing points. The current calculation methods make strong as-
sumptions to simplify the required input data or to adapt to available data. This inherently limits the
reliability of calculation methods to the validity interval of the underlying assumptions, which can be
quite small.

To avoid or overcome this issue:

— the definition of the “heat pump” and of its product data, that is the properties that characterise the
heat pump;

— the product testing method, that is the method to evaluate the defined heat pump properties;

— the product rating method, that is the determination of a single figure that allows to evaluate a heat
pump and compare it against regulatory limits and other products;

— and the energy performance calculation method, that is the determination of the efficiency of the
heat pump in a specific use and operating condition, should be developed simultaneously and with
a strong coordination between developers of the respective standards. This is also necessary to
achieve a good balance between:

— testing effort on one side;

— and product qualification and energy performance prediction accuracy on the other side.

Coordination of the above-mentioned standardisation aspects of heat pumps was very limited so far
and happened mostly about product data and product qualification. An example of this approach is
EN 14825 (BSI, 2022) that defines both the calculation method to rate a heat pump and the required
testing points.

The required data for product rating and for in-use energy performance calculation may be quite dif-
ferent:

— product rating means calculating the efficiency of all models of heat pumps in the same repre-
sentative operating conditions;

— in use energy performance calculation means calculating the efficiency of a specific heat pump in
any specific operating conditions (event the wrong ones to evaluate savings deriving from e.g. cor-
rect operation and sizing).

Due to lack of coordination with test methods development, developers of calculation methods of the
in-use energy performance of heat pumps had to rely just on the available product data. As an exam-
ple, EN 15316-4-2 (CEN, 2017c) includes two main calculation paths precisely to adapt to the availa-
ble datasets according to EN 14511 (BSI, 2018) and EN 14825 (BSI, 2022). Physical and engineering
assumptions are often used to cover a wide range of application cases. In some cases, developers of
energy performance calculation methods apparently did not even try to adapt: EnergyPlus seems to
let the responsibility to provide a suitable empirical model of the heat pump efficiency on the user.
There is little guidance in the documentation for the user on how the model shall be made or chosen
for heat pumps.

A good example of the required coordination is the current development of an EN standard on instan-
taneous drain water heat recovery. The main application of these products is preheating the incoming
domestic cold water for a shower using the warm drain water. These products recently appeared on
the market and product standards and testing standards were developed by national approaches.
Now two EN standards are under development simultaneously for both product testing and energy
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efficiency calculation. The coordinated development resulted even in a simplification of the envisaged
testing procedure.

The poor coordination between product data and in-use energy performance calculation may partly
explain the gap which is often reported between calculated and measured energy performance. An-
other reason can be the poor commissioning and the misuse of this sensitive machine. Before investi-
gating the gap between calculated and measured in-use performance, the calculation method should
be stabilised and well connected to product data, which is not the case yet.

Heat pumps comprise a wide and varied family of products that is far from being clearly and robustly

standardised. A robust standardisation system should cover extensively and coherently:

product definition and characterisation;

product testing methods;

product rating and related calculation methods;

in-use energy performance calculation methods.

There is still a gap between tested and/or calculated efficiency and actual efficiency that can be

measured in real life. This can partly be explained by the still frequent misuse and sub-optimal com-

missioning of heat pumps, but it is also caused by the poor coordination between product data and in-
use energy performance calculations.

Several energy performance calculation standards have been developed in the different countries, but

this happened independently, with little coordination with product standards, and with quite different

approaches.

Based on the review of existing energy calculation methods in this Chapter, there seem at least the

following three main basic modelling approaches.

a. Starting from tested performance data at one or several nominal conditions, interpolation, extrap-
olation and default correlations are applied to introduce the effect of changes in operating tem-
peratures and/or part load operation and/or other influencing factors. The effects of the different
influencing factors are assumed to be independent of each other and are applied one after the
other.

Examples of this approach are e.g. path A of EN 15316-4-2, EnergyPlus, NECB, BECS, UNI-TS
11300-4, RE2020, method 2 of EN 16798-13.

b. Test results from several conditions with changing part load and temperature conditions are pre-
processed to identify a characteristic function that describes the efficiency of the heat pump.
Then the characteristic function is used to evaluate the efficiency in the specific operating condi-
tions of the calculation interval.

Example: the dependency of exergetic efficiency on required heat output is determined according
to several part load performance data. Then the Carnot efficiency is calculated based on operat-
ing temperatures and multiplied by the exergetic efficiency for the specific part load.

Examples of this approach are e.g., path B of EN 15316-4-2, method 1 of EN 16798-13.

c. The seasonal efficiency is assumed to be a weighted average of heat pump efficiencies for differ-
ent part load ratios.

Example of this approach is SBEM.
The basic modelling assumption relate to the required and/or available product data.
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None of the current in-use energy performance calculation methods looks fully satisfactory and pro-
vides full coverage of all heat pump types.

There are a lot of ongoing activities to further develop energy performance calculation standards, but
it looks like there is not enough attention and effort to coordination with product standards.

A combined research effort to identify:

the relevant influence factors of heat pumps efficiency;

the product data set required to quantify the influence of each factor on a specific product;

the test procedures to identify the product data;

the energy performance calculation method to use the data-set;

would help increase the connection between product data and energy performance calculation. In this
respect, a call for experts has been launched (spring 2024) by ISO/TC 86/SC 6/WG 16, to start the
development of an ISO standard titled “Data from Air Conditioning and Heat Pumps for Energy Effi-
ciency Simulation of Building Systems”.

To further develop reliable in-use energy efficiency calculation methods for heat pumps, much more
field monitoring results should be collected and referred to. Reasonable judgements on the choice of
the factors to be included in the models should be based on monitoring evidence. Then the feasibility
to obtain the product data to assess the impact of those factors should be taken into consideration.

It is also said that the load-based test methods for heat pumps, which are one of the focuses of Chap-
ter 1, should be standardised and the best way to utilise the results should be searched for in the de-
velopment of energy calculation methods.
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