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The International Energy Agency (IEA) was established in 1974 within the framework of the Organisation for Economic Co-operation
and Development (OECD) to implement an international energy programme. A basic aim of the IEA is to foster international co-
operation among the 31 IEA participating countries and to increase energy security through energy research, development and
demonstration in the fields of technologies for energy efficiency and renewable energy sources.

The IEA co-ordinates international energy research and development (R&D) activities through a comprehensive portfolio of
Technology Collaboration Programmes (TCPs). The mission of the IEA Energy in Buildings and Communities (IEA EBC) TCP is to
support the acceleration of the transformation of the built environment towards more energy efficient and sustainable buildings and
communities, by the development and dissemination of knowledge, technologies and processes and other solutions through
international collaborative research and open innovation. (Until 2013, the IEA EBC Programme was known as the IEA Energy
Conservation in Buildings and Community Systems Programme, ECBCS.)

The R&D strategy of the EBC TCP for the five-year period from 2024 to 2029 was derived from the IEA Future Building Forum Think
Tank Workshop convened jointly with the other buildings-related IEA TCPs, as the members of the IEA Buildings Co-ordination Group
and held in October 2022 in Gatineau, Canada, as well as the strategic planning workshop held at the EBC Executive Committee
meeting in Istanbul, Tlrkiye in November 2022. To this end, four main themes form the basis of the EBC Strategic Plan 2024-2029,
which are as follows:

—  Collaboration with other related IEA TCPs

—  Refreshing the priority research topics

—  Achieving impact from EBC research activities
—  Developing EBC governance

A series of actions have been agreed for each, as shown below.

Collaboration with Other Related IEA TCPs

— Introduce a process for evaluating, and if appropriate, proposing collaboration with other IEA TCPs as part of the review of
proposals at the project concept stage to ensure early communication with other TCPs.

— Introduce a process by which Executive Committee members from the EBC TCP can work with Executive Committee members
from other TCPs to propose fully collaborative projects.

— Introduce a process to scrutinise project concepts put forward to the Executive Committee to decide if they are more relevant to
another TCP and should be directed accordingly.

Refreshing the Priority Research Topics

—  The overall objective should follow the IEA 'Net Zero by 2050 — A Roadmap for the Global Energy Sector', with a demand-led
approach that focuses on reduction in energy use and energy demand.

—  Members countries should be asked to actively propose topics for research based on their priorities.

— Indeveloped countries the overriding objective must be to address the retrofit of the existing building stock. Whilst in emerging
economies more emphasis should be placed on delivering net-zero new buildings.

—  Recognising the need to deliver energy security, avoid unnecessary infrastructure reinforcement, and alongside energy efficiency

pay equal attention to demand management and flexibility to fully utilise fluctuating renewable energy supplies.

Achieving performance in practice by closing the performance gap will be vital to delivering net zero greenhouse gas emissions

by 2050.

—  Ensuring that energy efficiency / decarbonisation measures in buildings are future-proof and ready for our 2050 climate.

Achieving impact from EBC research activities
—  The main responsibility for delivering impact rests with each EBC project (‘Annex’).

—  Encourage Annexes to engage early with stakeholders that facilitate the introduction of the developed technologies and
processes to practising engineers, architects, designers and the market.
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—  During project planning, apply criteria for evaluating legal ‘Annex Texts' that scrutinise their anticipated pathways to impact.

—  Use ‘theory of change’ to identify relevant actors and their information needs for Annex outputs.

—  Tailor outputs to the information needs and literacy of the relevant stakeholders, for example policy briefings should follow best
practice guidance.

—  Work with established channels for dissemination.

Developing EBC Governance

—  Modernise the EBC Implementing Agreement (the overarching legal agreement), including introducing ‘limited sponsors’ with
their benefits and obligations to be defined.

—  Develop EBC policy on equality, diversity and inclusion.

—  Reduce the number of running Annexes.

—  Nominated Executive Committee members will review new project proposals and will be selective.

—  Create platform for EBC Operating Agents (project managers for the Annexes) to share experience.

—  Consider cost-shared proposals for funding Executive Committee agreed activities.

Overall control of the IEA EBC Programme is maintained by an Executive Committee, which not only monitors existing projects, but
also identifies new strategic areas in which collaborative efforts may be beneficial. As the Programme is based on a contract with the
IEA, the projects are legally established as Annexes to the IEA EBC Implementing Agreement. At the present time, the following
projects have been initiated by the IEA EBC Executive Committee, with completed projects identified by (*) and joint projects with the
IEA Solar Heating and Cooling Technology Collaboration Programme by (3%):

Annex 1: Load Energy Determination of Buildings (*)

Annex 2: Ekistics and Advanced Community Energy Systems (*)
Annex 3: Energy Conservation in Residential Buildings (*)

Annex 4: Glasgow Commercial Building Monitoring (*)

Annex 5: Air Infiltration and Ventilation Centre

Annex 6: Energy Systems and Design of Communities (*)

Annex 7: Local Government Energy Planning (*)

Annex 8: Inhabitants Behaviour with Regard to Ventilation (*)
Annex 9: Minimum Ventilation Rates (*)

Annex 10: Building HVAC System Simulation (*)

Annex 11: Energy Auditing (*)

Annex 12: Windows and Fenestration (*)

Annex 13: Energy Management in Hospitals (*)

Annex 14: Condensation and Energy (*)

Annex 15: Energy Efficiency in Schools (*)

Annex 16: BEMS 1- User Interfaces and System Integration (*)
Annex 17: BEMS 2- Evaluation and Emulation Techniques (*)
Annex 18: Demand Controlled Ventilation Systems (*)

Annex 19: Low Slope Roof Systems (*)

Annex 20: Air Flow Patterns within Buildings (*)

Annex 21: Thermal Modelling (*)

Annex 22: Energy Efficient Communities (*)

Annex 23: Multi Zone Air Flow Modelling (COMIS) (*)

Annex 24: Heat, Air and Moisture Transfer in Envelopes (*)

Annex 25: Real time HVAC Simulation (*)

Annex 26: Energy Efficient Ventilation of Large Enclosures (*)
Annex 27: Evaluation and Demonstration of Domestic Ventilation Systems (*)
Annex 28: Low Energy Cooling Systems (*)

Annex 29: Xt Daylight in Buildings (*)

Annex 30: Bringing Simulation to Application (*)

Annex 31: Energy-Related Environmental Impact of Buildings (*)
Annex 32: Integral Building Envelope Performance Assessment (*)
Annex 33: Advanced Local Energy Planning (*)

Annex 34: Computer-Aided Evaluation of HYAC System Performance (*)
Annex 35: Design of Energy Efficient Hybrid Ventilation (HYBVENT) (*)
Annex 36: Retrofitting of Educational Buildings (*)
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Annex 37: Low Exergy Systems for Heating and Cooling of Buildings (LowEXx) (*)

Annex 38: ¥t Solar Sustainable Housing (*)

Annex 39: High Performance Insulation Systems (*)

Annex 40: Building Commissioning to Improve Energy Performance (*)

Annex 41: Whole Building Heat, Air and Moisture Response (MOIST-ENG) (*)

Annex 42: The Simulation of Building-Integrated Fuel Cell and Other Cogeneration Systems (FC+COGEN-SIM) (*)
Annex 43: 3t Testing and Validation of Building Energy Simulation Tools (*)

Annex 44: Integrating Environmentally Responsive Elements in Buildings (*)

Annex 45: Energy Efficient Electric Lighting for Buildings (*)

Annex 46: Holistic Assessment Tool-kit on Energy Efficient Retrofit Measures for Government Buildings (EnERGOo) (*)
Annex 47: Cost-Effective Commissioning for Existing and Low Energy Buildings (*)

Annex 48: Heat Pumping and Reversible Air Conditioning (*)

Annex 49: Low Exergy Systems for High Performance Buildings and Communities (*)

Annex 50: Prefabricated Systems for Low Energy Renovation of Residential Buildings (*)

Annex 51: Energy Efficient Communities (*)

Annex 52: 3t Towards Net Zero Energy Solar Buildings (*)

Annex 53: Total Energy Use in Buildings: Analysis and Evaluation Methods (*)

Annex 54: Integration of Micro-Generation and Related Energy Technologies in Buildings (*)

Annex 55: Reliability of Energy Efficient Building Retrofitting - Probability Assessment of Performance and Cost (RAP-RETRO) (*)
Annex 56: Cost Effective Energy and CO2 Emissions Optimization in Building Renovation (*)

Annex 57: Evaluation of Embodied Energy and CO2 Equivalent Emissions for Building Construction (*)

Annex 58: Reliable Building Energy Performance Characterisation Based on Full Scale Dynamic Measurements (*)
Annex 59: High Temperature Cooling and Low Temperature Heating in Buildings (*)

Annex 60: New Generation Computational Tools for Building and Community Energy Systems (*)

Annex 61: Business and Technical Concepts for Deep Energy Retrofit of Public Buildings (*)

Annex 62: Ventilative Cooling (*)

Annex 63: Implementation of Energy Strategies in Communities (*)

Annex 64: LowEx Communities - Optimised Performance of Energy Supply Systems with Exergy Principles (*)
Annex 65: Long-Term Performance of Super-Insulating Materials in Building Components and Systems (*)

Annex 66: Definition and Simulation of Occupant Behavior in Buildings (*)

Annex 67: Energy Flexible Buildings (*)

Annex 68: Indoor Air Quality Design and Control in Low Energy Residential Buildings (*)

Annex 69: Strategy and Practice of Adaptive Thermal Comfort in Low Energy Buildings (*)

Annex 70: Energy Epidemiology: Analysis of Real Building Energy Use at Scale (*)

Annex 71: Building Energy Performance Assessment Based on In-situ Measurements (*)

Annex 72: Assessing Life Cycle Related Environmental Impacts Caused by Buildings (*)

Annex 73: Towards Net Zero Energy Resilient Public Communities (*)

Annex 74: Competition and Living Lab Platform (*)

Annex 75: Cost-effective Building Renovation at District Level Combining Energy Efficiency and Renewables (*)
Annex 76: 3X Deep Renovation of Historic Buildings Towards Lowest Possible Energy Demand and CO, Emissions (*)
Annex 77: 3t Integrated Solutions for Daylight and Electric Lighting (*)

Annex 78: Supplementing Ventilation with Gas-phase Air Cleaning, Implementation and Energy Implications
Annex 79: Occupant-Centric Building Design and Operation

Annex 80: Resilient Cooling (*)

Annex 81: Data-Driven Smart Buildings

Annex 82: Energy Flexible Buildings Towards Resilient Low Carbon Energy Systems

Annex 83: Positive Energy Districts

Annex 84: Demand Management of Buildings in Thermal Networks

Annex 85: Indirect Evaporative Cooling

Annex 86: Energy Efficient Indoor Air Quality Management in Residential Buildings

Annex 87: Energy and Indoor Environmental Quality Performance of Personalised Environmental Control Systems
Annex 88: Evaluation and Demonstration of Actual Energy Efficiency of Heat Pump Systems in Buildings
Annex 89: Ways to Implement Net-zero Whole Life Carbon Buildings

Annex 90: 3X EBC Annex 90 / SHC Task 70 Low Carbon, High Comfort Integrated Lighting

Annex 91: Open BIM for Energy Efficient Buildings

Annex 92: Smart Materials for Energy-efficient Heating, Cooling and IAQ Control in Residential Buildings
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Annex 93: Energy Resilience of the Buildings in Remote Cold Regions
Annex 94: Validation and Verification of In-situ Building Energy Performance Measurement Techniques
Annex 95: Human-centric Building Design and Operation for a Changing Climate

Annex 96: Grid Integrated Control of Buildings

Working Group - Energy Efficiency in Educational Buildings (*)

Working Group - Indicators of Energy Efficiency in Cold Climate Buildings (*)

Working Group - Annex 36 Extension: The Energy Concept Adviser (*)

Working Group - HVAC Energy Calculation Methodologies for Non-residential Buildings (*)
Working Group - Cities and Communities (*)

Working Group - Building Energy Codes

9/182



This report has two objectives. One is to share the recognition of the state-of-the-art of current practices for
heat pump systems among participating experts in the IEA EBC Annex 88 project ‘Evaluation and Demon-

stration of Actual Energy Efficiency of Heat Pump Systems in Buildings’, of which main activity will continue
until June 2027. Another objective is to share the state-of-the-art with international, national, and industrial

policymakers regarding the decarbonisation of buildings.

As many know, the heat pump is one of the most promising technologies for reducing energy use for space
heating/cooling and domestic hot water and efficiently utilising renewable energies. However, inappropriate
design and the installation of heat pumps (e.g., capacity determined without sizing procedure, inappropriate
operating temperatures, etc.) might negatively affect the energy consumption of this technology and the
system payback period might become longer than its lifetime.

Transparent technological information on the heat pump should be exchanged between HVAC design-
ers/building owners and heat pump manufacturers. However, different viewpoints and technical ap-
proaches have resulted in inconsistencies that represent an unresolved gap in product and building perfor-
mance analyses that has limited the potential of the heat pump technology as an integrated part of efficient
buildings. It can be said the problem may not be purely technological but a sort of blind spot in existing
standards and regulations. Heat pump performance depends highly on the several parameters that define
operating conditions. It is difficult to identify and foresee their influences with simple tests and calculation
methods. For example, energy efficiency of heat pumps under low partial load conditions (i.e., heat pumps
operated inevitably much below their maximum capacity) is not appropriately represented by existing test-
ing standards and calculation methods for building energy codes.

The IEA EBC?! Annex 88 is a five-year R&D project between July 2022 and June 2027, and comprises the
following five subtasks:

® State-of-the-art for testing methods, monitoring methods and database, energy calculation methods
and design guidelines

Testing methods for heat pump products

Monitoring methods and database

Calculation methods of energy use by heat pump systems

Design guidelines for HYAC system designers

L IEA EBC is the abbreviation of the International Energy Agency, Energy in Buildings and Communities
Program. See https://iea-ebc.org/.
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1. Findings in the State-of-the-art

Chapter 1: testing methodologies and performance rating standards for heat pump systems

® In currently used testing methodologies (referred to in this report as Category A standards), heat
pumps are tested in steady state conditions that are obtained by deactivating the built-in control of the
tested unit and fixing the compressor speed with proprietary test modes at defined load conditions.
The impacts of decreased performance during part-load operation (equipment on/off cycling) as well
as defrost cycles are not directly accounted for in such test procedures. This can lead to seasonal per-
formance values that do not fully account for the drop in performance experienced during these non-
steady-state operating modes.

® [t has been increasingly recognised that energy performance at lower partial load conditions cannot be
neglected when estimating the actual energy performance of heat pumps in buildings and test condi-
tions should cover such operating modes (particularly because the actual part-load ratio can be much
smaller in practice than that expected by the developers of such testing standards). In fact, HVAC de-
signers who are engaged in sizing heat pumps may often use a “safety margin” and over-size equip-
ment to avoid a risk of complaints from their customers due to the perceived risk of shortage of capac-
ity.

® Inresponse to the need to compensate for the above shortfall of current testing standards, there are
ongoing projects to develop load-based testing standards (referred to in Category B standards). In the
load-based testing standards, the actual operation of variable-speed heat pumps and air conditioning
units are tested with the same control as operated in buildings (i.e., “native controls”). Four projects
that have developed such load-based test standards are reviewed in this report: three for air-to-air
heat pumps (Waseda University, Canadian Standard Association and BRI/Better Living) and one for
air-to-water heat pumps (BAM/RWTH).

® These newly developed load-based test methodologies and standards aim to replace current fixed-
speed test standards. They may also help to inform building-level simulation and policy objectives by
providing more representative data for energy calculation methodologies, equipment sizing, and de-
sign guidelines, internationally or nationally. Indeed, the extent to which these newly developed load-
based test methodologies may support the needs of building-level simulation is a subject of the next
phase of work in this Annex.

® The repeatability, reproducibility, and representativeness (3Rs) of the results of these newly devel-
oped load-based test methodologies and standards must be assured through ongoing R&D projects
(this work is underway and will be evaluated during the next phase of work in this Annex).

® A project to develop the new ISO 21280 standard by adopting a load-based testing methodology for
air-to-air products has already been launched within ISO/TC86/SC6/WG15, with the engagement of
Annex 88 experts. Similarly, for hydronic heat pumps, CEN/TC113/WG8 has worked on a load-based
test with Annex 88 experts involved.

Chapter 2: monitoring methods and database for actual energy efficiency of heat pump systems

® By overcoming obstacles to installing sensors in occupied buildings, the most realistic phenomena for
heat pump systems can be monitored. Plenty of informative monitoring results already confirm the non-
steady state condition of heat pumps, how low the partial load ratio is, the discrepancy between effi-
ciency values based on current testing standards and actual energy efficiency, etc.

® Methods for monitoring are grouped into those for air conditioners (e.g., VRF, room air conditioner) and
hydronic heat pump systems transporting heat by water. For air conditioners, 1) indoor side air en-
thalpy difference methods, 2) outdoor side air enthalpy methods, and 3) refrigerant specific enthalpy
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difference methods exist. For hydronic heat pump systems, the water side method is available when
the water side is accessible besides 2) and 3) as for air conditioners.

@ Standards for the monitoring method exist, such as T/CAS 305-208 and ASHRAE Standard 221-2020.
An ISO project is also developing a new standard to prescribe a monitoring method.

® Eight monitoring projects are reviewed in this report.

Chapter 3: energy use calculation methods for heat pump systems

® Building energy policies emerged in the 1970s, triggered by the 1973 oil crisis, and evolved in the
1980s. In the 1990s, they integrated the energy efficiency of building technical systems (e.g., heating
systems, lighting, etc.), and they continued evolving in each nation, reflecting local traditions of rele-
vant industries. A variety of methods flourished, especially for technical systems and their calculation
of energy consumption. This variety of methods is even more evident for new technologies like heat
pumps, and there is an urgent and obvious need for reliable heat pump energy calculation methods.

® Current challenges for energy calculation methods are 1) reasonable accuracy, 2) comprehensive-
ness (i.e., coverage of all major types), 3) availability of input data based on product testing standards,
4) easily understood by practitioners, 5) objectivity and unbiasedness, and 6) proof of energy calcula-

tion methods.

® Specific challenges for calculating heat pump energy consumption include the sensitive dependency
of energy efficiency on operating conditions (e.g., part load ratio, outdoor temperature, supply hot wa-
ter temperature), and control options. Adequate information (i.e. test data) is required to be the input
to reliable energy calculation methods.

® Existing energy calculation methods for heat pumps are reviewed in Chapter 3. They are 1) European
standards based on EN 15316-4-2 and EN 16798-13, 2) EnergyPlus, 3) NECB (National Energy Code
of Canada for buildings), 4) Building Energy Conservation Standard of Japan, 5) UNI-TS 11300-4 of
Italy, 6) DIN V 18955 of Germany, 7) SBEM (for non-residential buildings) of UK, and 8) SAP (for resi-
dential buildings) of UK.

Chapter 4: design guidelines for heat pump systems in buildings
® Existing installation and design guidelines for heat pump systems that are reviewed in Chapter 4 in-
cluded:

1. European standard EN 15450 is being revised. It is a design standard for hydronic (water based)
heating systems with heat pumps for residential buildings. The ongoing revision will introduce a
comprehensive approach to all design issues of a heat pump system, focusing specially on renova-
tion, also extended to cooling and non-residential buildings. Reference is made to EN 15316-4-2,
revised in parallel, to determine the resulting seasonal efficiency and evaluate the design choices.
Several influence factors are considered, and various design techniques and computations are pro-
posed to limit the cyclic operation during part load conditions and achieve appropriate operating
conditions. Several sizing techniques are suggested to prevent oversizing, making use of historical
energy consumption data when available. Guidance is included on the sizing of the volume of hot
water storage, on the design of hydraulic circuits, and the way to estimate costs. A German stand-
ard as guidelines for heating systems with heat pumps in single and multi-family houses and Dan-
ish guidelines are also reviewed as examples of European guidelines for heat pumps.

2. The ASHP (Air Source Heat Pump) Sizing and Selection Toolkit has been developed by NRCan
(Natural Resources Canada). The Toolkit It is intended for use by mechanical system designers
and renovation contractors and provides a step-by-step sizing and selection procedure and an Ex-
cel-based and online tool. CSA (Canadian Standards Association) published an ‘HVAC guide for
Part 9 homes’ as CSA SPE-17:23, in which technical information on various HVAC systems, not
only for heat pumps systems, is provided for housing and small buildings defined in Part 9 of Na-
tional Building Code of Canada. In the US, ACCA (the Air Conditioning Contractors of America),
which is an HVAC industry association, has published several relevant design manuals,
ANSI/ACCA 3 Manual S (2014) - Residential Equipment Selection and ANSI/ACCA 1 Manual D
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(2016) — Residential Duct Systems. NEEP (the Northeast Energy Efficiency Partnership) has pro-
duced two guides for sizing, selecting and installing ASHP for residential buildings in cold climates
with support from the US DOE, including an online sizing tool.

3. 1SO 13153:2013 Framework of the design process for energy-saving single-family residential and
small commercial buildings prescribes how to integrate quantitative information on energy use re-
duction by applying technologies, including heat pumps, and their specifications, such as the rated
energy efficiency of heat sources. According to the ISO, the Building Research Institute has pub-
lished design guidelines.

® The design guidelines to be developed by Annex 88 should be focused on 1) the sizing procedure of
heat pumps, 2) countermeasures to avoid operation under low partial load conditions and to improve
energy efficiency under the low partial load condition by selecting products (referring to the load-based
test methods and provided performance indices), 3) emphasising the critical role of controlling the sys-
tems together with a transparent specification of the control logics, 4) quantitative information on the
energy use by different specifications and product selections in coordination with energy use calcula-
tion methods to be tackled in Subtask C (Subtask for energy calculation). Examples of monitoring re-
sults in fields shall be introduced based on the deliverable from Subtask B2 (Subtask for monitoring).

Limiting the scope to a few major types of heat pump systems (e.qg., air-to-air system and air-to-water

hydronic system) is also necessary.

2. Message to policy makers related to heat pump products’ evaluation and to building energy
codes and performance certification schemes

® Policymakers already know the importance and potential of promoting the heat pump market. It is ab-
solutely a correct judgment. However, one-sided promotion is not enough, and it is indispensable to
support the provision of transparent technical information to practitioners by reorganising and
strengthening industrial standards and guidelines so that the potential of heat pumps is fully achieved.

® Good players (e.g., the manufacturing industry of heat pumps) already exist. Still, without good refer-
ees and rules, they are not good enough to fully use the potential of heat pumps to save much energy
use. There is a recognition that industries take care of themselves for product standardisation and pro-
ducing practical guidelines for their business, even though it seems almost impossible to depend on
different players to make rules, or it will take much time to see the ideal situation.

® The connection between product data and energy performance calculations is not yet well estab-
lished, making it difficult to produce reliable and easy-to-use energy performance calculations.

® Policy makers are requested to refer to the situation of existing testing standards for heat pumps
(Chapter 1), information on their actual energy efficiency (Chapter 2), how relevant engineers en-
gaged in international and national energy use calculation are struggling (Chapter 3), and the present
situation of guidelines for practitioners (Chapter 4).

3. Prioritised R&D targets for the working phase of IEA EBC Annex 88

® Validation of proposals for the load-based test methods for heat pump systems.

® Exploration of ways in which load-based test methods could be leveraged to inform building energy
simulation needs and inform building-level policy (e.g., generating performance map data using load-
based testing).

® Preparation of standard proposals for monitoring methods and collecting monitoring results to be pub-
lished in a deliverable.

® Development of more reliable energy calculation methods for heat pump systems with examples.

® Development of a design guideline for heat pump systems with quantitative information on energy
saving by different designs and specifications.
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Acronyms

Acronyms Meaning

AA, A/A Air to air

AE Air specific enthalpy

APF Annual performance factor

ASHP Air source heat pump

AW, A/W Air to water

BES Building Energy Systems

CEC Compressor energy conservation

COoP Coefficient of performance

CSEC Compressor set energy conservation
CT Cooling tower

CVE Compressor volumetric efficiency

DBT Dry-bulb temperature

EER Energy efficiency ratio

EPBD Energy Performance of buildings directive
GSHP Ground source heat pump

HiL Hardware-in-the-Loop

HP Heat pump

HX Heat exchanger

IC Indoor conditions

KPI Key performance indicator

MPC Model predictive controller

MQTT Message Queuing Telemetry Transport
nZEB Nearly zero-energy building

oC Outdoor conditions

PLR Partial load ratio

PV Photovoltaic

RAC Room air conditioner

RE Refrigerant specific enthalpy

RH Relative humidity

RRT Round robin tests

SCOP Seasonal coefficient of performance
SEER Seasonal energy efficiency ratio

TC Technical Committee (e.g., ISO TC163, CEN TC371)
TES Thermal energy storages

VRF Variable refrigerant flow

VRV Variable refrigerant volume

WA, W/A Water to air

WBT Wet-bulb temperature

WWwW, W/wW Water to water

3Rs Repeatability, reproducibility, and representativeness
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Abbreviations

Abbreviations Meaning

AHRI Air-Conditioning, Heating, and Refrigeration Institute

ANSI American National Standards Institute

ASHRAE American Society of Heating, Refrigerating and Air conditioning Engineers
CEN Comité Européen de Normalisation

CSA Canadian Standards Association

EN Européaische Norm (European Norm)

ISO International Organization for Standardization

JIS Japanese Industrial Standards

NEEP Northeast Energy Efficiency Partnership

NT VVS Nordtest Varme, Ventilation, och Sanitet (Heating, Ventilation, and Sanitation)
TICAS China Association for Standardization

TICECS China Association for Engineering Construction Standardization

UNI Ente Italiano di Normazione (ltalian Standardization Body)

VDI Verein Deutscher Ingenieure (Association of German Engineers)

Explanations of technical terms

The following explanations of key technical terms, which appear in this report, are intended to provide refer-
ence information for broader experts, practitioners and policy makers to understand the state-of-the-art
(problems and possible solutions) for heat pump systems in buildings. More detailed and accurate defini-
tions should be found in relevant standards for terminology, and the definitions of new technical terms and
concepts shall be determined in the working/reporting phase of Annex 88 during 2024 and 2027.

Adiabatic compression: an ideal thermodynamic process where the pressure of a gas/vapour increases
without any heat transfer to or from the system.

Air specific enthalpy (AE) method: methods to obtain cooling or heating capacity of heat pumps by
measuring air volume and air enthalpy difference of the air flowing through indoor unit or outdoor unit.

Air-to-air (air-air) heat pumps: heat pumps with outdoor air as heat source and indoor air as heat sink.
Air-to-water (air-water) heat pumps: heat pumps with outdoor air as heat source and water as heat sink.
Annual average efficiency: average energy efficiency throughout whole year.

Auxiliaries: components attached to the main part of heat pump systems.

Back-up generator (heater): electric heater or boiler, which compensates for the shortage of the capacity
of heat pumps, especially when outdoor temperature is very low.

BIN method: a simplified calculation method of heating need, cooling need and energy use for heating and
cooling by using numbers of hours in each range of outdoor temperature for each month for a location.
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Bivalent operation: simultaneous operation of heat pump and back-up heater to compensate for the short-
age of the heat pump capacity at outdoor temperature lower than a set-point outdoor temperature.

Bivalent temperature: a temperature, below which a back-up heater is needed.

Buffer storage: hot or cold water storage to be prepared for thermal need larger than heat or cold produc-
tion by heat generators (heat pumps).

Built-in control: control built-in to the heat pump equipment at the time of factory shipment.
Capacity: amount of output by heat pump systems.

Category A standards: current test standards for heat pumps, which apply proprietary control in order to
maintain the steady state of the heat pumps and their continuous operation.

Category B standards: load-base test standards, which apply built-in (native) control of heat pumps. Dur-
ing the test, according to Category B standards, heat pumps may operate intermittently.

Carnot efficiency: theoretical maximum efficiency that a heat engine can achieve when operating between
two temperatures: a hot reservoir (source) and a cold reservoir (sink). It is defined as the ratio of the work
output of the engine to the heat input from the hot reservoir. The Carnot efficiency depends solely on the
temperatures of these two reservoirs.

Compressor: device for increasing the pressure of a gas/vapour by mechanically decreasing its volume.
Continuous operation: operation of heat pumps at constant input and output.

Cooling need (cooling load, energy need for cooling): heat to be extracted from a thermally conditioned
space to maintain the intended space temperature and humidity conditions during a period.

Defrost operation: operation of heat pumps to remove frost on coils of outdoor units. During the defrost
operation, compressed refrigerant is supplied to the coils of the outdoor units to be heated.

Degradation coefficient (Co): reduction rate of energy efficiency to apply to estimate energy efficiency un-
der intermittent operation of heat pumps.

Emulator: a control method of temperature of return air (or water) to indoor unit (or to heat pump) in order
to consider the influence of the thermal inertia of the buildings and the heat transport systems on the tem-
perature.

EN (CEN) Standards: European standards developed by Technical Committees of the European Commit-
tee for Standardisation.

EN-EPB standards: a set of EN standards and accompanying technical reports to support EPBD.

Energy calculation method: a method to calculate energy use (consumption) of a building or a compo-
nent of the building such as its HYAC system, its domestic hot water system. National building energy
codes and standards have their own energy calculation methods to quantify the energy performance of
buildings.

Energy Efficiency Ratio (EER): energy efficiency of heat pumps when they operate for space cooling.
However, in some countries and regions, EER is not used, and COP is used for both space heating and
cooling.

Energy use (energy consumption): energy input to systems (e.g., heating, cooling and domestic hot wa-
ter systems).
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EPBD (Energy Performance of Buildings Directive): An EU directive is a legal act adopted by the EU
institutions addressed to the EU Member States. It sets out an objective to be achieved but leaves it to indi-
vidual countries to implement it in their own way. EPBD is the EU directive aims to achieve a fully decar-
bonized building stock by 2050.

Equipment sizing: an important process of the design of building services, in which the capacity of equip-
ment is decided.

Expansion Valve: valve reducing the pressure of the liquid refrigerant to allow expansion or change of
state from a liquid to a vapor in the evaporator.

Fixed-compressor speed test: performance test of heat pumps by fixing the rotation speed of the com-
pressor to maintain stable condition.

Hardware-in-the-loop testing: test method for heat sources (e.g., heat pumps) connected with the hard-
ware comprising secondary water circuit and thermal load simulator where the loads are based on simula-
tions.

Heat need: amount of heat to be provided or extracted by space heating system or space cooling system,
respectively, to maintain indoor thermal condition. It can be the amount of heat to be provided to supply hot
water at a certain temperature and amount.

Heat pump: a device to move heat from air or liquid of lower temperature to that of higher temperature. It is
used for space heating and cooling as well as for domestic hot water in buildings as a promising energy
saving measure.

Heat sink, sink: substance, to which heat is dissipated by heat pump systems (e.g., indoor air or hot water
for heating operation of heat pumps)

Heat source, source: substance, from which heat is extracted by heat pump systems (e.g., outdoor air or
groundwater for heating operation of heat pumps).

Heating need (heating load, energy need for heating): heat to be delivered to a thermally conditioned
space to maintain the intended space temperature conditions during a period.

Hydronic heat pumps: heat pumps with water circuits to provide space heating or cooling as well as do-
mestic hot water.

Input (energy input): energy supplied to equipment such as electricity supplied to a heat pump.
Intermittent operation: operation of heat pumps cyclically raising and reducing their input and output.
Inverter (inverter technology): a power electronic device or circuitry to convert DC to AC electricity.

ISO Standards: International Standards developed by Technical Committees of the International Organiza-
tion for Standardization.

Legionella disease: a form of atypical pneumonia (severe lung inflammation) caused by any species
of Legionella bacteria. The bacteria can contaminate hot water in tanks and pipes.

Load-based test: test method imposing thermal load on heat sources (e.g., heat pumps) without using pro-
prietary control for the heat sources.

Multi-split system: air conditioning system with at least one outdoor unit and multiple indoor units.

Native control: the same as built-in control.
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nZEB (Nearly Zero Energy Building): buildings with a high energy performance and very low-energy
needs, covered largely by onsite and nearby renewable energy sources.

On-board control: the same as built-in control.

On-off cycling: operation of heat pumps cyclically changing their status (switched on and off) to adjust out-
put to heating or cooling need.

Output (energy output): energy generated by equipment such as thermal energy generated by a heat
pump.

Part load: heating or cooling load, which is less than the maximum heating or cooling capacity of the heat
pump systems dealing with the load.

Part load condition: condition in which heat pumps are operated at capacity lower than maximum.
Part load ratio, Partial load ratio: the ratio of the actual capacity of a heat source to its rated capacity.

Part load factor (LR): the ratio of the actual required power output in the calculation interval to the maxi-
mum power output in the given operating conditions for source and sink temperature.

Performance curves: curves (functions) representing the influence of heat source and sink temperatures
on full capacity of heat pumps and the influence of part load operation on COP and EER.

Performance map: data set representing the influence of heat source and sink temperatures on the capac-
ity of heat pumps and the influence of part load operation on COP and EER.

Performance mapping (performance map): multiple dimensional table(s) containing performance data of
heat pumps. The values represent performance of heat pumps at different operating conditions such as for
source temperature, sink temperature and part load ratio.

Performance monitoring: collection of data for status of targeted equipment or system.

Performance rating method (performance rating methodology): a method to calculate a single or only
a few indices, which represent energy performance of heat pumps, based on parameters obtained through
test methods.

Primary circuit: a hot or cold water circuit between heat generators (heat pumps) and tanks or headers.

Product data: data describing performance of a product. For heat pump products, rated capacity, COP,
EER, SCOP, SEER, HSPF, APF, etc.

Proprietary control (proprietary mode): control, which is implemented only for test and of which algo-
rithm is different from that of the built-in control.

Psychometric chamber: chamber, of which dry-bulb temperature and humidity can be controlled by its
own air conditioning system.

Reconditioning equipment: equipment for conditioning air from the unit under test at set point dry-bulb
temperature and humidity.

Refrigerant specific enthalpy (RE) method: methods to obtain cooling or heating capacity of heat pumps
by quantifying the refrigerant mass flow rate and by calculating the enthalpy difference between the refrig-
erant at inlet and outlet of the indoor heat exchanger.

Room air conditioner (RAC): relatively small capacity air conditioner, which comprises a refrigerator and
fans.
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Seasonal average efficiency: energy efficiency of heat pumps is affected by outdoor climate conditions,
such as dry-bulb temperature, and the specific heating demand they handle at any given time. Seasonal
average efficiency of heat pumps is average of energy efficiency during heating season or cooling season,
which is calculated taking outdoor climatic conditions and heat need throughout each season.

Seasonal Coefficient of Performance (SCOP): average of energy efficiency of heat pumps for heating
season.

Seasonal Energy Efficiency Ratio (SEER): average of energy efficiency of heat pumps for cooling sea-
son.

Sink temperature: temperature of a sink, to which a heat pump transfers heat extracted from a source.
The sink is at a higher temperature than the source.

Source temperature: temperature of a source, from which a heat pump extracts heat and transfer it to a
sink. The source is at a lower temperature than the sink.

Testing method (testing methodology): a method to measure the capacity and the energy consumption
of heat pumps at conditions for temperatures of heat source and heat sink.

Tolerance: allowable errors of mean values or individual readings from specified test conditions.

Uncertainty (of measurement): an estimate characterising the range of the values within which the true
value of the measurement lies based on a specific confidence interval.

Variable Refrigerant Flow (VRF) system, Variable Refrigerant Volume (VRV) system: heat pump sys-
tem using refrigerant, of which flow rate is variable according to thermal load, to transport heat or cold be-
tween outdoor unit and indoor unit.

Variable speed system: system which can change rotational speed of the electric motor driving the com-
pressor.
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Statement of purpose
The following objectives summarise the main purpose of the present subtask (The term “heat pump” in-
cludes both air-to-air and hydronic heat pumps.):

e toreview presently adopted testing methodologies and performance rating standards for air condi-
tioners and heat pumps,

e to review newly proposed testing methodologies and performance rating standards for air condi-
tioners and heat pumps,

o to define the requirements and tolerance for the testing equipment, instrumentation, and auxiliaries,
the system operation and setpoints during the test, as well as performance indices for evaluating
the actual system efficiency,

e to consider possible improvements of existing and new testing methodologies for assessing the
performance of heat pumps and air conditioners when operated under the same control as oper-
ated in buildings,

e to consider methods of utilisation of the test results for performance rating, performance mapping,
and energy calculation methods (Subtask C), provide evidence for efficient equipment sizing (Sub-
tasks C and D), system design and control (Subtask D), as well as support for the development of
performance monitoring techniques (Subtask B2).

Using the inverter technology for variable speed systems has enhanced the system’s adaptability in man-
aging thermal loads with potentially high efficiency in a broad range of operating conditions. During field
operation heat pumps and air conditioners respond to specific building loads and indoor temperature varia-
tions with dynamic modulations of the compressor speed and expansion valve opening defined by their
built-in (or “on-board”) control system, which is referred to as “native control” and is opposed to proprietary
modes used only during current rating tests. The control mode adopted during tests is at the essence of the
definition of the following two categories of testing methodologies and rating standards. In fact, current test-
ing procedures are experimental tests at fixed compressor speed conducted while deactivating the native
control system of the unit.
Therefore, rating procedures based on such a simplified testing method yield results that may deviate sig-
nificantly from the actual operating performance. This underlying gap between the actual and rated perfor-
mances has been recognised as a major challenge for effectively driving energy conservation of heat pump
installations, besides improving system design and quality of installation.
In the attempt to guide the development of new standards that can cover such performance gap and repre-
sent the system field efficiency more realistically, this subtask reviews two categories of testing methodolo-
gies and corresponding performance rating standards:

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

compressor speed (fixed capacity ratio) while deactivating the native control system.
e (Category B) Newly proposed testing methodologies for evaluating the performance of heat pumps
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and air conditioners under the same control as operated in buildings (active native control).

Table 1.1-1 compares Category A standards and Category B standards for heat pumps. The operation
mode of the unit defined by the testing methods differentiates the two categories.

Performance rating standards are intended as product-level policies, which provide values representing
products’ energy efficiency and are referred by users to compare different products of the same kind. How-
ever, it should be noted that new testing methods for evaluating heat pumps operated under their native
control can also apply to building-level evaluation, extract performance maps, and to support energy calcu-

lations.

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

Category A standards:
Development in HP industry

Category B standards:
Being developed by independent research entities

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

Native control is overridden by proprie-
tary control as required for testing. Gen-
erally, the tested unit is forced in steady

state condition by fixing the compressor
speed (with proprietary controls).
Generally, provides reliable hardware

testing, but excludes evaluation of per-
formance in all modes of operation
across the operating temperature
range.

This way of testing is often considered
indispensable to maintain a high accu-
racy and reproducibility, but this comes
at the expense of comprehensive per-
formance evaluation of the unit under
test.

Note that native control testing, cycling
mode and defrost mode operation may
be tested at discrete conditions, but are
not tested across the full operating
range of the equipment.

HP is operated under the same control as oper-
ated in the building (native controls).
Tests are conducted with generally equivalent

equipment and instrumentation as in Category A
standards. Repeatability, reproducibility and repre-
sentativeness studies are ongoing. However, evi-
dence of the level of repeatability and reproducibil-
ity similar to Category A standards have been pre-
sented in recent literature. Recent studies of Rep-
resentativeness suggest an improvement over
Category A standards (i.e., that seasonal perfor-
mance results using Category B standards are
more representative of in-field test results than
those produced by Category A standards)

Note that Category B standards testing may re-
quire specialized test apparatus and/or capabilities
(while instrumentation remains generally equiva-
lent).

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

Necessary for regulating the energy efficiency level of each product category.
The choice of test conditions required to extract these seasonal performance indexes is

based on:

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

pacity of the HP: fixed ratios are applied, such as 1.0 for cooling in JIS C 9612.
-Assumption on the relationship between the heat needs and outdoor temperature: a linear

relationship is assumed.

*(for Category B standards) Assumption of reference building thermal and moisture charac-
teristics are required and affect the time dependent system response captured.
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Current performance rating standards are reviewed for the following aspects:

1)
2)
3)
4)
5)
6)
7

Targeted heat pump systems and the scope,

Test methods,

Temperature conditions,

Control of test specimens during tests,

Performance indices and requirements for part load tests,
Tolerance of measurement uncertainty,

Other issues.

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

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

No. Title of standard Year
1 ISO 5151. Non-ducted air conditioners and heat pumps — Testing and rating for performance 2017
5 ISO 13253. Ducted air-conditioners and air-to-air heat pumps — Testing and rating for perfor- 017
mance

3 ISO 15042. Multiple split-system air-conditioners and air-to-air heat pumps — Testing and rating 2017
for performance
ISO 16358. Air-cooled air conditioners and air-to-air heat pumps — Testing and calculating

4 methods for seasonal performance factors — Part 1: Cooling seasonal performance factor, Part 2013
2: Heating seasonal performance factor, Part 3: Annual performance factor

5 EN 14511-1, 2, 3. Air conditioners, liquid chilling packages and heat pumps for space heating 2022
and cooling and process chillers, with electrically driven compressors
EN 14825. Air conditioners, liquid chilling packages and heat pumps, with electrically driven

6 compressors, for space heating and cooling - Testing and rating at part load conditions and cal- | 2022
culation of seasonal performance
AHRI 210/240. Performance Rating of Unitary Air-conditioning & Air-source Heat Pump Equip-

7 ment 2020

8 AHRI 340/360. Performance Rating of Commercial and Industrial Unitary Air-conditioning and 2022
Heat Pump Equipment

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

10 AHRI 550/590. Performance Rating of Water-chilling and Heat Pump Water-heating Packages 2023
Using the Vapor Compression Cycle

1 AHRI 1230. Performance Rating of Variable Refrigerant Flow (VRF) Multi-Split Air-conditioning 2023

and Heat Pump Equipment

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

unitary air-conditioning and heat-pump equipment

13 ANSI/ASHRAE 206-2013 (R2017). Method of Testing for Rating of Multipurpose Heat Pumps 2017

for Residential Space Conditioning and Water Heating

14 | JIS B 8616. Package Air Conditioners 2015
15 | JIS B 8627. Gas Engine Driven Heat Pump Air Conditioners 2015

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

medium for heating and cooling supply to emitters, b) configuration of the heat pump systems, e.g.,
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‘packaged’, ‘unitary’, ‘multi-split’, ‘ducted’, ‘non-ducted’, c) drive of the compressor (e.g., electrically-driven,
gas engine driven), and d) capacity (e.g., 19 kW or greater).

This aspect is well categorised in ANSI/ASHRAE Standard 37(ANSI/ASHRAE, 2019) and ISO 5151
(ISO, 2017a). According to the former standard, there are five test methods:

indoor air enthalpy method,
outdoor air-enthalpy method,
compressor calibration method,
refrigerant enthalpy method,
outdoor liquid coil method.

® 20T

For the indoor and outdoor enthalpy methods, only the nozzle airflow measuring apparatus, which needs a
tunnel (duct) to allow rectifying the airflow before the nozzle and to compensate the pressure loss due to
the nozzle and other parts of the tunnel by using a fan, is specified. The tunnel is also used for measuring
dry-bulb and wet-bulb temperatures of well-mixed air from the unit.

Besides the five test methods above mentioned, ISO 5151 prescribes calorimeter test methods. According
to ISO 5151, capacity tests shall be conducted using either the calorimeter test method or the indoor air
enthalpy test method.

Most current standards only deal with stable conditions for test specimens. The necessity of manufacture
instructions to achieve the stable condition is clearly prescribed by standards. It is well recognised that the
intermittent operation of test specimens reduces their energy efficiency compared with continuous and sta-
ble operation, and the difference is represented in plural standards by the degradation coefficient (Cp). For
the test to quantify the Cp, the cycle test is prescribed by some standards, besides the test under stable
conditions. In most standards specifying seasonal average efficiencies, a default value of the Cp is speci-
fied, such as 0.25.

In JIS B 8616 (JIS, 2015a), JIS B 8627 (JIS, 2015b), and AHRI 1230 (AHRI,2010), a control verification
procedure has been added to verify that the minimum compressor speed for the part-load test can occur
without overriding control settings. However, in current testing standards for heat pump systems, including
those three standards, overriding control of the specimen during the tests is officially permitted.

For the energy performance rating, EER (Energy Efficiency Ratio) and COP (Coefficient of Performance)
are the common basic indices. The unit of the indices varies, but the meaning of the indices does not
change, namely the ratio of the capacity to the input energy.

In various standards, integrated indices are provided, of which roles represent seasonal average energy
efficiencies. For that purpose, the measurement of energy efficiencies under part load conditions by the
tests or the calculation of the energy efficiencies under the part load conditions by using measured values
such as for full load and conversion factors is specified in those standards. Instructions and support by
manufacturers are necessary to achieve stable operation in part load conditions. As for the part load condi-
tions, in some standards, tests for 75%, 50%, and 25% of full capacity are required, while estimating en-
ergy efficiency under lower part load conditions is done using the Cp.
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Because of the accuracy limit of measurement devices, standards specify tolerances. Among parameters,
measuring airflow rate and temperature may be the most difficult, partly because of their spatial distribution,
even if the specimens are in steady operations. If the measurement is conducted under possibly unsteady
operation, such as in load-based tests, measurement uncertainty probably becomes larger, and the re-
quirement for the tolerance of measurement uncertainty should be an important issue for their standardiza-
tion.

To express capacities of the specimen under tests, various terminologies are used. They include ‘full ca-
pacity’, ‘rated capacity’, ‘nominal capacity’, ‘extended capacity’, etc. Sometimes, the full capacity is the
same as the rated capacity. In the definition of part-load ratio, the ratio’s denominator can be different, and
the definition resultantly becomes unclear. When analysing energy performance under the part load condi-
tion, defining the part load ratio by using the maximum capacity at a certain temperature condition is best.
However, there is still an open question on the issue.

The actual operation of variable-speed heat pumps and air conditioning units may respond with variable or
cyclic modulations of the compressor speed and expansion valve opening even to constant thermal loads
according to their native control system. Therefore, the corresponding field efficiency of the system may be
significantly affected by the control strategy developed and implemented in operating units. Contrary to
steady-state operation, the dynamic operation of the system involves a time-dependent thermal interaction
between the building thermal characteristics and the capacity supplied by the unit, whereby cooling/heating
capacity and the building load are not necessarily and continuously balanced. The magnitude of the unbal-
ance drives a variation of the room temperature and, for a unbalance, the rate of change is related to the
equivalent heat capacity of the room. Similar observations apply to the moisture balance, which defines the
response of the room condition to a given latent load scenario. Therefore, when dynamic operation is ac-
counted for, the test conditions and the building structural features affect the room thermal response and, in
turn, the air conditioner/heat pump performance (Mehrfeld, 2022).

Conventional lab tests for residential heat pumps and air conditioners (such as AHRI 210/240 (AHRI,
2023), JIS B 8615 (JIS, 2015c), or EN 14511 (BSI, 2018)) use fixed compressor speed and expansion
valve opening conditions (and hereinafter will be referred to as “fixed condition” tests). In load-based tests,
the tested unit is installed following the manufacturer’s instructions as it would be done by a qualified field
technician, and during the test the system meets heating and cooling loads that are typical for residential
applications, using its own thermostat and internal control logic to respond to changes in the room tempera-
ture, in case of air-to-air units, or the water inlet temperature in the case of hydronic heat pumps. In this
way, the lab environment during the test process emulates a real-life installation, while allowing for con-
sistent control and measurement so that each test can be consistent in its results and provide fair perfor-
mance comparisons between different models. In the following paragraphs, the principle of a load-based
test is explained using the example of air-to-air units. However, the same concept applies to hydronic heat
pumps using air, brine or water on the source side and water on the sink side.

In the load-based test, as in a fixed-condition rating test, the process is conducted using two psychrometric
chambers, with one of these chambers called the “outdoor room” where the outdoor unit is placed, with
carefully controlled temperature and humidity that represent the various outdoor conditions at which the
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unit is tested. The laboratory setup of the outdoor room uses reconditioning equipment controlled by com-
puter software to maintain those conditions for the duration of a test condition, before moving on to the next
condition.

In both load-based and fixed-compressor speed testing, the second psychrometric chamber, called the “in-
door room” is where the indoor unit is installed. Understanding the different control strategies for the indoor
room is the key to understanding the load-based test. In a fixed-condition lab test, the tested unit will run in
a steady-state mode that is defined by the particular test condition and typically uses a proprietary “test
mode” that overrides the unit's normal control sequences. The indoor room reconditioning system main-
tains the indoor room temperature and humidity in a steady-state manner for the duration of the test. The
computer software controlling the test measures how much heat the tested unit is producing (in heating
mode) or removing (in cooling mode), as well as the energy input and other key parameters (such as air
flow).

By comparison, in a load-based test, the indoor room condition mimics (or “emulates”) the condition of a
room or space that would be heated (and cooled) by the tested unit in response to a heating or cooling
load. The loads are carefully chosen to represent a typical house or indoor space, based on the rated heat-
ing or cooling capacity (the size) of the heat pump. The lab software controlling the reconditioning equip-
ment is programmed with the indoor room “load” to be imposed, and it continuously senses the amount of
heat the tested unit delivers (or removes) from the indoor test room. Based on these values, it updates the
actual indoor room temperature every few seconds to simulate an actual load. The tested unit then re-
sponds to changes in the indoor room temperature by turning on or off, or changing its output to match the
load, according to its own internal logic (using the same control logic it would use in a typical field installa-
tion). This is best understood graphically, as follows:

e Figure 1.3.1-1 shows a simplified example of what would happen in the indoor room during a virtual
heating load if the tested unit was not running. The test control software senses the output of the
unit, and it causes the room to cool off. In this theoretical example, it loses 50 °F over an hour’'s
time.

e In Figure 1.3.1-2, imagine that the tested unit is continuously producing half of the needed heat.
The room temperature drops at half the rate of that in Figure 1.3.1-1, losing only 25 °F in an hour.
(In reality, the temperature drop is not a straight line, but it is simplified here for illustrative pur-
poses).

e Figure 1.3.1-3 shows the temperature of the indoor room if the tested unit continuously generates
exactly the amount of heat needed to keep up with the simulated heating load: the temperature
stays constant throughout. The controls of a variable-speed heat pump should operate this way, if
the virtual load is within the range at which that the unit can operate (i.e., between its maximum
and minimum capacity), at the outdoor temperature condition in the outdoor room; but a small
amount of variation in indoor temperature will always occur in order for the unit to respond accord-

ingly.

No heat delivered

Indoor room temperature, Deg F
- M w -y wu {=.] ~ 00
c o & 8 &§ &8 &3 &

(=}

0 10 20 30 40 50 60
Time

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

Figure 1.3.1-4 is more typical of a real modulation of a tested unit. Imagine at time = 0, the thermostat is
turned on at 70 °F, just as the indoor temperature begins at 70 °F, simulating a heating condition in cold
weather. As the unit comes on and produces more heat than is needed, the room temperature will increase
based on the test control programming. Then, at some point, the internal controls of the tested unit sense
that the room is too warm, at which point it will reduce its output (in this example, at minute 8). The lab con-
trol software senses the unit having reduced output, and causes the room temperature to drop again, as it
would under a real heating load. At some point (in this case, below 69 °F) the internal controls of the tested
unit turn the unit back to a higher heating output (in this example, at minute 10), and the cycle continues.
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Figure 1.3.1-3. Heat added is correct, stable temperature (Time in minutes)
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Figure 1.3.1-4. Heat modulates, temperature controlled by thermostat of tested unit (Time in minutes)

Thus, the tested unit is responding to an indoor condition that simulates a heating (or cooling) load that
would be found in a house or room that is exposed to the same conditions as the outdoor room where the
outdoor unit is located. Although the lab control software and reconditioning equipment is literally control-
ling the indoor room temperature, the temperature is based on the response of the tested unit just as if it
was in a space that was heating up or cooling off in response to a real load.

In an actual test, the behaviour of the lab and the system being tested is, of course, more complicated than
what is shown in Figures 1.3.1-4. In some cases, variable speed systems can match the heating or cooling
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requirement closely (such as in Figure 1.3.1-3) with natural variations based on the unit’s internal controls,
as it responds to the virtual load.

However, variable speed systems cannot ramp “down” continuously, all the way to “off’; they always have a
lower limit of heating or cooling output. When the load is smaller than that minimum, the unit will have to
cycle on and off, which affects the operating efficiency. In the highest load conditions (when outdoor tem-
peratures are also the most extreme), it is expected that tested units will typically lack the heating or cool-
ing output needed to maintain the steady state indoor temperature target. For those test conditions, the unit
is set instead to run at full capacity (but still under its normal controls), and the rest of the test is completed
while the reconditioning equipment keeps the indoor room under steady state conditions.

In each test condition, the lab software collects data to verify both the heating or cooling output of the
tested unit in real time, and to measure the electricity input (power). Sometimes this “steady state” opera-
tion over time occurs naturally (as typified by Figure 1.3.1-3). However, during the load-based test, the in-
door room conditions vary over time, causing the heating or cooling output to also vary in more complex
ways. This may be due to the need to cycle off during low-load conditions because the variable-speed con-
trols are “searching” for the right output to best match the load; the need for defrost cycles in some heating
conditions; or for other reasons dictated by the internal control logic of the tested unit.

These general considerations exemplify how the control system and its interaction with the building fea-
tures and thermal loads define a broad spectrum of possible operating performance.

Load-based tests respond to the necessity of capturing the main characteristics of actual operating perfor-
mance during laboratory tests while minimising additional effort and cost when compared to current stand-
ards.

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

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

- Characterise efficiency losses or gains of variable speed units (inefficiency of cycling operation and
assess the efficiency of the control method).

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

- Capture the interaction of the system operation with the actual load scenario and the thermal features
of a representative building.

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

The characterisation of these aspects should drive positive developments in the design of efficient control
strategies for variable speed units and maximise efficiency during the field operation of heat pump installa-
tions.

The proposals developed by 4 independent institutes are reviewed with reference to the following aspects:
- Scope of the test. Including target equipment type and capacity.

- Test conditions.

- Building-side thermal emulation method.

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

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

Test method Test scope Heating condi- Cooling condi- | Building thermal 3Rs analysis
(institution) tions tions inertia
Waseda Uni- Emulator- | 2 tests defined 3 tests defined | Defined within Repeatability
versity type load- | consistently with | consistently the lumped pa- (completed)
based test | JIS B 8515 for with JIS B rameter emula- Reproducibility
for air-to- | heating opera- 8515 for heat- | tor by the values | (Cooling tests
air units tion ing operation of thermal and completed,
*partial-load at *partial-load at | moisture inertia Heating tests
25% of max ca- | 25% of max ongoing)
pacity capacity Representa-
**(tentative) **(tentative) tiveness (on-
going)
CSA SPE-07:23 | 5 temperatures 4 tempera- Simulated ther- | Repeatability
load-based (-15t0 12.2C) tures (25 to mal capacitance | (completed)
and cli- plus one addi- 40C) plus one | (sensible and la- | Reproducibility
mate-spe- tional test for additional test | tent) of building | (ongoing)
cific test for | marine climate for hot, dry cli- | interior included | Representa-
air-to-air zone as well as mate zone in load calcula- | tiveness (com-
units (us- optional test at tion pleted)
ing emula- | lowest operating
tor) temp
BRI / Better Load- OC: 7C (DBT) OC: 35C Artificial thermal Repeatability
Living based test 6C (WBT) (DBT) 24C capacitance (ongoing)
for VRF (WBT) (sensible and la- | Reproducibility
air-to-air IC: 20C (DBT) tent) (ongoing)
units 15C (WBT) IC: 27C (DBT) Representa-
19C (WBT) tiveness (on-
going)
BAM and Load- 5 or 6 outdoor Not applied Defined within a Repeatability
RWTH based test | temperatures in yet simplified build- (completed)
for hy- accordance with (ongoing) ing model Reproducibility
dronic heat | EN 14825:2022 (ongoing)
pumps Representa-
tiveness
(ongoing)
RWTH Hardware Outdoor condi- See heating Simulated by Repeatability
in the Loop | tions defined by | conditions. De- | detailed Model- (completed)
(HiL) for weather data. pending on lo- ica model of a Reproducibility
building Use reference cation, some specific building (completed)
energy days (~4 days) days have and transfer sys- Representa-
systems representing a cooling de- tem to be stud- tiveness
with hy- whole year for a mand ied (ongoing)
dronic heat specific geo-
pumps graphical loca-
tion
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This section describes a testing method for residential and commercial air conditioners that can reproduci-
bly assess the energy efficiency of variable speed units and characterise their controllability when operated
according to their native control under load scenarios representative of in-field installations. The proposed
method essentially relies on a standard air-enthalpy testing facility used for more conventional testing and
does not require additional instrumentation and testing time requirements, but only the bidirectional inter-
connection of a simple simulation software, which acquire the real-time measurement of the supplied ca-
pacity from the instrumentation of the tested unit, and also controls the reconditioning unit of the indoor
psychrometric room.

The research efforts of Waseda University in the development and evaluation of optimal control strategies
for air-to-air vapor compression systems led to a first national project conducted between 2014-2016 for the
development of a new testing method able to reproducibly capture the control response of variable speed
drive units and correspondingly assess their performance.

This pioneering project resulted in the design, construction, and operation of a first prototype (Ban et al.,
2016, 2017). These preliminary results were critical for recognising the main challenges related to the hard-
ware and instrumentation of current air-enthalpy testing facilities in the real-time measurement and dy-
namic control of the reconditioning unit during dynamic system operation. The necessity of high-accuracy
instrumentation and appropriate controllability of the reconditioning unit was recognised and dealt with for
developing the testing method reported in Giannetti et al. (Gianetti et al., 2022a,b).

As reviewed in Section 1.2, current rating standards rely on forcibly achieved steady-state tests where the
native control of the system is deactivated. To assess the energy efficiency of variable speed units when
operated according to their native control under load scenarios representative of in-field installations, the
emulator-type load-based testing method combines numerical software (room emulator) with the hardware
of a conventional testing facility used for category A standards. The software and hardware are interfaced
through the reconditioning unit (or “condition generator”), which recreates the modulations of the room con-
ditions as calculated by the emulator, and the “measuring chamber”, which feeds real-time measurements
of the cooling capacity supplied by the indoor unit as a digital signal to the emulator, as described in Clause
1.3.1. A schematic representation of this testing method is illustrated in Figure 1.3.2-1.
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Figure 1.3.2-1. representation of the emulator-type load-based testing methodology (Giannetti et al, 2024)
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As explained in Section 1.3.1, load-based emulator-type tests are conducted while installing indoor and
outdoor units in two separate psychrometric chambers and allowing the system to operate in accordance
with its native control. The emulator software calculates the modulations of the indoor air condition while
accounting for the dynamic response of the tested system. Complementarily, the reconditioning unit of the
psychrometric chamber is controlled to replicate such numerical results in terms of temperature and humid-
ity of the return air to the indoor unit. The system attempts achieving the indoor set temperature for the sim-
ulated load scenario and may experience indoor temperature and humidity modulations of the return air to
the indoor unit due to variable-speed or on/off cycling operation.

In practice, the use of the emulator software can dynamically generate reproducible testing conditions by
controlling the reconditioning unit to make the test independent of the specific thermal features of the test-
ing facility. Meanwhile, temperature and humidity conditions in the outdoor psychrometric room are held
constant.

Given the dynamic characteristics of emulator-type load-based tests, a preliminary investigation of the fac-
tors affecting measurement error and delay, such as the computational time delay of the emulator, tracka-
bility of temperature and humidity in the condition generator and in the measuring chamber, and time delay
of the sensors, was carried out (Giannetti et al., 2022b) and represents the basis for reliably defining the
level of reproducibility of such tests. Additionally, to minimise the loss of information between software and
hardware sections, a tuneable feed-forward compensation module (FFC) was developed using a transfer
function system identification approach (Figure 1.3.2-2). This software module may be used to restrain the
delay in the reconditioning within the allowable range for enhancing the reproducibility of the test results
across different testing facilities (Giannetti et al., 2024).
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Figure 1.3.2-2. Schematic block-diagram of the emulator-type load-based testing methodology (Giannetti et
al, 2024)

Tests were conducted at corresponding ambient and partial load conditions with the same unit operating
according to the current JIS standard [JIS B 8616 (2015a)] and with the emulator-type load-based testing
method to characterise the gap between actual system performance and performance recorded with cur-
rent testing standards. Fig. 1.3.2.3 exemplifies the results obtained at a partial load ratio of 25%. In this
case, the air conditioner functions in a cyclic on-off operation when operated with its own native control and
exhibits a COP of 5.58, while the fixed-compressor-speed test indicates a COP of 7.13.

Consequently, when testing the system with the emulator-type load-based testing method and setting the
building load above 50% of the rated system capacity, the native control could achieve steady-state opera-
tion for a virtual room size of 147 m®. However, minor dynamic modulations of the compressor speed were
observed because of oil recirculation manoeuvres (Miyaoka et al., 2023). Conversely, under lower building
load conditions, the system responded with on-off cyclic and variable-speed operations. Figures 1.3.2-4 (i)-
(ii) illustrate the operation encountered when the building load was set to 30%. The lumped heat capacity of
the virtual room was changed according to the size of the room (Togasi&Tanabe, 2009), and the on-off cy-
cling operation of the air conditioner showed different cycling intervals. These results provided evidence for
the significance of the building thermal inertia on the system controllability and corresponding performance,
and for the necessity of a virtual room emulator for fairly assessing the dynamic performance of air condi-
tioners while equivalently reproducing the “room-side air condition” in different testing facilities. Smaller size
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rooms correspond to faster cycling and larger efficiency losses, while a larger room thermal inertia allows
the control system to operate with longer cycling and reach pseudo-steady operating intervals with lower
cycling losses.
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Figure 1.3.2-4. 30% Partial load tests with (i) 147 m?3 (ii) 300 m? virtual room size (Giannetti et al, 2022b)

Full load and part load operating conditions presently refer to JIS B 8615 (JIS, 2015c); including 3 operat-
ing points for cooling and 2 for heating operation. Adjustments of the selected tested conditions are pres-
ently under consideration to capture cycling operation (part-load condition at 25% of maximum capacity)
and minimise extrapolation in energy calculation procedures, effectively capture control characteristics, and
harmonise test requirements along with test condition for maximising comparability and minimising testing
burden. Additionally, pre-defined continuous load patterns are under consideration for test automatisation.

Evidence for repeatability and reproducibility properties of the emulator-type load-based tests are essential
for defining new standards for performance ratings. Dedicated investigations with multiple tests repeated
within the same testing facility (Miyaoka et al., 2023) and expanded to four different testing facilities (Don-
dini et al, 2024), demonstrated results repeatability within 1.5% and reproducibility within 3% standard devi-
ation, respectively.

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

Conditions Indoor dry- Outdoor Outdoor Load Simulated
bulb temp. dry- bulb wet- bulb Ratio (%) room size
(°C) temp. (°C) | temp. (°C) (m3)
Low load virtual room 1 27 29 19 25 147
Low load virtual room 2 27 29 19 25 75
Mid load virtual room 1 27 29 19 50 147
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Specifically, the performance and control response (such as those illustrated in Figure 1.3.2-5) of a 10-kW
R32 ceiling-type unit, operated in cooling mode within the four facilities at the test conditions reported in
Table 1.3-1, were analysed to provide a first assessment of the level of reproducibility of the proposed test-
ing method and suggest challenges and possible improvements. The results from all testing facilities
demonstrated consistent performance and control responses (as summarised in Table 1.3.2-2).

Waseda facility, 25% cooling capacity, 75 m3mroom

—Compressor speed —Air flow rate
—Cooling Capacity —Return air temperature
Return air wet bulb temperature —Power consumption =
— Supply air temperature Supply air wet bulb temperature §
T E 120 : : 3 8
ngg 100 " N T N N N ] 25 ey
32E g ‘ 12025
=] ¥ f i ‘ W 28
Ss& 60N Y S Y [y EE
= L Q| b . b Wy b 8 5
c 3 40 10 & 3
=S ] [ [V ] g c
SEL 20 F5 2 8
C8< - : ‘ o g
0 60 120 180 240 &
Time [min] (|)
Facility 2, 25% cooling capacity, 75 m3 room
TNT 120 ‘ ‘ 30
°\§§§ 100 T T T T T s o ?
E8E i i i L =3
ga—= 80 ‘ ‘ 205 ¢
§=8 60 3 ‘ 15 2 =
2 1 N N N NN iy
83 404 - 108 &
i I s T T I S
S E = 20 5 S g
°C8< o ‘ — 2, 0o~ 3
0 60 120 180 240
Time [min] (ii)

Figure 1.3.2-5. Test results for “Low load virtual room 2” at 25% load, 27°C indoor set temperature, and 75
m? for: (i) Waseda, (ii) Facility 2 (Dondni et al, 2024)

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

Conditions COP COP Facil- | COP Facil- | COP Facil- Deviation from
Waseda ity 2 ity 3 ity 4 average

Low load virtual room 1 5.34 5.57 5.39 5.33 3.01 %

Low load virtual room 2 5.37 5.22 5.23 5.30 1.70 %

Mid load virtual room 1 6.24 6.10 6.04 6.03 2.25%

Seasonal efficiency calculation presently refers to JIS C 9612 (JIS, 2013), which combines the hourly distri-
bution of ambient temperature, regional heating and cooling loads to calculate the APF index. As emulator-
type load-based tests characterise the system performance and controllability when operated according to
their native control, such seasonal index may provide closer representations of the actual field performance
of air conditioners and may drive virtuous developments of efficient control, as well as a method to verify
control strategy improvements. Additionally, the performance characterisation extracted through this testing
method is being used to construct performance curves and maps for performing seasonal energy calcula-
tions.
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In 2015, the Canadian Standards Association (CSA) began work on a test and rating procedure that would
better represent installed performance of variable capacity heat pumps (VCHPS) in a range of climates. In
2019, the Canadian Standards Association (CSA) published a technical review version called EXP-07:19,
Load-based and climate-specific testing and rating procedures for heat pumps and air conditioners, (re-
ferred to as EXP07).° After conducting numerous additional lab tests using EXP07 and soliciting public
comments, a final revision was made and published as SPE-07:23 (CSA, 2023a) using the same title
(hereafter SPEQ7). SPEQ7 uses load-based tests at a range of conditions of both heating and cooling oper-
ation in order to create a performance profile, which is then used to calculate a set of Seasonal Coefficient
of Performance (SCOP) values. These SCOPs are reported separately for heating and cooling for seven
different North American climates and represent an estimate of net seasonal efficiency of heat pumps in
typical residential applications for each of those climates.

The scope of SPEQ7 applies to residential, single-zone air-to-air heat pumps and air conditioners less than
65k Btu/h (19 kW) in capacity.

This section provides an overview of how SPEQ7 works and generally explains the concepts behind the
SPEOQ7 rating procedure. It is adapted from the EXPO7 Plain Language Guide (CSA, 2023Db).

Most fundamental to SPEQ7 is its approach to testing using a "virtual" or simulated building load, managed
by test room system software (sometimes referred to as an "emulator"). As described in Section 1.3.1,
SPEOQ7 uses a dynamically-controlled, load-based approach that measures heat pump performance across
a wide range of outdoor temperatures, while the system meets heating and cooling loads that are typical for
residential applications, using its own thermostat and internal control logic to respond to changes in the
room temperature.

The approach taken in SPEOQ7 is very similar to that outlined in Clauses 1.3.2 and 1.3.4, and to a lesser ex-
tent 1.3.5 (although all four methods have the same intent to emulate operation of the heat pump under its
native control system rather than operation in a special test mode). However, SPEQ7 differs from the others
because it is a published test method that includes both test procedures and performance rating calcula-
tions.

To account for the natural variation in the unit operation, the test procedure includes detailed instructions
so that the lab can determine at what point during a particular test condition the test may be considered
“complete”. This process is defined by a set of rules that require monitoring the heating or cooling output
and electric input over time, searching for a during which these measurements are steady, or repeating
over time in such a way that additional measurements will not likely change the result in a meaningful way.
This is referred to as “convergence”, and once convergence (or a test period time limit) is reached, the test
condition is considered complete and the test procedure moves to the next condition, until all tests are
completed.

During SPE-07 lab testing, two series of heating tests (Continental and Marine), and two series of cooling
tests (Humid and Dry) are conducted (as described below). Each climate-based rating is derived from
those test results using the appropriate set of heating and cooling tests, mapped into that climate data. For
heating, SPE-07 uses a single, linear relationship between outdoor temperature and load, based on the
rated capacity of the tested equipment (referred to as a “load line”). The load line is a typical generalised
building load profile, and the concept is common to other heat pump rating systems such as AHRI 210/240
(AHRI, 2023) and CSA C656 (CSA, 2014). A single load line is used for the heating load in SPE-07

(CSA, 2023a); this is based on the rated cooling capacity at 95F. The load increases with decreasing
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outdoor temperature, and the no-load point (intersection with the x-axis) occurs at 60F by definition. The
Marine climate zone heating test conditions vary only by the outdoor unit humidity that is used. For cooling,
separate load lines are defined for dry and humid conditions, which are then used to generate the cooling
SCORP ratings.

Each chosen load line implies an assumed relationship between the size of the equipment and the magni-
tude of the building load — that is, an implied “equipment sizing”. Defining the “right” load line is a challenge
because home efficiency levels vary dramatically, and the relative sizes of a home’s heating and cooling
design loads can vary significantly. Even within a given building, loads can vary significantly off of the “av-
erage” load line due to transient events, such as changes in solar gain. The SPE-07 (CSA, 2023a)heating
load line is used for all the heating climate seasonal ratings. Even though heating design temperatures vary
significantly from mild to cold climates, the chosen load line is a compromise that reduces the number of
required lab tests while remaining broadly relevant across a range of climates. It generally results in the
testing of heat pumps under the full range of operating modes, including cycling, modulating, and full-load,
which is an objective of the test procedure.

An analysis of alternative load lines to that used in SPE-07 (CSA, 2023a) was conducted and it concluded
that the SPE-07 load line remained robust under a variety of circumstances, except for the extreme case of
sizing a heat pump for full-load heating in the Subarctic and Very Cold climate zones. In this case, it was
suggested that some additional metric such as cold-ambient capacity maintenance would also be required
— especially if the objective is to reduce reliance on auxiliary heat sources (and such a metric has indeed
been used in incentive and manufacturer challenge programs in Canada and the United States?.

Learning Test Cycle
Before proceeding with the cooling and heating rating test series, a learning test series is conducted. The
learning test series allows the equipment to run under its own controls and acts as a “break-in” period.

The SPEOQ7 test procedure uses 6 heating conditions and 10 cooling conditions. The tests are run at each
condition until the system achieves convergence, as outlined above. At each outdoor temperature, the
amount of heating or cooling load that is dynamically simulated in the indoor room (see “the load line”
above) is appropriate for the outdoor temperature at which the equipment is tested and is also scaled to the
capacity of the tested unit, so that each unit is tested based on its rated capacity.

The heating conditions are divided into two general climate areas, Continental and Marine, each with its
own sequence of outdoor temperatures and corresponding loads. The cooling test conditions are divided
into humid and dry climate areas, each with its own sequence. In addition, in the humid cooling tests, a dy-
namic moisture load is applied by monitoring the removal of humidity by the equipment under test, and then
updating the indoor humidity in the test room programming. This works in very much the same way that the
dynamic heating and cooling loads are applied to indoor temperature for all the tests, and it allows the test
to measure how well the units remove moisture in the humid cooling tests. (By contrast, in a conventional
test the reconditioning equipment maintains a constant humidity level in the indoor room). Table 1.3.3-1
summarises the four test sequences:

2 |n Canada, the Canada Greener Homes Grant Initiative, as a condition of eligibility for it's cold climate heat pump grant
amount, required an equipment capacity maintenance (Max -15° C (5° F)/Rated 8.3° C (47° F)) = 70% (with a COP = 1.8).
In the US Department of Energy Cold Climate Heat Pump Challenge, the performance requirement at 5F (-15C) was to maintain
100% of the nominal capacity of the system as tested at the AHRI 210/240 Appendix M1 A2 test point for heating/cooling heat
pumps (with a COP = 2.4 for equipment up to 4 tons and = 2.1 for equipment > 4 tons.
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Table 1.3.3-1. Summary of the four test sequences.
Heating Outdoor Conditions Indoor Conditions

5 temperatures from

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

test at lowest operating temp, per manu- 70 °F (21.1°C)
facturer 56% RH max
Marine One additional at 34°F (1.1°C)
Cooling Outdoor Conditions Indoor Conditions
Dry 5 from 77 to 113 °F (25 to 45 °C) 79 °F (26.1 °C) 21% RH max
Humid 4 from 77 to 104 °F (25 to 40 °C) 74 °F (23.3 °C) 55% RH max

Wherever possible, test procedures, such as measurement techniques, are harmonised with AHRI
210/240. Although the indoor unit air flows during SPEQ7 tests may vary based on the internal controls of
the tested unit, the initial setup to define and measure full-load air flows, and to establish static pressures
for ducted systems, are harmonised with conventional test methods.

Once the test results have been measured and recorded, seasonal efficiency values are calculated. The
result is a heating and a cooling Seasonal Coefficient of Performance (SCOP) for each climate zone —
SCOPh and SCOPc. (Except that there is no cooling SCOP for the Subarctic zone.) The basic method to
calculate seasonal efficiencies is called a bin model, consistent with other rating and common HVAC engi-
neering analyses. For each climate, the analysis uses a specific number of hours that represent the num-
ber of heating or cooling hours at each temperature “bin” throughout the heating and cooling seasons. The
temperature "bins" are divided into increments of 5 °F (2.8 °C), and the unit's heating or cooling efficiency,
as determined in the lab, is applied to each bin based on the number of hours within that bin. The size of
the heating and cooling loads used for the rating calculation are the same as those used during the tests.
For heating, at any outdoor temperatures for which the tested unit does not have enough heating capacity
to meet the full heating load, it is assumed that the difference is made up with electric resistance supple-
mental heaters with a COP of 1.

For each climate, the total delivered output for the season is divided by the total electrical input to deter-
mine the Seasonal Coefficient of Performance (SCOP) for that unit in that climate. The SCOP is a simple
ratio, so a COP of 1.0 represents 100% efficiency (such as electric resistance heat). Heating SCOPs are
generally higher in warmer climates and lower in colder climates, and cooling SCOPs are generally lower in
the hottest climates and increase as summer climates get cooler. The eight representative climate zones
are shown in Figure 1.3.3-1.

There is a provision that the lab tests the energy input during “standby” modes of operation (when the unit
is not heating or cooling), as a separate procedure. The results are used in the analysis for seasonal COP,
which may be reported separately with and without the standby power. The standby power is added for
hours (based on each climate), during heating or cooling seasons, for temperatures at which there is no
heating or cooling requirement but when the HVAC system unit thermostat is likely to remain in “heat” or
“cool” mode. Also, standby power is applied to shoulder periods when there is no heating or cooling de-
mand, and the unit controls are likely to be turned “off,” but the system is still powered on at the circuit
panel. Standby energy makes a more significant impact on annual efficiency ratings in climates with long
shoulder periods that require no heating or cooling, and of course, for equipment that has higher standby
electric energy input.
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Figure 1.3.3-1. SPEO7 Representative Climates 3

Besides the standard climates and heating and cooling load conditions, Annex F of SPEQ7 provides alter-
native rating calculation methods called “Application ratings” so that users can vary the conditions used in
the model in a predictable, standardised manner. This allows a designer or analyst to use a specific climate
rather than one of the eight prototype climates. It also allows for equipment loads (heating and/or cooling)
that vary from the ones used in the test, and for specification of auxiliary heat sources that have a fixed
heating output, whether electric or some other fuel. For an application rating, details are provided on how
such a result needs to be reported so that the application-specific conditions are properly disclosed.

Improved climate-specific metrics such as SCOP provide a mechanism for energy efficiency incentive pro-
grams to estimate savings for specific heat pump models appropriate for various climates. Better predic-
tions of performance, using SCOP values based on tests conducted with native controls, will allow pro-
grams to more accurately attribute value for incentives and other support, to better match targets for sav-
ings to the systems with the highest efficiencies. Load-based test procedures and ratings such as SPEQ7
should also improve understanding by designers and consumers about the value of various products.

In 2022-2023, a research project organised by the Northeast Energy Efficiency Partnerships (NEEP) and
sponsored by many US and Canadian organisations has measured performance of six heat pumps in the
field and also in the lab, using both AHRI 210/240 (category A) and SPEQ7 (Category B) methods, with the
purpose of assessing the representativeness of “real” field operation of each laboratory test method. The
six heat pumps were installed in three identical (unoccupied), calibrated manufactured homes in Nebraska
(US). They were monitored in cooling and heating operation from Aug 2022 to March 2023. The details of
the field phase are published in (NEEP, 2023a) and summarised in Harley et al. (Harley et al., 2023)

After the field data collection, the six units were tested by a lab that has much experience using SPEQ7, to
compare the field performance with the reported efficiency metrics from the two test methods. The conclu-
sion is that SPEQ7 is more representative, although there was more low bias in the cooling rating using

8 The Marine climate is circled for clarity to differentiate it from climates shown in similar colors.
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SPEOQ7 than expected. A summary of the results is shown in Table 1.3.3-2 and Figure 1.3.3-2. In all cases,
the field data and the M1 (which is related to the conditions of AHRI210/240 results) are both normalised to
the same climate used in SPEQ7 to ensure they are comparable. This is explained in the cited papers.

Table 1.3.3-2. The root mean squared errors (RMSE) and mean absolute percent errors (MAPE) for SPE-
07 and M1, using field SCOP as a reference.

Cooling RMSE | Heating RMSE | Cooling MAPE

speo7 | m1 | speo7 | M1 | speo7 | M1 | spEo7 | w1
Ducted 074 | 045 | o026 | 040 | 13% | 9% | 11% | 17%
Ductless 092 | 214 | o020 | 139 | 13% | 43% | 10% | 64%
Combined | 082 | 140 | o024 [ 093 | 13% | 226 | 10% | 36%

In the end, there were only five units with valid data for the comparison, three ducted and two ductless. In
all cases for the entire group, the SPEQ7 errors are smaller, although when looking at the ducted and duct-
less subgroups, the errors were larger for SPEO7 in the ducted group for cooling. The sample size is tiny,

however, to generalise the results to ducted and ductless units.
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Figure 1.3.3-2. Normalized seasonal COP for M1, field, and SPEQ7 for cooling (left) and heating (right)

Figure 1.3.3-2 shows a visual representation of the normalised results. Here, the low bias of SPEOQ7 in cool-
ing is apparent (4 of the 5 units), and the more extreme over-statement of efficiency of M1 (AHRI 210/240)
for some units in both cooling and heating can be seen. Further details of this study are awaiting publica-
tion but should be found in NEEP (NEEP, 2023b) and Harley et al.(Harely et al., 2024) .

In addition, during the lab tests of this study, two of the heat pumps have been re-tested to assess repeata-
bility. Along with a previous study on EXP0O7 by AHRI and Purdue University (Dhilon et al., 2022), this small
sample suggests repeatability is within £3% at a 95% confidence interval. Although in the AHRI assess-
ment, reproducibility was not very good for EXP07, it is expected that it will be improved for SPE07, and a
second lab will begin testing two of the units from the NEEP representativeness study shortly after this writ-
ing.

The purpose of this proposed test protocol is to improve the testing and evaluation of variable refrigerant
flow (VRF) systems.

The testing and evaluation of the multi-split system air conditioner and air-to-air heat pump, according to
ISO 15042 (1SO, 2017b) and/or JIS B 8615-3 (JIS, 2015c¢) requires fixing the compressor speed, opening
the electronic expansion valves (EEV), and adjusting the unit's set-point to the lowest temperature during
cooling or the highest temperature during heating. Currently available products automatically control the
compressor speed and electronic expansion valve to maintain a comfortable temperature. This proposed
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test protocol evaluates the VRF system by analysing automatic control of compressor speed and electronic
expansion valve at different thermal loading.

This proposed test protocol shall be used in conjunction with existing testing and evaluation standards,
such as ISO 15042 (1SO, 2017b), JIS B 8615-5 (JIS, 2015c), and BS EN 14511-3:2018 (BSlI, 2018), to en-
hance the realism of testing and evaluation. ISO 15042 (1ISO, 2017b), for instance, outlines specific condi-
tions in Section 12.2 of this standard that, when followed, can result in different ratings. Annex F of ISO
15042 (1SO, 2017b) displays the part-load capacity test, and Annex G describes the individual indoor unit
capacity tests. To apply this proposed test protocol as additional tests for the VRF system, it is necessary
to follow the standards mentioned in (ISO, 2017b), (JIS, 2015c), (BSI, 2018). These standards cover the
preparation of the VRF system, the arrangement of the testing facility, the selection and installation of sen-
sors and measuring instruments, and the choice of methods used to measure the parameters needed for
data analysis.

This proposed test protocol uses the terms and definitions provided in ISO 15042 (ISO, 2017b) and/or JIS
B 8615-3 (JIS, 2015c). Additional terms and definitions are introduced based on testing and measurement
evaluations conducted by Building Research Institute (BRI) and National Institute for Land and Infrastruc-
ture Management (NILIM) (Enteria et al., 2015, 2016, 2017).

e Thermal capacity of the indoor unit(s) is measured using the air enthalpy method. The differ-
ence lies in the total enthalpy of the supply and return air, which is then multiplied by the mass
airflow rate.

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

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

e Rated thermal capacity test measures the heating or cooling capacity of indoor units based on
ISO 15042 (ISO, 2017b) and/or JIS B 8615-3 (JIS, 2015¢).

e Real operational control refers to the control logic of both marketed and installed VRF air-con-
ditioning and heat pump systems.

e Real thermal capacity test measures the heating or cooling capacity of indoor units based on
the system's operational control.

e Partial thermal capacity test measures the capacity at a lower value than the real thermal ca-
pacity test.

e Cyclic operation happens when the compressor turns on and off, especially when the thermal
loading for cooling and heating modes is low. In the case of multi-compressors, one compres-
sor may operate while the other(s) is/are off.

e Heating-defrosting operation is melting ice accumulation from the outdoor unit's heat ex-
changer in a heating-and-defrosting cycle.

Engineers who test and evaluate VRF systems using the methods described in ISO 15042 (1ISO, 2017b)
and/or JIS B 8615-3 (JIS, 2015c) shall also use the protocol proposed in this document to test and evaluate
these systems. By incorporating the evaluation method mentioned in this test protocol, test engineers shall
have less difficulty in testing products than they currently have when using 1SO 15042 (ISO, 2017b), JIS B
8615-3 (JIS, 2015c) and/or BS EN 14511-3:2018 (BSI, 2018) This will also ensure that the person testing
the VRF system, based on the existing standards and the proposed test protocol mentioned in this docu-
ment, can easily differentiate, determine commonalities or similarities in the results, and make a final report
on the product being tested. Hence, this proposed testing method will evaluate the VRF system based on
its actual operational control strategy, not on the manipulated control strategy used in existing testing
standards.
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The VRF system shall be tested and evaluated according to the procedure outlined in this proposed test
protocol. The test protocol tests the VRF system based on the actual product - the operating logic of the
compressor and electronic expansion valves are the same as those found in the commercial marketplace.
Prior to this, it shall be tested under the rating conditions specified in ISO 15042 (1SO,2017b), JIS B 8615-3
(JIS, 2015c), BS EN 14511-3:2018 (BSI, 2018), or other relevant national standards. The preliminary test
based on standards aims to confirm that the new VRF system adheres to the agreed-upon rules and regu-
lations for its development, creation, and performance. The results of the ISO 15042 (1SO,2017b) and JIS
B 8615-3 (JIS, 2015c) standards mentioned in the text can be compared with the results of the proposed
test protocol described in this document.

A manufacturer of VRF systems or a third party shall test and measure the performance of the VRF sys-
tems based on the test and measurement method described in this proposed test protocol. The test can be
performed after the completion of testing and performance measurements recommended by ISO 15042
(1S0O,2017b), JIS B 8615-3 (JIS, 2015c) and/or other standards. By incorporating the test and measurement
procedure described in this proposed test protocol, more information about the actual performance of VRF
systems can be gathered and evaluated than can be gathered using existing protocols alone.

A company that manufactures VRF systems or a third party is expected to have a facility designated for
testing and evaluating the VRF systems, as shown in Figure 1.3.4-1 The design, construction, maintenance
and operation of the test facility are expected to follow ISO 15042 (1SO,2017b), JIS B 8615-3 (JIS, 2015c)
and other standards. In a test facility, a VRF system shall be tested and evaluated based on the proce-
dures mentioned in this proposed test protocol, with the proper installation of the required sensors that
measure the actual performance of the system, as shown in Figure 1.3.4-2.

To ensure that the compressor operates continuously and predictably, data for analysis shall be collected
at least 20 minutes after observing stability in the VRF system's operation, as outlined in ISO 15042
(1S0O,2017b) and/or JIS B 8615-3 (JIS, 2015c). To analyse cyclic compressor operation, data is collected
for three cycles (when the compressor is on and off for cooling, heating, and defrosting) after monitoring
the stability of the VRF system operation, as outlined in ISO 15042 (ISO,2017b) and/or JIS B 8615-3 (JIS,
2015c).

To test a VRF system using the proposed test protocol, the same control strategy currently in use shall be
employed. Prior to testing with the proposed test protocol, the system shall be tested according to the rat-
ing conditions outlined in ISO 15042 (1SO,2017b) and/or JIS B 8615-3 (JIS, 2015c).

The thermal capacities of the VRF system are determined using standardised testing and performance
evaluation methods outlined in ISO 15042 (1SO,2017b) and/or JIS B 8615-3 (JIS, 2015c). This ensures that
the thermal capacities are rated accurately and consistently. The results of the proposed test protocol shall
be compared against the testing results based on ISO 15042 (1SO,2017b) and/or JIS B 8615-3 (JIS, 2015c)
as a reference.
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Figure 1.3.4-1. Test facility with one outdoor chamber and two indoor chambers: a) General diagram, and
b) Specific diagram. Where H=Heater, C=Cooler, W=Humidifier, SA= Supply air, RA= Return air, I1A=Inlet
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The air flow measurement procedure shall follow the standards set out in ISO 15042 (ISO, 2017b) and/or
JIS B 8615-3 (JIS, 2015c). Other standards, such as ISO 5167-1 (ISO, 2022) and ISO 5151 (ISO, 2017a)
shall also be consulted when making air flow measurements. In addition, as mentioned in ISO 15042
(ISO, 2017b) and/or JIS B 8615-3 (JIS, 2015c), the instructions given by the manufacturer of the VRF sys-
tem shall be followed when making air flow measurements.

The air flow measurement method used for each indoor unit shall follow the standard method discussed in
ISO 15042 (1SO, 2017b) and/or JIS B 8615-3 (JIS, 2015c). Other standards, such as 1ISO 5167-1

(ISO, 2022), ISO 5151 (I1SO, 2017a) and ISO 3966 (ISO, 2020) shall also be consulted. In addition, as
mentioned in 1ISO 15042 (ISO, 2017b) and/or JIS B 8615-3 (JIS, 2015c¢), the instructions of the manufac-
turer of the VRF system shall be followed. The air flow rate and noise level suggested by the manufacturer
shall be used for testing. This information shall be available in the product catalogue. In addition, the sug-
gested air flow rate shall be an available option for the actual operation of the VRF system. In addition, an
actual airflow measurement shall be performed on the installed VRF system to determine the actual airflow
of the indoor units of the VRF system (Enteria et al., 2023). The airflow measurement used a device that
measures the actual airflow of the installed indoor unit of the VRF system in the actual building. The actual
air flow measurement shall be used in the thermal capacity.

The actual cooling capacity test referred to in this test report shall be performed with all indoor units operat-
ing under the air conditions specified in T1 of Table 2 of ISO 15042 (ISO, 2017b) and/or JIS B 8615-3 (JIS,
2015c).

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

Cooling mode
Cooling capacity, kW Power consumption, kW
Catalogue value (rated) 22.40 6.61
Measured value (real) 21.41 6.65

The standard capacity test value based on ISO 15042 (ISO, 2017b) and/or JIS B 8615-3 (JIS, 2015c) shall
be referred to when measuring the actual capacity. The results of the two tests shall be compared and
made available as shown in sample Table 1.3.4-1. The measurement of the cooling capacity shall be de-
rived from the air enthalpy method, the calculations of which are specified in ISO 15042 (ISO, 2017b)
and/or JIS B 8615-3 (JIS, 2015c).

The appropriate conditioning of the air to stabilise the VRF system mentioned in ISO 15042 (ISO, 2017b)
and/or JIS B 8615-3 (JIS, 2015c) shall be adopted to ensure the reliability of the data obtained. The data
collection and analysis procedures shall follow the standards mentioned in ISO 15042 (ISO, 2017b) and/or
JIS B 8615-3 (JIS, 2015c). In particular, the sample data evaluation and analysis shown in Figure 1.3.4-3
shall be considered. The adjustment period is to evaluate the thermal capacity setting of the chambers. The
stabilisation period is to make sure that the thermal capacity reading is already the stable target reading.
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Figure 1.3.4-3. Raw data observation and data for analysis: a) Steady compressor operation,
and b) On and off compressor operation.

As part of the evaluation of a system, a partial cooling capacity test with a balanced thermal capacity ratio
shall be conducted. During this test, the total indoor capacity of all units is reduced from the actual cooling
capacity to the minimum possible cooling capacity of the VRF system, as shown in Figure 1.3.4-4. In addi-
tion, the air conditions specified in T1 of Table 2 in ISO 15042 (ISO, 2017b) and/or JIS B 8615-3 (JIS,
2015c) shall be used. In addition, the appropriate air conditioning conditions for the stabilisation of the VRF
system mentioned in ISO 15042 (ISO, 2017b) and/or JIS B 8615-3 (JIS, 2015c) shall be followed. Data col-
lection and analysis shall also follow the standards mentioned in ISO 15042 (ISO, 2017b) and/or JIS B
8615-3 (JIS, 2015c). The sample data evaluation and analysis shown in Figure 1.3.4-4 shall be considered,
especially during cyclic operation (Figure 1.3.4-4b).
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Figure 1.3.4-4. Power consumption at partial thermal capacity with balanced cooling capacity: a) indoor unit
1, b) indoor unit 2. Where Ex,,,=Measured power consumption, Q,=Thermal capacity.

The actual capacity test referred to in this test report shall be performed when all indoor units are operating
at the outdoor and indoor air conditions specified in H1 of Table 7 of ISO 15042 (1SO, 2017b) and/or JIS B
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8615-3 (JIS, 2015c). The catalogue capacity test based on 1ISO 15042 (1ISO, 2017b) and/or JIS B 8615-3
(JIS, 2015c¢) shall be used as a reference when measuring the actual capacity test and the results shall be
compared as shown in Table 1.3.4-2. Heating capacity measurements shall be based on the air enthalpy
method with calculations taken from 1SO 15042 (ISO, 2017b) and/or JIS B 8615-3 (JIS, 2015c).

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

Heating mode
Heating capacity, kW Power consumption, kW
Catalogue value (rated) 25.00 6.43
Measured value (real) 23.88 6.48

The conditioning of the air required to stabilise the VRF system as specified in ISO 15042 (ISO, 2017b)
and/or JIS B 8615-3 (JIS, 2015c) shall be followed. Data collection and analysis shall follow the standards
mentioned in ISO 15042 (ISO, 2017b) and/or JIS B 8615-3 (JIS, 2015c). The sample data evaluation and
analysis shown in Figure 1.3.4.3 shall be consulted.

The partial heating capacity test shall be performed with a balanced thermal capacity ratio. In this test, the
total capacity of all indoor units is reduced from the capacity of the real heating capacity test to the mini-
mum possible heating capacity at which the compressor of the VRF system can operate (Figure 1.3.4.5).
The air conditions recommended in H1 of Table 7 ISO 15042 (ISO, 2017b) and/or JIS B 8615-3 (JIS,
2015c) shall be used. The air conditioning required to stabilise the VRF system according to ISO 15042
(ISO, 2017b) and/or JIS B 8615-3 (JIS, 2015c) shall be maintained. The data collection and analysis proce-
dures shall adopt the standards mentioned in ISO 15042 (ISO, 2017b) and/or JIS B 8615-3 (JIS, 2015c).
The sample data evaluation and analysis shown in Figure 1.3.4.5 shall be considered, especially during
cyclic operation (Figure 1.3.4-5b).
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Figure 1.3.4-5. System power consumption at partial thermal capacity with balanced heating capacity: a)
indoor unit 1, b) indoor unit 2. Where Ex,,,=Measured power consumption, Q,=Thermal capacity.

This section describes load-based test methodologies for hydronic heat pumps that are connected to a wa-
ter-based heating system on the sink side. The source side can be air, brine, or water. The main section
deals with a load-based test which aims to compare products under standardised yet representative test
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conditions, whereas the final section gives a brief overview of hardware-in-the-loop testing as a holistic
evaluating method.

The Federal Institute for Materials Research and Testing (BAM) assessed the current standards EN 14511
(BSI, 2018) and EN 14825 (BSI, 2022) within a research project ("Support for market surveillance — NAPE"
(2015-2022). To solve multiple issues arising from fixing the compressor speed and overriding the heat
pump controller during the standard test, BAM developed the load-based test to measure units with active
control under normal operation mode. This yields representative operation behaviour (on-off cycling under
part-load), ensures that different appliances are tested under the same conditions (no individual increase of
supply temperature/heating capacity under part-load conditions) and enables testing independent from the
manufacturer. In 2019, BAM submitted a proposal in the review process of the EU ecodesign and energy
labelling regulations for space heating appliances to revise the current EN-standards summarising the
shortcomings of the current standard and the benefits of the load-based method (Simo et al., 2019). To val-
idate the new method, repeatability and reproducibility were investigated in two round-robin tests (Wachau
et al., 2023a). It was found that the inertia of the test stand impacts the operating behaviour under part-load
conditions (Gdbel et al., 2022). Therefore, the method was refined by introducing a simplified building
model (emulator), which ensures the same response of different test stands (aligned inertia) and ensures
the test stand responds like a real building (increased representativeness). The method is described in a
test guideline published by BAM (BAM, 2023a) and an example of the building model is available in the
form of a Python script on GitHub (BAM, 2023b). The proof-of-concept was successfully demonstrated in
2023 (Wachau et al., 2023b) and is followed by further round-robin tests. The following sections describe
the emulator approach as of January 2024, including the two-mass building model.

As mentioned before, conventional heat pump test stands can vary significantly in their hardware and con-
trol design, resulting in very different response (physical and virtual inertia) under dynamic operation of the
tested unit (e.g. on-off cycling or defrosting). Therefore, the emulator approach developed by BAM aligns
inertia across different test stands by implementing a virtual building model in the test stand to ensure re-
producible operating behaviour. This technology neutral approach allows existing hardware to be used
(With minor hardware modifications/extensions any test standard is suitable).

The simplified building model (two-mass model, cf. Figure 1.3.5-1) computes the heat pump’s water in-
let/return temperature Y ¢4 (@nd the building temperature g .o, Where applicable) which is coming from
the virtual building towards the heat pump. The test stand emulates these computed temperatures during
the entire test duration. In particular, for each time step 4t.,, the model calculates the return temperature
Yrcalc and the building temperature 95 ., (output variables) based on the measured heat pump’s water
outlet temperature/supply temperature 95 and the heating capacity Qyp (input variables) of the unit under
test. Through the measured heating power, the model considers the supply temperature 9, return temper-
ature Y omy, and mass flow rate . Like the supply temperature, the mass flow is controlled by the heat
pump.

Based on a simple energy balance, the test stand dynamically adapts the so-called compensation load to
match the calculated return temperature 9y .,1c. The heat pump responds in accordance using its heating
curve or its indoor temperature control or both as it tries to maintain the required supply temperature ;.
Aligned with testing conditions in EN 14825 (BSI, 2022), the outdoor room shall maintain constant condi-
tions over a temperature range associated with different climate zones for testing air-water heat pumps.
Compared to the conventional testing procedure, the heat pump under the test is operated with its onboard
control system (native control) active and not in a fixed-speed mode. The heat pump is, thus, permitted to
switch into on/off operation of the compressor.

To ensure representativeness the building model is parametrised according to the test conditions defined in
EN 14825 (BSI, 2022) considering the temperature application (e.g. low, medium or high) and the climate
zones (cold, average, warm) (The concept can be applied to any temperature application, but representa-
tive time constants must be applied). In addition, the Paesign Of the heat pump is considered scaling the size
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of the virtual building. The equations and a detailed description can be found in the test guideline published
on the BAM website (BAM, 2023a).
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Figure 1.3.5-1. Schematic of the two-mass building model

The emulator method allows for the use of conventional test stands with minor modifications to implement
the building model. Depending on the type of unit, the source side contains a water loop or a climate cham-
ber which ensures constant brine/water and outdoor conditions, respectively. The sink side comprises a
water cycle, which is used to apply the required load. In accordance with EN 14825 (BSlI, 2022), a test con-
dition dependent setpoint for the supply temperature (water outlet temperature) and the heating capacity
must be reached. For both measurements, the arithmetic mean value (over full cycles for on-off or defrost
operation) is used.

The emulator method subjects the unit under test to the load dynamics of a representative building. In con-
trast to the current standard, the unit under test is operated with its on-board (native) control active. Prior to
testing, only slight adjustments of the factory settings must be made on the installer level (single heating
circuit, disable domestic hot water, etc.). In addition, the heating curve settings inside the controller are ad-
justed to match the set point for the supply temperature required by the specific test condition, as an in-
staller would do. The controller modulates the compressor speed to match the load as it would do in the
field. Hence, on-off operation is observed for loads below the modulation limit of the compressor. For loads
below the bivalence point, two options can be applied: (a) the real or (b) a virtual electrical auxiliary heater
is active, the power input of which is considered in the evaluation.

Figure 1.3.5-2 illustrates the difference between the fixed compressor speed test according to EN 14511
(BSI, 2018) and the load-based test on the same heat pump. The test conditions (E, A, B, C and D) defined
in EN 14825 (BSI, 2022) are the same in both cases. However, to ensure steady-state operation of the
compressor, the heating capacity must be increased below the modulation limit of the compressor. Thus,
any deviation from the prescribed load-line is allowed in the standard test for conditions where on/off opera-
tion would occur and must be corrected afterwards. Consequently, different heat pumps are not tested un-
der the same test conditions since the adjustment is individual for each heat pump. In contrast, the required
load is always met during load-based tests within the permissible deviations, since on/off operation is ena-
bled via active control. Hence, the operation behaviour is much more representative.

Finally, load-based tests can be performed independently from the manufacturer, whereas the standard-
ised fixed frequency test in general, requires intervention from the manufacturer to set different parameters
in the test mode.
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Figure 1.3.5-2. Partial loads measured on the same heat pump according to EN 14511 (BSI, 2018) and the
emulator method (2MM) at different test conditions defined in EN 14825 (BSI, 2022). The load curve
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(setpoint) and permissible deviations according to EN 14825 (BSI, 2022) are depicted by dashed and dot-
ted lines, respectively

Figure 1.3.5-3 compares measurements at part load condition C according to EN 14511 (BSI, 2018) and
the emulator method. During the standard test, the supply and return temperatures are quasi-constant
since the compressor speed is fixed, whereas on-off operation is observed for the load-based test, which is
reflected in the periodic increase in supply and return temperatures. The dynamic operation in the latter
case is due to the native controller trying to match the load below the modulation limit of the compressor.
As previously emphasised, the mean value of the supply temperature is much higher for the standard test,
which requires steady-state operation of the compressor, resulting in a too high heating capacity (supply
temperature) compared to the test condition defined in EN 14825 (BSI, 2022).
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Figure 1.3.5-3. Measured supply and return temperatures according to EN 14511 (BSI, 2018) and the emu-
lator method (2MM) on the same heat pump.

The load-based test can be applied to any test condition if the source side conditions are constant. So far,
test conditions according to EN 14825 (BSI, 2022) have been used since the load-based test was devel-
oped to replace the fixed frequency test defined in EN 14511 (BSI, 2018).

The repeatability and reproducibility of the load-based test has been assessed in two round robin tests
(RRT) with an A/W and a W/W heat pump from 2020-2021 (Wachau et al., 2023a). Similar reproducibility
was found compared to the current standard. However, very different inertia of the test rigs in the RRT
leads to non-uniform operating behaviour. Especially, quick responding test rigs with low inertia failed to
reach the setpoint for the heating capacity. In the following, the two-mass building model was introduced to
align the test stand response independently from its physical inertia and ensure the same operating behav-
iour. The concept has been proven on three test stands with three different heat pumps (Wachau et al.,
2023b). Starting from September 2023, a new round-robin test is launched by BAM and RWTH to investi-
gate the reproducibility of the emulator (building model) based approach and to refine the test guideline
based on the observations.

The calculation of the seasonal coefficient of performance (SCOP) is defined in EN 14825 (BSI, 2022) and
can be applied to load-based measurements. Slight adjustments in the calculation procedure are required
since the electrical power consumption for the back-up heater is directly recorded during the load-based
measurement and included in the measured COP opposed to the standard correcting a lack in heating
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capacity during the SCOP calculation. The electrical power consumption of the back-up heater can either
be measured directly, in case of a real back-up heater, or calculated virtually.

The load-based-testing method described in the following is based on the Hardware-in-the-Loop (HiL) ap-
proach that couples hardware and software in real-time. At RWTH Aachen University, we developed a
method for testing the holistic building energy system, including further components like the hydraulic trans-
fer system, PV-systems or thermal energy storages (TES) (Mehrfeld, 2022). The device under test can be
the heat source (e.g. heat pump), the TES, and the control algorithms. Therefore, the scope of this method
goes beyond the load-based approach described above, which aims to compare product performance un-

der standardised conditions.
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Figure 1.3.5-4. Schematic overview of holistic BES testing.
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The developed method creates an experimental-based annual KPI (e.g. SCOP) by performing the following
steps:

1. The BES is modelled, including all components.

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

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

4. Annual KPIs are calculated from the daily KPIs.
Figure 1.3.5-4 shows the schematic overview of the holistic test approach. A modern model predictive con-
troller (MPC) is investigated in the example. We use a fully controllable heat pump test bench for a deep
control interface. To couple the climatic chamber, the hydraulic test bench, the system controller, and the
heat pump with the building performance simulation, we transfer data via the MQTT protocol. The building
performance simulation is a multi-zone Modelica model realised with the BESMod Modelica library (Wiill-
horst et al., 2022).
Figure 1.3.5-5 shows exemplary the test of one typical day for the BES controlled by an MPC. The figure
shows the room temperature (red line) and comfort bounds (black line) at the top. The middle figure illus-
trates the heat pump's relative compressor speed while the bottom figure gives the set supply (black
dashed line) and the measured supply temperature (red line). The experiments show the potential for holis-
tic BES testing and support the introduction of complex control algorithms into practice. Further details can
be found in (Gobel et al., 2023).
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Figure 1.3.5-5. Hardware-in-the-Loop test for a building energy system controlled by an MPC.

When the building-level policies started in the late 1970s, they dealt only with the thermal performance of
the building envelope. After year 2000, many national or regional building-level policies started covering
equipment's energy performance, including heat pump systems. Because of the fundamental nature of
heat transfer, it is conceptually incorrect to separate the performance of heating and cooling supply tech-
nologies from the building envelope and vice versa. However, in practice, the different approaches adopted
in product- and building-level policies have resulted in fundamental differentiations, if not incompatibilities,
between the two levels of analysis. Insufficient communication between tests conducted for product- and
building-level policies results in inconsistent testing conditions and methodologies, making results obtained
when testing product efficiency not applicable for building evaluations, and eventually increasing the re-
quired testing time and cost to the industry.

The review of new testing methodologies and rating standards conducted in Annex 88 is also intended to
recognise potential convergences between the information extracted during product-level performance rat-
ings and building-level energy calculations, simulations, and equipment sizing.

As mentioned in Section 1.1, product-level policies are intended to provide values representing products’
energy efficiency and are used to compare different products of the same kind. Product-level evaluation of
energy efficiency does not aim to characterise the complete spectrum of possible load scenarios and build-
ing characteristics, and simplifying assumptions must be made on the relationship between outdoor tem-
perature and heat needs, for instance.

On the other hand, building-level policies and standards rely on values representing products’ energy effi-
ciency, which are used to evaluate overall energy performance (i.e., total energy consumption) of the build-
ings. The energy calculation results are frequently used to compare energy reductions with different prod-
ucts and technologies. Additionally, designers’ decisions related to equipment sizing (e.g., heat pumps) are
one of the main targets for evaluating the building’s energy performance. To increase the resolution and
reliability of building-level evaluations, energy efficiency of equipment under low partial load conditions has
become critical, mainly because the actual partial load ratio for the equipment may substantially deviate
from the assumptions made in the product-level standards, and it is not uncommon for designers to over-
size building equipment to avoid any shortage in heating/cooling capacity. Therefore, building-level policies
increasingly require evaluations with higher resolution and complexity, which imply a continuous methodol-
ogy improvement in the search for higher resolution of the energy characterisation. Examples of policies
are added in the lower part of Table 1.4.1-1, which summarises the essential features of product- and build-
ing-rating policies.

Testing methodologies for product-level policies provide the fundamental measurements and material for:
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e the development of effective Minimum Energy Performance Standards for meeting the conflicting
challenges of increasing demand for heating and cooling with the necessity of energy saving,
e defining the basis for performance rating of units available in the market,
e capturing realistic operation characteristics that may stimulate technology developments, evidence-
based policies, and guide consumers to beneficial choices.
The development of testing methodologies for assessing the performance of heat pumps and air condition-
ers when operated under the same control as in buildings presents both challenges and opportunities.
These arise from the dynamic characterisation of system operation and the performance relationships to
building and load features, similar to those observed in field installations. The reviewed testing methodolo-
gies are intended to: develop new product level standards, support building-level policies by providing data
for energy modelling and simulation purposes, provide evidence for efficient equipment sizing and selec-
tion, as well as for the development of more efficient design and control.
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Table 1.4.1-1. Comparison of product- and building-level standards.

Product-level standards:

Building-level standards:

(1) Scope

Provide comparable values representing products’ energy efficiency to
compare different products of the same type. Allow for determination of
high and low performing equipment of the same equipment type.

Evaluate overall energy performance of the building and evaluate the suitability of
different kinds of systems within the building.
*default characteristics for energy efficiency under partial load conditions are pres-

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

(2) Seasonal or an-
nual average effi-

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

Not necessary. Instead, whole building energy performance is regulated with cal-
culated energy use by buildings.

ciencies The relationship between the thermal load imposed on HP and the maximum ca-
The assumption of the relationship between heat needs imposed on HP pacity of the HP is influenced by building/interior space usage and designers’ deci-
and the maximum capacity of the HP: fixed ratios are applied, such as 1.0 sion on sizing the HP.
for cooling in JIS C 9612. The thermal load is also influenced by solar radiation and outdoor humidity.
Assumption on the relationship between the heat needs and outdoor tem-
perature: a linear relationship is assumed.
Examples The Ecodesign Directive prescribes minimum requirements for SEER and National building energy standards based on EPBD. European standards on the
of relevant EU SCOP, and only products compliant with the requirements can be sold. The | methods for energy calculation are developed as EPB standards. EN 15316-4-2 is
policies definitions of the SEER and SCOP are prescribed in EN14825 based on one of them, which is for space heating heat pump systems.
EERs and COPs at load ratios of 100%, 75%, 50%, and 25%.
AHRI standards prescribe SEER and HSPF (Heating Seasonal Perfor- For non-residential buildings, ASHRAE Standard 90.1 prescribes the whole build-
Us mance Factor) based on test results at full, intermediate, and low compres- | ing performance approach using a simulation tool, such as EnergyPlus. The build-
sor stages. DOE implements minimum SEER and HSPF with the authoriza- | ing energy codes are implemented based on the Energy Conservation and Pro-
tion of the National Appliance Energy Conservation Act of 1987. duction Act of 1976.
Top-runner programs for HP systems are implemented in the Energy Con- In the Building Energy Conservation Law and its ordinances, the calculation meth-
servation Law and its ordinances. Relevant JIS standards with testing ods for primary energy use of buildings are prescribed with standard primary en-
JP methods for full and intermediate capacities define the Annual Performance | ergy uses. In the methods, rated energy efficiencies and default curves for the re-
Factor (APF). lationship between partial load ratio and input power for HPs are used for energy
use calculations.
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In principle, load based tests rely on the same equipment and instrumentation required by current stand-
ards, while revisiting the software elements of the testing facility (though some specialised test apparatus
may be required depending on the method undertaken). It can be arguably stated that load-based tests
might require more time for test convergence than current standards, but this may be related to the neces-
sary learning curve needed for new procedures and could be quantitatively assessed during subsequent
efforts of subtask B1 on testing methodologies. The possibility of testing heat pumps under the same con-
trol as operating in field installations provides opportunities for automating tests and provides additional
value in terms of representativeness of field operation and transparency.

Finally, a strategic choice of test points for product standards has the potential to narrow the gap between
product- and building-level policies, and eventually limit overall testing time and cost when considering
overall interests of manufacturers, designers, planners, and installers. One challenge to this process is that
the interest of planning and product comparison is to have a relatively simple (and less expensive) method
to reasonably demonstrate a standardised metric, mostly for product comparison or differentiation; but this
lower cost approach does not provide the complete performance maps that are needed for accurate simu-
lation and design. More work can be done to bridge that gap, which may include: streamlining test proce-
dures and the choice of test conditions to provide a better compromise between these differing needs; the
use of load based testing to validate a subset of fixed-speed data (that may be available at a wide range of
operating conditions); the creation of better models that allow interpolation of tested, load-based operating
conditions to other conditions that facilitate both types of metrics; or other innovations, which also may vary
by different heat pump technologies.

Efforts to advance load-based and innovative testing methodologies should address the challenges and
technical solutions necessary for developing experimental methods that go beyond product performance
characterisation. These methods may also serve the purposes of design and control development, model-
ling, energy calculations, and efficient energy management techniques, particularly in the context of heat-
ing and cooling technologies and their complex interaction with the built environment and grid dynamics.
During the working phase of Annex 88, the reviewed proposals for the testing methodologies of Category B
standards will be compared in detail to exchange expertise and provide evidence of the required testing
time and cost, as well as repeatability, reproducibility, and representativeness of the results. Additionally,
the comparison of procedures and results with the corresponding Category A standards shall provide quan-
titative insights for clarifying the performance gap with heat pumps and air conditioners when operated un-
der the same control as operated in buildings.

Consequently, pathways toward adoption including such opportunities as regulator adoption, program
adoption (e.g., as an eligibility for incentives or subsidy programs), and building code reference, should be
discussed.

The activity of Annex 88 is also intended to increase result comparability across jurisdictions and harmo-
nise standard performance rating procedures toward convergence to a common proposal: for instance, the
final results of Annex 88 will support the proposal for load-based tests currently under review within the ISO
TC86 for the drafting of a new standard.
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As a promising technology for cooling and heating, heat pump has been applied in various commercial
buildings, residential buildings and industrial buildings worldwide. According to its configuration, a heat
pump can be packaged or split, ducted or ductless, portable or stationary. Typical heat pump types include
mini-split system, variable refrigerant flow (VRF) system or multi-split system, packaged window unit, cen-
tral ducted split system, packaged roof top unit, etc. (IEA, 2019) The global demand forecast for commer-
cial and residential air conditioners in 2022 is estimated to have increased by 107% compared to the previ-
ous year, with approximately 17.87 million units for commercial use and 99.9 million units for residential
use (JRAIA, 2023). In China, annual production of RACs reaches 218 million units in 2022. Moreover, VRF
system has long held the market's largest share for central air conditioning (Central Air Conditioning Mar-
ket, 2020). The Chinese market's enormous sales volume has aided in the growth of VRFs in the European
and American markets.

In the background of the vast market scale, actual performance and energy efficiency of the heat pump
system has raised wide attention in recent years. Although heat pump systems exhibit high performance
efficiency with various control strategy optimizations in the laboratory, their actual field performance could
be much different. Actual operation characteristics are affected by various factors, such as indoor and out-
door environmental parameters, pipe length and installation condition, thermal performance of enclosure
structure, occupants’ behaviour and so on, which could differ from those in the laboratory. In actual opera-
tion, such as short-circuiting in the outdoor unit during cooling, defrost operation during heating, and low-
load operation due to excess equipment capacity for claims, avoidance lead to a deviation of energy perfor-
mance from the values in the catalogue. According to the field test by Won et al. (Won et al. 2009), the ac-
tual energy efficiency of the VRF system in cooling season was only 1.74 kWh/kWh, which is remarkably
lower than its nominal cooling energy efficiency of 2.64 kWh/kWh. According to the investigation by Matsui
et al. (Matsui et al., 2016), the average operating ratio (actual output/nominal output) of VRF system in Ja-
pan is approximately 25%. The normalisation of oversized capacity leads to inefficient operation.

Accurate measurement of the cooling and heating capacity becomes the focal point of field performance
measurement since the energy efficiency index (EER) for the cooling mode and (COP) for the heating
mode could be calculated, respectively, from the energy consumption and capacity. The energy efficiency
index such as EER (Energy Efficiency Ratio), SEER (Seasonal Energy Efficiency Ratio), and COP (Coeffi-
cient of Performance) are all calculated as the ratio of capacity to energy consumption, making accurate
measurement of cooling and heating capacities a crucial focus in on-site evaluations.

Among the different types of heat pump, cooling/heating performance of water-medium ones can be easily
measured by measuring the water flow rate and its temperature difference. However, for air-to-air systems,
on-field capacity-related performance of the system is hard to be determined, though electricity consump-
tion can be measured (Matsui&Kametani, 2020). As a result, the challenge of performance measurement to
air-to-air system impedes the development of energy management, energy-saving operation, system retro-
fitting.

Thus, this chapter reviews the state of art for field monitoring methods of heat pump systems (mainly focus
on air-to-air system) and introduces some measurement result and database for actual performance of
heat pump.
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The cooling or heating capacity can be obtained for water-cooled heat pump systems by measuring the wa-
ter temperature difference and water circuit flow rate. However, this is not the case for air-to-air heat pump.

The basic principle of performance measurement of air-to-air heat pump is presented in Figure 2.2.1-1 (En-
teria et al., 2023). In order to obtain the cooling or heating capacity of the air-to-air system, researchers
mainly focus on two methodologies according to the measured medium (air or refrigerant), namely the air-
specific enthalpy difference (AE) method and refrigerant specific enthalpy difference (RE) method. Accord-
ing to different acquisition methods of air volume and air enthalpy difference, the AE method is further di-
vided into indoor side AE method and outdoor side AE method. The former comprises indoor air hood
method and indoor air sampling method, the latter is composed of the outdoor air hood method, static
multi-point sampling method, static outlet air sampling method and dynamic outlet air sampling method.
Based on a different of refrigerant mass flow measurement principle, the RE method is divided into the re-
frigerant flowmeter method, compressor performance curve method, compressor volume efficiency
method, numerical calculation method and compressor energy conservation method.
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Figure 2.2.1-1. Basic principle of field performance measurement to air-to-air heat pump

The indoor side air enthalpy difference method mainly includes the indoor unit external air hood and the
indoor unit outlet air sampling method. The external method is based on the traditional heat transfer meas-
urements on the air side, mainly air flow rate, inlet and outlet temperature, and corresponding air proper-
ties, such as density and specific heat capacity. The air flow rate can be measured directly by anemometer
or calculated according to a fan curve validated by experiments, such as a function among air flow rate, fan
rotation speed and power consumption.
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22111 Air hood method

The air hood introduces all the air outlets of the indoor unit into the air duct, and the fan adjusts its speed at
the end of the air duct to balance the pressure loss caused by the test devices at the same time
(Jactard&Li, 2011). The anemometer and the temperature/humidity sensors were used to obtain the air vol-
ume and the parameters before and after the heat exchanger. In addition, at least four groups of tempera-
ture and humidity sensors should be installed in the inlet and outlet of the indoor unit evenly distributed. To
obtain accurate air density and specific heat capacity, a group of temperature and humidity sensors shall
be arranged near the pressure sensor. Although use of multiple groups of temperature and humidity re-
duces the error caused by thermal non-uniformity, it is not convenient because it disturbs the regular opera-
tion for both users and units.

2.2.1.1.2  Air sampling method

To simplify the test difficulties, the air sampling method was proposed. The indoor unit's inlet and outlet dis-
tribution is determined through multi-point measurement in advance; therefore, the air hood could be left
out in the field test. The inlet and outlet areas are normally divided into several small regions, and the air
temperature, humidity, and velocity are measured, respectively.

Figure 2.2.1-2 shows the test principle of an indoor unit of a multi-connected air conditioner of a four-side
air outlet ceiling unit (Ichikawa et al., 2008). The scalar and vector anemometer measured three-dimen-
sional airflow velocities in and from the unit, creating an accurate airflow velocity distribution curve. The air
inlet and outlet volumes are calculated by integrating distributed sensors and each measuring point’s cor-
rection factor. The temperature and humidity sensors are arranged in each measuring point area. There-
fore, the cooling capacity was finally obtained.

Figure 2.2.1-3 shows the thermal and vector velocity distribution in the indoor unit, where the airflow at
the outlet is also complex, similar to the outdoor unit. Ensuring this method’s accuracy is hard, especially in
the cooling condition. Moreover, using the arithmetical average should be avoided since the supply air ex-
hibits evident non-uniformity.

(a) Measuring point (b) Air inlet and outlet (c) Sensors of air outlet
Figure 2.2.1-2. Air sampling method
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Figure 2.2.1-3. Thermal and vector velocity distribution on the indoor unit

60/182



2.2.1.2 Outdoor side air enthalpy difference method

Although the indoor air enthalpy difference method has the advantage of being free from the interference of
outdoor meteorological conditions, it is difficult to achieve high-precision long-term measurement due to its
interference from the users.

22121 Static multi-point air sampling method

The cooling/heating capacity was calculated by multiplying the enthalpy difference and the air mass flow
rate in the static multi-point air sampling method. The specific enthalpy is calculated by arranging several
groups of temperature and humidity sensors at the inlet and outlet of the outdoor unit. Similarly, the air vol-
ume was determined by measuring air speed in multiple positions of the outdoor unit. Probing temperature
sensors show better accuracy since they penetrate the heat exchanger and the synchronisation (Nobe et
al., 2011). Each probing sensor is equipped with two T-type thermocouples, one of which is put on the ex-
terior of heat exchange fins, and the other penetrates through fins into exhaust air chambers so that the
inlet and outlet temperature of the heat exchanger can be measured at one time. In the field test, Ichikawa
et al. (Ichikawa et al., 2008) tested the performance of the air source heat pump with a large capacity in-
stalled in an office building in central Tokyo by 27 probing sensors. The velocity of exhaust airflow was
measured on each fan unit.

2.2.1.2.2 Air hood method

The air hood is connected to the air outlet of the outdoor unit (Shimuzu et al., 2006), similar to the indoor air
hood method. The average inlet/outlet air parameters (temperature and humidity) and airspeed distribution
were measured and calculated. Compared with the air sampling method, the interference of the outdoor
environment is avoided with better airflow uniformity.

A rectangular duct is set at the air outlet of the outdoor unit to measure heat exchange by temperature and
humidity sensor. Figure 2.2.1-4 shows the outdoor unit’s duct part and vector velocity distribution. The air-
flow within the duct is a swirling flow. Velocity components primarily influence the thermal distribution and
make accurate measurements challenging.
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Figure 2.2.1-4. Duct in the outdoor unit and vector velocity distribution

However, installing an air hood affects the air distribution of the air flow field of outdoor units, especially for
the multiple outdoor units. The relative error of this method is about +15%.

2.2.1.2.3 Static outlet air sampling method

By installing of air outlet sampling devices at the outlet of the outdoor unit, the sampling devices obtain the
temperature, humidity, and airflow parameters at the microelement (Shimuzu et al., 2007). In order to im-
prove the accuracy, the cooling capacity algorithm was improved. A sampling device that samples the ex-
haust heat from an outdoor unit was developed by Haga et al. (Haga et al., 2007), which was called the
thermal flux sampler. An illustration of the thermal flux sampler is shown in Figure 2.2.1-5. The average
mean error was 12% compared with the heat balance method, which shows a great improvement in
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evaluating the actual performance of the VRF system. However, considering the complex structure of the
measuring device, the installation of the measuring device is complex. In addition, it is necessary to intro-
duce the outlet angle and flow correction coefficient, showing with significant uncertainties.

22124 Dynamic outlet air sampling method

To solve the problems of difficult installation and complex debugging of the outdoor unit static outlet air
sampling method, Zhao (Zhao, 2009) proposed the dynamic outlet air sampling method, which used sen-
sors connected with a rotating rod on a rotating shaft driven by the stepping motor moving at a predeter-
mined speed (Figure 2.2.1.6). The total cooling capacity was obtained by the accumulation of a sub-zone
heat transfer.

The mechanical automatic control device complemented the measurement progress, avoiding the an-
thropic factors’ effects. The measurement cost increased significantly for the cost of motor and control de-
vices. Moreover, it is not convenient to install the equipment in some cases, which also restricts the appli-

cation of this method.
/N

|

Figure 2.2.1-6. Dynamicoutlet air samling device
2.2.1.3 Refrigerant specific enthalpy difference method

2.2.131 Compressor performance curve method

Based on the provided information, the compressor performance curve method calculates the refrigerant
mass flow rate by fitting a polynomial to some directly measured parameters such as evaporation tempera-
ture, condensation temperature, adiabatic compression index and compressor frequency. The polynomial
is then applied to the actual operating conditions, and the refrigerant mass flow rate under the correspond-
ing operating conditions is calculated. The cooling/heating capacity of the system is determined by calculat-
ing the enthalpy difference between the refrigerant inlet and outlet of the indoor heat exchanger. Related
studies prove that the relative errors with approximated and measured refrigerant mass flow rate values are
within 6~10% (Takahashi et al., 2008).
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However, the compressor performance curve method relies on the fundamental information supplied by the
manufacturer. In addition, after the long-term operation, some problems, such as compressor’s wear and
tear, and refrigerant leakage, will affect the compressor’s performance. The field performance of the com-
pressor will deviate from the initial performance in the laboratory, showing low accuracy in a long-term test.

The ratio of the actual suction volume to the theoretical suction volume is used to define the volumetric effi-
ciency of the compressor (Naruhiro&Shigeki, 2012). As a result, once the volumetric efficiency and struc-
ture of the compressor are determined, the refrigerant mass flow rate (or cylinder volume) may be calcu-
lated according to Equation (2.2.1.1).

Myer = Preg X Ny X Vg X f (22.1.1)

Where, nv represents volumetric efficiency, Va is the actual suction volume of the compressor (m3/rev), and
f represents the frequency of the compressor (Hz). The volumetric efficiency value can be experimentally
determined from the air conditioning capacity in a high-precision environmental test laboratory. Figure
2.2.1-7 shows the volumetric efficiency of a scroll compressor obtained using this technique. The error fac-
tors and their approximate values for the simplified compressor curve method are shown in Table 2.2.1-1.
The total error is over 20%, but since each factor is an independent event, the overall error is within 10%.
The disadvantage of the compressor curve method is that the error increases during transient operating
conditions, such as when the compressor starts up. However, the error during steady operation is small,
and it can be said to be a sufficiently practical evaluation method. In addition, the accuracy of this method
depends on the precision of volumetric efficiency, which may be affected by the wear and deterioration of
the compressor during a long-term operation.

Volumetric efficiency (%)

0 lb 2'0 3v0 4'0 5'0 (;0 7'0 8‘0 9'0 l(I)O 11'0 120
Load Ratio [%)
Figure 2.2.1-7. Volumetric efficiency

Table 2.2.1-1. Error factors in the compressor curve method
Individual During operation
differences Cooling Heating
Variability in Compressor | within +5% within £2.5% | within £2.5%
Individual Performance
Approximation Error in within £5% within £5% within £5%
Compressor Performance
Characteristics

Causal factors

Four-way valve leakage within £0.5% | within £0.5%
Sensor errors +0.5% each +0.5% each
Heat dissipation losses within 2-3%

(Liquid piping)
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The intrusive measurements on the refrigerant side can directly obtain the refrigerant mass flow. Teo-
dorese et al. (Teodorese et al., 2007) determined the refrigerant flow rate by using the Coriolis flow meter
installed at the exhaust side of the indoor unit during the heating season. Tran et al. (Tran et al., 2012)
used two mass flow meters (Coriolis flow meter and external ultrasonic flow meter) in the laboratory to eval-
uate the flow rate and vapor quality of the refrigerant. It is shown that the averaged relative error of the
method even reaches to 1.8% compared with water enthalpy method during a long period field test. How-
ever, the Coriolis flow meter is expensive, and it is inevitably intrusive, which will seriously affect the opera-
tion state of a heat pump. In addition, the accuracy of the Coriolis flow meter is significantly reduced when
inlet refrigerant is in a two-phase or non-steady state.

According to the throttling characteristic equation for a compressible fluid, the Throttling Model Method de-
termines the mass flow rate of the refrigerant based on the compressible fluid throttling characteristic equa-
tion. Kim & Braun (2016) investigated three different virtual refrigerant mass flow sensors (VRMF) that use
mathematical models to estimate flow rate, including the compressor map method, energy balance method,
and empirical correlated throttling model method. According to experiments, the three VRMFs work well in
estimating refrigerant mass flow rate for various systems with less than 5% root-mean-square error.

First proposed by Fahlén (1989), the compressor energy conservation method measures the refrigerant
mass flowrate across the compressor based on the energy conservation equation, shown as Equa-
tion (2.2.1.2).

mrefhsuc + Pcom = mrefhsuc + Qloss (2-2-1-2)

where, mref represents refrigerant mass flow rate across the compressor, in kg/s; hsuc and hdis represent the
refrigerant specific enthalpy at compressor suction and discharge port, in kJ/kg; Pcom represents electric
power input, in KW; Qiess represents heat loss between compressor and surrounding, in kW.

For a room air conditioner where the refrigerant mass flow rate across the compressor equals that across
all indoor units, the CEC method can be directly applied to obtain the field performance. However, for a
VRF system with multiple circuits, such as oil return and subcooling circuits, the refrigerant mass flowrate
across the compressor does not necessarily equal to that across all indoor units. In this case, the compres-
sor set energy conservation (CSEC) method is proposed by Zhang et al. (Zhang et al., 2019) to solve this
problem. Further, to cope with the two-phase suction situation and increase the method’s accuracy, the
CEC-CVE method is proposed to improve the measurement accuracy in two-phase suction condition (Yang
et al., 2020; Xiao et al., 2022). The accuracy of this method is finally proved to be approximately 15% com-
pared with the AE method. This method shows long-term reliability, independence, and non-interference,
which are significant requirements for field tests.

Previous measurement methods (AE and RE methods) can be applied with similar principles for air-water
heat pumps. In addition, the water side method is available for performance measurement cases where the
water side is accessible. The water flow rate and temperature can be accurately measured using a mass
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flow meter and temperature sensor. Heat transfer of the outdoor unit is determined accurately from the wa-
ter side by Equation (2.2.2.1). In addition, after measuring the compressor’s power consumption, the total
cooling capacity is calculated by Equation (2.2.2.2), and the total heating capacity is calculated by Equation
(2.2.2.3).

Qout,w = Gwcpw(tw,in - tw,out) (2.2.2.1)
Qin,c = Qout,w —FPom (2-2-2-2)
Qin,h = Qout,w + Poom (2223)

In summary, the AE and RE methods are available approaches to measure heat pump performance.
Among these methods, the CEC method is better for its long-term reliability, independence, and non-inter-
ference. In addition, for the short-term measurement of new heat pump products (with slight efficiency dete-
rioration), the CVE method is a practical choice. Thus, combining these two methods to realise high-accu-
racy measurements for heat pumps during their life-cycle may be a promising approach.

Standardisation is an important way to promote the development and application of the technology. Previ-
ous standards in China for the performance testing of heat pump (mainly refer to RAC and VRF system)
mainly concentrate on the operating performance in the laboratory, but there are also corresponding speci-
fications for the measurement of the on-site operating performance.

In the regulation produced by Architectural Services Department of the Hong Kong Special Administrative
Region (Architectural Services Department, 2007), it required that the air-conditioning system (including the
central air system and split air system) should be tested by air enthalpy method in a short time, and the unit
should keep full loads in the steady state. Since this regulation is not dedicated to the field test, related
technical schemes are not illustrated in detail.

To promote the CEC method, the standard T/CAS 305-2018 “Specification for measurement of on-site per-
formance parameters of air conditioner” (AQSIQ, 2018) was proposed firstly in China, including calculation
formulas, installation positions of sensors, and accuracies & calibrations of measuring devices. For air con-
ditioners without pressure sensors, temperature sensors are used to estimate the evaporation/condensa-
tion pressure in CEC method. In addition, APF index reflecting the seasonal performance of the unit speci-
fied in the energy efficiency standard (e.g. GB 21455-2013 (AQSIQ, 2013)) are used to evaluate accuracy
of the measurement device, as shown in Table 2.3.1-1. Through the measurement under the different oper-
ating conditions, the tested APF of measuring devices was compared with the results of the psychometric
caloric laboratory APFieme, and the relative error of the two measurement results dipme (calculated by Equa-
tion (2.3.1.1)) is adopted as the accuracy evaluation index. Based on the measurement results, the accu-
racy of the measurement device is classified. APF with a relative error of less than 10% can be regarded as
a high-precision field performance measuring device, while a measuring device with a relative error of more
than 25% is regarded as unqualified.
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Table 2.3.1-1. Accuracy calibration conditions of measuring device
Calibration condition
Item Indoor side  Outdoor side Test item Necessity
DBT WBT DBT WBT

Nominal cooling ®)
Nominal cooling 27 19 35 24 Half cooling ®)
25% cooling O/A
Cooling Low temperature cooling 27 19 29 — Low temperature ®)
Low humidity cooling 27 <16 29 — Low humidity A
Intermittent cooling 27 <16 29 — Intermittent cooling A
Maximum cooling 32 23 43 26 Maximum cooling A
Extreme high-temperature 32 23 48 — Extreme high-temp. A
Nominal heating O
Nominal heating 20 . 7 6 Half heating O
. 25% heating Oo/A
Heating . . : -
Intermittent heating Intermittent heating A
Low-temperature heating 20 <15 2 1 Low temperature ®)
Extreme low-temperature 20 <15 -7 -8 Extreme low-temp. ®)
Note: O represent the necessary item, and A represent the selected item.
Sipup = “EHEMEZAPES] o 1009 (2.3.1.1)

APFg

In recent years, VRF systems have been widely used with increasing demands in the market. In China, the
standard T/CECS “Technical specification for the retrofitting of multi-connected split air condition system”
(C.A. of B. Research, 2019) and standard for T/CECS 846-2021 “Performance testing of heating and air-
conditioning system in hot summer and cold winter zone” (C.A. of B. Research, 2021) published by the
China Association for Engineering Construction Standardisation aims to determine the method and regula-
tions of VRF renewal and retrofitting. In this standard, four classes were determined when considered re-
newal and retrofitting, including air condition system function, security, environment, and energy efficiency.
To acquire the energy efficiency of heat pump, the indoor AE method was recommended to adopt for the
cooling/heating capacity of VRF system. In these two standards, the compressor set energy conservation
(CSEC) method is included as an available method. The schematic of sensors installation by CSEC
method on VRF system is shown in Figure 2.3.1.1. By testing the temperature, pressure and energy con-
sumption, cooling or heating performance of a VRF is finally calculated. In addition, the waterside heat me-
tering method is also recommended for water source VRF system. Therefore, through the standard for ret-
rofit VRF system, the field test methods and related principles are determined, which contribute to the pro-
motion of high-efficiency VRF system in energy-saving transformation projects.
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Figure 2.3.1-1. Schematic of sensors installation by CESC method on VRF system
1—Inlet refrigerant temperature of liquid separator; 1’— Outlet refrigerant temperature of liquid separator;
2—Refrigerat temperature in the middle of compressor (or external insulation); 3—Refrigerant temperature of
compressor discharge; 3’—Outlet refrigerant temperature of oil separator; 4—Outdoor air temperature; 5—
Inlet( in heating mode) or outlet(in cooling mode) refrigerant temperature of outdoor heat exchanger; 9—Inlet
pressure of liquid separator; 10—Discharge pressure of compressor; 11—Compressor input power; 12—
Energy consumption recorded by outdoor energy meter; 13—Energy consumption recorded by indoor energy
meter

In China, performance measurements of heat pumps are receiving increasing attention. Standards incorpo-
rating performance measurement techniques currently under development also include T/CECS “Standard
for field measurement of energy efficiency and energy saving of multi split air conditioning (heat pump) sys-
tem” and GB/T 27941 “Code of design and installation for multi split air conditioning (heat pump) system”.
To verify the consistent accuracy of the performance measuring device during the test, the former one pro-
posed the calibration method under continuous dynamic condition. In addition, The GB/T 27941 standard
(Chinese Standards, 2011), which is under revision, plans to apply performance measurement methods to
test the effectiveness and acceptance of installed VRF systems.

In 2020-2022, Natural Resources Canada funded field trials of air to air, variable capacity cold climate heat
pumps in locations across Canada. To provide guidance for these field tests, a technical guideline for field
monitoring was developed (Natural Resources Canada, 2022). The Guideline covers 4 planning and under-
taking field monitoring aspects, including site and equipment selection, monitoring parameters, short-term
testing and long-term testing.

In the first aspect of site and equipment selection, basic information is collected and reported, such as geo-
graphical location, house description and use, house heat load, heating and cooling system configuration,
system sizing calculations and other detalils.

In the second aspect, parameters and accuracy in the testing are regulated. Required data mainly includes:
whole-house power/energy, system power/energy of outdoor unit and indoor unit(s), backup heat
power/energy for the area being heated by the ASHP, outdoor air temperature and humidity, indoor air tem-
perature and humidity, location of outdoor unit, supply and return air temperature, relative humidity at return
and supply, indoor unit air flow rate, ventilation air flowrates and temperatures, system runtime during the
measurement interval, any unit controls, sensors, or outputs that can be accessed and recorded.

In short-term testing, HP system is set to provide maximum cooling or heating depending on the season.
The above parameters are monitored, and the supply air flow rate is calculated according to the fan curve.

67/182



The efficiency of HP is measured according to the indoor side AE difference method. The tested capacity,
power consumption, and supply conditions are compared with manufacturer submittals or engineering data
sheets. The monitoring measurements, when applied correctly, are expected to result in load calculations
that are accurate within +20%, compared to manufacturer data. If any measured performance value is
more than 20% off the expected value, double-check sensor performance.

In long-term testing, performance of HP is measured in similar method during a long term. During the test-
ing, periods when the heat pump are off, standby and active mode (cycling on and cycling off) should be
recorded to see how well the heat pump matches the heating load of the house. In “Active mode”: the heat
pump is the selected heating/cooling system (switched ON) and provides heat/cooling in cycling on or cy-
cling off state. In “Standby mode”: the heat pump is the selected heating system (switched ON) and not
providing the heat, as there is no cooling or heating load. In “Off mode”: the heat pump is not the selected
heating system (switched OFF) and not providing the heat, but draws electricity.

By counting the temperature bin hours, seasonal performance factor is calculated. For example, Seasonal
Coefficient of Performance Calculations in heating season (SCOPH) should be calculated according to
Equation (2.3.2.1).

j1=11 )
M [Load(T]-)-%]

gl{[Capacity(Tj)

SCOPy = 5 (2.3.2.1)

CoPCT) +Aux(T;)

nj
~(tPHNA

Where, Aux represents electrical power required for auxiliary space heating (kwh); Puna represents the
power consumed when the unit is not in active mode (kWh); ni/N represents the ratio of the number of data
records collected for the bin temperature (Tj)to the total number of data records in the heating season.

ASHRAE Standard 221 (ANSI/ASHRAE, 2020). provides a method to field measure and estimate the ca-
pacity and efficiency and score the performance of an installed HVAC system. The standard applies to sin-
gle-zone unitary split and packaged direct expansion cooling, air-source heat pump, and combustion fur-
nace HVAC systems of any capacity and with forced-air distribution systems. It provides uniform methods
of measurements and testing procedures for airflow, temperature, enthalpy, and power. Moreover, test in-
struments, specifications, and calibration requirements for capacity and efficiency measurements are speci-
fied in this standard.

The standard adopts indoor side AE difference method in field test. Test instruments include air balancing
(capture) hood assembly, digital anemometer, manometers (for air pressure measurement), multisensory
thermometer/psychrometer and electrical power meter. Corresponding specifications of the instruments are
specified. In testing procedure, air balancing hood and thermal (or rotating vane) anemometer are used to
measure the airflow of indoor terminal (shown as Figure 2.3.3-1). A digital thermometer or psychrometer
probe is used to measure air temperature or enthalpy (shown as Figure 2.3.3-2). For the cooling system,
temperature and humidity measurement are required to finish a minimum of seven readings at different lo-
cations simultaneously and displaying or recording each value, including wet-bulb and dry-bulb tempera-
tures. For heating system, a similar requirement is specified for dry-bulb temperature measurement. Aver-
aged values of temperature and enthalpy are used in capacity calculation.
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Figure 2.3.3-2. Air temperature or enthalpy measurement procedure

Based on the tested cooling or heating capacity as well as electrical consumption, the standard provides
calculation method for system efficiency scoring indexes. Installed cooling system EER (ICS-eer) and in-
stalled cooling System COP (ICS-cop) represent the ratio of the total capacity delivered through the supply
registers and return grilles divided into the measured total power consumed by the system and normalised
to standard rating conditions.

For the air-to-air unit, Finnish standards NT VVS 115 (NORDTEST, 1997a) and NT VVS 116 (NORDTEST,
1997b) specify the working conditions and measurement methods for on-site performance measurement of
air-to-air units, including the measurement of the compressor suction and discharge temperature and pres-
sure, condenser outlet temperature and compressor power. The performance data of the heat pump are
obtained by CEC method. Figure 2.3.4-1 shows the symbols used to define the refrigerant states which are
necessary to calculate performance data. Figure 2.3.4-2 presents the basic principle of CEC method, and
the heat losses were expressed as a fraction of the power input to the compressor in NT VVS 116.
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Figure 2.3.4-1. Designation of refrigerant states
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Figure 2.3.4-2. Thermal balance of the compressor

To investigate the actual performance parameters of the VRF system, Zhang (Zhang, 2020) measured the
cooling capacities of 6 VRF systems in a building in Hefei, China (VRF S1/S2/S4/S5S6 identical with a 16
kW capacity, VRF S3 is different with a 12.5 kW capacity). During the 90-day testing period, the average
daily cooling capacity of 6 VRF systems is distributed within 1.4~6.6MJ/(d-m?). Among the 6 VRFs, S5 VRF
shows the largest daily average cooling capacity because it operated for 702 h during the measurement
period, as shown in Figure 2.4.1-1. In addition, the cumulative operation time of S2 VRF, with the smallest
daily average cooling capacity, is about 164h. In addition, the hourly average cooling capacity of S1 and S5
VRF is higher than the corresponding rated capacity, indicating that the actual load of the rooms of the two
systems could be higher than the designed load.
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Figure 2.4.1-1. Cooling capacities of 6 VRF system

Figure 2.4.1-2 shows the statistical results of operation hours of the 6 VRFs at different part load rate dur-
ing the testing period, and the result show different distribution patterns. In the field test, the periods when
the part load rate of S1, S4 and S5 VRF is higher than 0.8 accounted for approximately 86%, 74% and
94%, respectively. Moreover, the part load rate of S3 VRF concentrates between 0.4 and 0.8, which ac-
counts for approximately 87% of the total operation hours. For S2 and S6 VRF, the system operates at a
relatively wide range of part load rates. Thus, the distribution pattern of operation hours on part load rate
indicates that the actual operation conditions and performance of VRFs could be quite different. In addition,
more attention should be paid to system design and sizing to ensure that the system operates in an appro-

priate and efficient part load rate area.
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Figure 2.4.1-2. Part load rate and operation hours of the 6 VRFs

Table 2.4.1-1 shows the actual cooling operating parameters of the monitored VRF. The average power
consumption of the six VRFs during the 90-day monitoring period ranged from 2.0 kW to 5.0 kW. Mean-
while, EERs were distributed in the range from 3.41 kWh/kWh to 4.08 kwWh/kWh. Moreover, the average

part load rate of S1 and S5 is higher than 1.0.

Table 2.4.1-1. Actual operating parameter of monitored VRFs

System code S1 S2 S3 S4 S5 S6

Average outdoor DBT /°C 34.6 334 35.1 34.5 34.4 35.1

Average indoor DBT /°C 251 27.3 27.3 25.7 24.6 26.1

Average outdoor WBT /°C 20.2 21.4 20.9 215 20.3 21.3
Number of 1Us 3 3 3 4 4 3

Main pipe length /m 14.7 29.7 24.1 41.7 9.7 9.7

Average power consumption /kW 4.5 2.7 2.0 4.2 5.0 3.4

Average cooling capacity /kW 16.3 10.6 8.3 14.2 175 12.8

Average part load rate /(kWh/kWh) 1.03 0.66 0.53 0.89 1.09 0.81

EER during testing period /(kWh/kWh) 3.66 3.98 4.08 3.41 3.49 3.75

As part of Japan’s Ministry of the Environment's CO2 reduction project in Japan, a nationwide field test of
VRF systems was conducted in 2018 at 15 locations. The VRF units used for the tests were all products
from the same manufacturer, with a rated COP in the range of approximately 4.1 to 4.3 (in cooling opera-
tion). These field tests were conducted in the country’s northern region (cold climate) and the central region
(temperate climate). Data collection for analysis was performed using a hewly developed device shown in
Figure 2.4.2-1. This device sends operational data from the outdoor unit's control panel to a cloud server.
On the cloud server, real-time calculations of VRF performance and other metrics are performed based on
the transmitted data. The main analysis results related to the energy performance of VRF are as follows.
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Figure 2.4.2-1. Data collection device

Via the internet

Table 2.4.2-1 shows the climate zone-specific average COP and average load ratio (actual capacity /nomi-
nal capacity) during heating and cooling in the field tests. The average load ratios are low, especially in the
northern area (cold climate) where it is 19.6%, indicating prolonged low-load operation due to oversized
equipment capacity. Generally, VRF systems are designed to achieve peak efficiency at load ratios approx-
imately 50% to 60%, so inefficient operation at low load ranges decreases in COP.

Table 2.4.2-1. Average load ratio and COP

Northern Area Central Area
Operation Cooling | Heating | Cooling | Heating
Ave. Load ratio (%) 223 19.6 33.6 23.8
Av. COP 24 1.7 2.9 1.9
Rated COP ratio (%) | 58.5 41.5 70.7 46.3

As in Figure 2.4.2-2, when outdoor units are installed nearby, the exhaust heat from the condenser of Unit
B can reach the neighbouring outdoor unit (A), causing a decrease in its COP. With a temperature differ-
ence of 20°C between the exhaust and outdoor air temperature, the COP decreases by approximately
21%. As a countermeasure, installing a shielding panel between Unit A and Unit B eliminates the interfer-
ence of exhaust heat, making the COP of Unit A almost equivalent to that of Unit B.

A B

Figure 2.4.2-2. Impact of Exhaust Heat Short-circuit

The behaviour, power consumption, indoor unit suction air temperature, outside temperature, and COP val-
ues during defrost operation in winter heating are illustrated in Figure 2.4.2-3. Power consumption sharply
increases at the onset of defrost operation, temporarily reaching approximately twice the rated power con-
sumption. Defrost operation occurs at a frequency of approximately once every two hours after the start of
operation. When defrost operation is performed, the average COP value for the same day is typically re-
duced by approximately 55% compared to normal operation.
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Figure 2.4.2-3. Defrost during heating operation

Since VRF has multiple indoor units connected to one outdoor unit, it accommodates the capacity demands
of indoor units with lower set temperatures. Therefore, energy consumption increases compared to when
set temperatures are uniform (Figure 2.4.2-4). Table 2.4.2-2 compares average set temperatures, standard
deviation, average COP values, and average power consumption per unit of time in both states. The varia-
tion in set temperatures leads to a decrease in average COP and an increase in energy consumption by
approximately 9%.

Average Setting Temp,

30 Average Setting Temp,

s 30
| 29 -
28 4

. 26.7 5 26.7 26.8 28 1
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Figure 2.4.2-4. Condition of Indoor Unit Set Temperatures

Table 2.4.2-2. Impact of Variations in Set Temperatures of Indoor Units

Set Temp Average Set Standard Average | Percentage change

Condition Temp [°C] Deviation [°C] COP of energy use [%]

Uniform 26.7 0.11 2.54 -
Non-uniform 25.6 0.94 2.26 +8.9

A follow-up project was carried out in 2011 (Building Research Institute, 2011)the project, three major Jap-
anese manufacturers of RACs and a Japanese public testing laboratory (JATL: Japan Air Conditioning and
Refrigeration Testing Laboratory) actively joined the dedicated team and provided technical support for
measurements that were as accurate and transparent as possible. Four types of RACs were dealt with in
the project. Before the field monitoring, the characteristics of the four RACs, especially the relationship be-
tween fan frequencies and airflow rates, were tested using the JATL test facility.

For cooling, the frequencies of appearance of the partial load ratio and COP for each range of the partial
load ratio are shown in Figure 2.4.3-1. Seasonal average COPs written in the figure are the ratios of the
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total cooling or heating load, which was dealt with by RACs when switched on to the total electricity con-
sumption.

mmmm— frequency - —o- — avg. outdoor —e— avg. COP mmm— frequency — —o- — avg. outdoor —e—avg. COP
60 1 feme- [seasonal avg. coP: 4.88| 2 07 M [ Seasonal avg. COP: 6.44 | 2
RO 50 g - 10 RO 50 g k10
> = s
T a 40 8 — > g 40 e=e- 8 —
g5 30 e = R e 6 & £ N S o4 g 6 5
3L \ahd \’k‘\ ) 2 o - B o o
g 5 20 | g °* 4 © g 520 fe= 4 ©
I
R B 8 R S K F RN :
=1 m B [ | =1 AR nAnNnNN e PR S T
S 0 R e R R R R R R R R R R R R RO o O R e e R R R R R R R R R R R R R R O
NOWOoOWwWOoOWmWOoOWwWowmOowmowmowmouwno N O MO WMWOWNWOWOWmWOoOWmOowmowmwouwmo
A H NANMN S NN O ONNOWOWODOD 8 A H N NN ST NN O ONMNOWOOWOOD S
Partial load ratio to full capacity Partial load ratio to full capacity
a) RAC-A b) RAC-B
mm—frequency — —o- — aVg. outdoor —e—avg. COP — — —o- — avg. outdoor —_e——avg. COP
60 quency temy I g 12 60 o Teaueny = 7%  temp, | I - 12
gg 50 | seasonal avg. COP: 3.85 10 gog 50 | seasonal avg. COP:3.92 | 10
Z a 40 - 8 — Z g 40 8 —
€ E O m e D O ==—o = c o
g g 30 fg =" O~ 63 TR Fees S e e 2 63
& 520 i‘w—N. - o - 4 © g5 20 e —e 4 ©
= 8 10 2 = 8§ 10 [l 2
£ 0¥ i1 RS A AN |
1 il P P P P 0 O S SR T S S S S S 5 | -
3 0 S R R R R R R R R RN ENE R R 0 3 0 e e s e e e e R e e e e e ©
SARANAMSYINBERNIBLIRS POSLRAINILIANIBRREILIAS
Partial load ratio to full capacity Partial load ratio to full capacity
c) RAC-C master bedroom d) RAC-C Japanese-style room
mmm— frequency - —o- — V8- Outdoor  __o  avg COP m— frequency ——o——f"g' outdoor  _o  avg. COP
60 tpmpl - 12 60 “mp-l 12
g5 s0 | seasonal avg. COP: 5.65 [ 10 £8 50 | seasonal avg. COP: 6.69 | 19
g g D s 8 — g g 40 8 =
c - c & <o =
3 g 30 gl o=0 B=e o 6 5 g g 30 o o= 00— e=0-3 ¢ 6 g
ERRS = —e ER] =
g 5 20 & 4 © g5 20 4 O
< 310 2 <3 10 2
£ | E I
5 . a0 0 0._ . = 00O000O00O00O00O0O0OO = . Mouw . u e ;
3 0 TR R R R E R RN E RN E 0 3 0 Hm e st 0
SERIARIIABIBRRIIIRE ”’3282%332338$Eﬂ8£83§
Partial load ratio to full capacity Partial load ratio to full capacity
e) RAC-D child room 1 f) RAC-D child room 2

Figure 2.4.3-1. Frequencies of appearance of partial load ratio and COP for each range of the par-
tial load ratio (Cooling)

RAC-A and RAC-B were installed side by side in the living room and were operated alternately every two
weeks. The average outdoor temperatures for RAC-A and RAC-B were 29.2 °C and 26.6 °C, respectively.
The peak range of appearance of the partial load ratio for RAC-A was 25%, while one for RAC-B was only
15%. For other RACs, frequencies of partial load ratio between 10% and 15% were higher than other
ranges, and the actual partial load ratio for RACs used for cooling in a typical Japanese detached house
needed to be very low.

On the other hand, the average COP for every 15 minutes under a partial load ratio below 25% was as high
as or even higher than one under a partial load ratio above 50%. The COP of RAC-B below the partial load
ratio of 20% was especially high, presumably due to lower outdoor temperature.

Figure 2.4.3.2 shows the relationship between partial load ratio and COP for different outdoor temperature
ranges for cooling. In the figure, COPs for full capacity, rated capacity, and middle capacity are also plot-
ted. There is a general tendency for COP to decrease under the partial load ratio between 0% and 20% for
all monitored RACs. However, for RACs with larger capacity, such as RAC-A and RAC-B, COP could be
maintained at the same level, above 20%, even below the partial load ratio of 5%. If the test result of COP
for middle capacity (under 35 °C outdoor temperature) is compared with the monitored the actual COP for
RAC-A, the actual COP under 33+1.5 °C and 36x1.5 °C outdoor temperature was approximately 30%
lower than the test result for the middle capacity. For RAC-C in the second living room and in the main bed-
room, the actual COP was approximately 50% lower than the COP for middle capacity, even though actual
indoor temperature in those rooms with RAC-C was around 24 °C, which was lower than the set-point tem-
perature for cooling (26 °C) presumably due to the characteristics of the products used in the monitoring.
On the contrary, for RAC-D in child room 1, the actual COP under 30+1.5 °C outdoor temperature was only
slightly higher than the COP for middle capacity. For RAC-D in child room 2, the actual COP under 33£1.5
°C was almost the same for middle capacity. Therefore, it can be said that the test result for middle capac-
ity (with compressor frequency fixed) of RAC-D could represent actual COP in the monitoring.
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Figure 2.4.3-2. Relationship between partial load ratio and COP for different ranges of outdoor temperature for
monitored five RACs (Cooling)

For smaller heat pump systems, such as room air conditioners and VRF systems, establishing measure-
ment systems for field monitoring is feasible. However, if the capacity of a monitoring target is several hun-
dred kW or larger, it is not realistic to install additional water flow meters and temperature sensors in exist-
ing target systems. However, many large-scale buildings (i.e., 30,000 m? floor area) usually have their
building energy management systems (BEMS) with sensors and data logging systems, and there is a pos-
sibility to obtain support from relevant stakeholders, namely building owners, HVAC designers, installers of
HVAC systems and manufacturers of control systems.

The following case (Ueno et al., 2022, Ueno, 2022) is an office building with a 32,000 m? gloss floor in To-
kyo. In this case, the primary motivation of the building owner and the HVAC designers was to engage ex-
perts from third parties with neutral standpoints when they evaluated improvements in the energy perfor-
mance of the building after the energy retrofit, including the replacement of heat and cold sources. Another
important factor for successful monitoring and analysis is the reliability of BEMS and that it is carefully de-
signed, installed, and maintained. It is not always possible to use this kind of useful BEMS when we try to
analyse the behaviour of HVAC systems, including the characteristics of heat pump systems.

Figure 2.4.4-1 shows the configuration, including those generators and primary water circuits. Figure 2.4.4-
2 shows monthly energy consumption for different system components, where energy consumption for heat
sources is shown in the blue part at the bottom of each monthly bar.
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Figure 2.4.4-1. Configuration of heat and cold genera-
tors and primary hot and cold water circuit, etc.
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Figure 2.4.4-2. Monthly energy consumption for differ-
ent components of the energy system

Figure 2.4.4-3 shows the total cooling capacity supplied by the cold sources in the middle season (May)
and in the summer season (August). The annual peak of the total hourly cooling load appeared at 9 AM on
the day shown as a representative of the summer season in Figure 2.4.4-3. In both seasons, the maximum
hourly cooling load appeared at the beginning of the daily operation of the HVAC system. To cope with the
cooling load, a screw chiller (‘WC’ in Figure 2.4.4-1) was primarily operated, and the screw chiller dealt with
58.1 % of the total annual cooling load. Figure 2.4.4-4 shows the cooling load dealt with by each cold gen-
erator and cold generator system’s COP (primary energy basis with 9760 kJ/kWh and 1 kJ/kJ as primary
energy conversion factors for electricity and city gas, respectively) during the same week shown in the pre-
vious figure. The cooling load dealt with by each cold generator is calculated by multiplying the temperature
difference between the inlet and outlet water temperature and the water flow rate.
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Figure 2.4.4-3. Total cooling load dealt with by the cold generators in a middle season
(May) and in a summer season (August)
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Figure 2.4.4-4. Cooling load dealt with by each cold generator and cold generator sys-
tem’s COP

Figure 2.4.4-5 shows the relationship between COP (primary energy basis) and part load ratio. The data in
the figure includes the statuses of the cold sources under different conditions for temperatures of inlet/out-
let and cooling water. It is important to notice orange dots, which are predicted COP according to the char-
acteristic curves (as shown in Figure 3.3.4-5 in Chapter 3 in this report) prescribed for BECS'’s energy use
calculation. The rated COPs on a primary energy basis for the two kinds of cold sources are 1.37 for the
screw chiller and 1.05 for the absorption chiller system (‘RH1’, ‘RH2’, ‘RH3’ in Figure 2.4.4-1). The differ-
ence between predicted COPs around the partial load ratio of 1 and the rated COPs is the usage of so-
called adjustment coefficients for capacity (0.95) and input energy (1.2), prescribed for BECS.
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Figure 2.4.4-5. Relationship between COP (primary energy basis) and partial load ratio
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To study the operational efficiency of a MBC-HP (magnetic bearing variable-speed centrifugal heat pump),
Deng et al. (Deng et al., 2023) conduct field test on a practical project. As shown in Figure 2.4.5-1, a MBC-
HP was applied in a heat exchange station in a municipal central heating system. Where the evaporator-
side water of MBC-HP extracted heat from the return water of the primary central heating network through
heat exchangers. To decrease the return water temperature of the primary central heating network to in-
crease the heating supply ability of the district heating system, but also reduce water transport energy con-
sumption by increasing the supply and return water temperature difference. Then the MBC-HP supplied
heat to the secondary heating network for space heating.
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Figure 2.4.5-1. Schematic diagram of the MBC-HP system

Figure 2.4.5-2 shows the hourly heating load of the project, the maximum heating capacity of MBC-HP
reached 1004.3 kW with a partial load ratio of 95.2%. Then the heating capacity gradually decreased to
about 582.3 kW at the end of the heating season, with a partial load ratio of 55.2%. During 57-days opera-
tion, the average heating capacity reached 765.4 kW with an average partial load ratio of 73.0%.
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Figure 2.4.5-2. Field-test heating load and part load ratio of MBC-HP

As shown in Figure 2.4.5-3, as the MBC-HP operated in conditions with high evaporator-side water temper-
ature, the COP (theoretical COP) reached higher than 9.35. And with the decreasing of Tco (outlet water
temperature of condenser) and increasing of outlet water temperature of evaporator, the condensing tem-
perature decreased and evaporating temperature increased, leading to the obvious increasing of COP:
from 9.35 to 15.87. The high operational COP: contributes to the high operational COP of MBC-HP. During
the field test period, the COP varied from 7.30 to 11.18 with an average value of 8.78.
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Figure 2.4.5-3. Operational energy performance of MBC-HP

Figure 2.4.5-4 depicts the influence of Tce (Normalised temperature difference between condensing and
evaporating temperature) and partial load ratio on nnp (internal efficiency of heat pumps) of MBC-HP. The
results show that with Tce increasing from 0.30 to 0.80, and PLR (partial load ratio) increasing from 0.40 to
1.0, the nnp increases initially, then gradually decreases. Among the 57-days operation, the average nnp of
MBC-HP reached 0.75, with 86.7% of nnp higher than 0.70, 67.5% of nnp higher than 0.75, and 10.3% of nnp
higher than 0.78. For the rated performance of MBC-HP, the COP: of the rated operational conditions
reached 7.96. Then, with the rated COP of 5.12, the rated nnp of heat pump reached 0.64. The MBC-HP
has higher nnp in conditions with partial PLR and Tce, than the rated condition. Therefore, the MBC-HP has
good regulation features, and performed efficiently in conditions with wide-range variation of heating load
and compression ratio, which might fit the operation features of MD-GHPs very well.
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Figure 2.4.5-4. Influence of Tce and PLR on nnp of MBC-HP

Case 6 to Case 8 are the cases for European projects and the projects conducted in IEA Heat Pumping
Technologies TCP. Relevant figures and tables can be obtained through the websites of the projects.

Two German monitoring projects are reviewed here. The first one called ‘WP Efficiency’ was conducted be-
tween October 2005 and September 2010 (Miara&Kramer, 2011). The project was conducted by Fraunho-
fer Institute for Solar Energy Systems (Fraunhofer ISE), half funded by the Federal Ministry of Economics
and Technology and was supported financially and technically by seven heat pump manufacturers and two
energy supply companies. The project focused on heat pumps in mainly new energy efficient (highly
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insulated) residential buildings. Among systems evaluated in the project, 56 ground source to water, 18 air
to water and 3 water to water heat pump systems were included. All of them were used for both space
heating and domestic hot water.

As a key index, seasonal performance factor (SPF2), which is calculated as the ratio of the total outputs
from a heat pump unit and a back-up heater to the total energy consumption by a fan (or a pump), a back-
up heater and a heat pump unit, is used in the report. For air source heat pumps, the annual average sea-
sonal performance factor for three years was 2.89. In the last chapter of the report, detected errors and im-
provement suggestions for design, installation and operation are described. The chapter touches upon the
fact that lower temperature of the heat sink and higher temperature of the heat source is preferable for im-
proving the heat pump’s efficiency. It also mentions that the most efficient systems were those which
charged the heating circuit directly with no buffer tank.

The second German called ‘WP Monitor’ was performed from December 2009 to June 2013 and was sup-
ported financially and professionally by eleven heat pump manufacturers and an energy supply company.
In the report (Glnther et al., 2014), mean values and distributions of annual performance values, which
were calculated based on JAZ2, the same boundary mentioned above. Hot water temperatures for air-to-
water systems were also reported. The average temperature of the hot water provided to the tank for space
heating was in the range between 39.8 °C and 27.0 °C, while the average temperature for the domestic hot
water tank was in the range between 53.2 °C and 27.0 °C (analysis for 35 air source heat pumps, Figure
32 in the report) (Gunther et al., 2014).

Recent results of the field measurements of heat pump systems were reported in the Annual report of the
project funded by Swiss Federal Office of Energy (Prinzing et al, 2020). The field measurements were con-
ducted by Eastern Swiss University of Applied Sciences in 23 heat pump systems (11 ground heat source
systems and 12 air source systems). Only new heat pump systems that were installed mainly in a single-
family home (newly built or renovated) were monitored.

Monitored heat pump systems seem to have parallel hot water circuits for domestic hot water and space
heating, and they have a hot water tank only for the DHW. There was a description of the use of the electric
heating element in the tank as a countermeasure for preventing Legionella disease.

IEA HPT Annex 36 ‘Quality Installation / Quality Maintenance Sensitivity Studies’ was launched in Novem-
ber 2010 and closed in November 2013 (IEA, 2014). The Annex 36 aimed at providing useful information to
reduce energy usage by encouraging use of quality heat pump installation and maintenance practices to
industry, policy makers and building owners/operators. It included Task 3 ‘Field investigation, Modelling
and/or lab-controlled measurements’, for which a centralised air-to-air heat pump (by French team), ten
Japanese heat pump water heaters (also by French team) and a large-scale field trial of domestic heat
pumps for space and water heating (by UK team) were conducted.

The outputs from the Annex 36 should be useful not only for Subtask B2 for monitoring but also for Subtask
D for design guidelines, since the Annex was focused on faults to be overcome to improve energy effi-
ciency of heat pump systems.

IEA HPT Annex 37 ‘Demonstration of Field Measurements of Heat Pump Systems in Buildings, Good Ex-
amples with Modern Technology’ aimed at presenting examples of domestic heat pump systems with good
performance (IEA, 2016). Data from 12 heat pump systems (6 ground source and 6 air source heat pumps
installed in the years 2008-2012, 2 among 12 were only for space heating) in residential buildings were an-
alysed in detail to illustrate the principles of design and installation that ensure good performance. Sea-
sonal performance factors, SPFns and SPFHa (subscripts, H3 and H4 mean boundaries when calculating
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seasonal performance factors) were mainly used to express energy performance of the 12 heat pump sys-
tems.

Before the Annex 37, a preceding European project called ‘SEPEMO’ was conducted from 2009 to 2012
(Nordman et al., 2012). The main body of the project included 1) collection and evaluation of past and pre-
sent field measurements on heat pump systems, 2) evaluation of existing methods for field measurement
and calculation of seasonal performance factors, and 3) improvement and extension of existing guidelines
for field measurement to include all types of heat pumps. Guidelines for heat pump field measurements
were included in the deliverables from the projects (Zottl et al., 2011; Riviere et al., 2011).

IEA HPT Annex 49 ‘Design and Integration of heat pumps for nearly Zero Energy Buildings’ was conducted
from October 2016 to May 2020 with its objective for ‘field monitoring of marketable and prototype heat
pumps in nZEB (IEA, 2020a). In 14 nZEBs plus 3 groups of buildings including residential, office and other
non-residential buildings (hotel, kindergarten, school and supermarket), especially larger buildings, monitor-
ing wad made. The results from the monitoring projects are reported in Annex 49 Final Report Part 2 (IEA,
2020b). Only one air-source heat pump was monitored, and most targets of the monitoring were ground-
source heat pumps. Several general conclusions are described in the concluding chapter, such as the rec-
ommendation of heat pumps with variable speed drive, the recommendation of natural refrigerants (e.g.,
propane, CO2 and ammonia), the recommendation of utilising surplus heat at different temperature, and the
recommendation of heat recovery from surplus heat sources.

IEA HPT Annex 52 ‘Long-term performance monitoring of GSHP systems for commercial, institutional, and
multi-family buildings’ was conducted from January 2018 to December 2021 with an aim to survey and cre-
ate a library of quality long-term performance measurements of GSHP (Ground source heat pump) sys-
tems (IEA, 2022a). All types of sources (rock, soil, groundwater, surface water) were included in the scope.
The guidelines provided by ‘SEPEMOQO’ project were refined and extended in Annex 52 and formalised in
guidelines documents (IEA, 2022b; 2021a; 2021b).

With the goal of energy saving and low carbon emissions, building energy management has raised great
attention. As a convenient air-conditioning equipment for space cooling and heating, heat pump is widely
used worldwide. To investigate the field performance of heat pumps, much research concentrates on three
measurement methodologies, including the water temperature difference method, air-specific enthalpy dif-
ference (AE) method, and refrigerant-specific difference (RE) method. For water-cooled VRF, the water
temperature difference method can be applied. Meanwhile, for air-to-air VRF, only AE and RE method are
accessible in the field performance test. Compared with the AE method, the RE method is more suitable for
long-term measurement. According to Section 2.2, field performance test technologies realise better than
25% accuracy at the current state-of-the art. Considering the technical difficulties and random operation in
field tests, there are currently methods that can achieve a 10~15% relative error.

The actual performance of the heat pump was investigated by applying different field performance meas-
urement methods in actual buildings. Actual operation characteristics were analysed by measuring and
tracking heat pumps installed in actual buildings. In addition, field performance measurement methods
were applied in related standards, providing feasible approaches and important indexes for performance
testing, evaluation, and system retrofitting.

According to Sections 2.1 to 2.4, further promising research directions on-field performance of heat pumps
may include the following five points;

(1) First, it is necessary to put more efforts into measurement accuracy improvement for all types of

heat pumps in different operation conditions. Current studies rarely involve field performance
measurement methods in heat recovery mode for heat recovery heat pumps. Measurement
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accuracy for heat pump field performance in two-phase suction conditions and dynamic condi-
tions remains to be improved in further studies. In addition, with the demand for individual energy
management and individual billing for different terminals and occupants based on cooling/heating
capacity, performance metering technology for individual indoor units should be further studied.

(2) Second, the field performance data provide basic data for related energy policies and standards
studies. Through the actual performance of heat pumps, energy-efficient approaches were inves-
tigated, which promotes the construction and development of energy policies and standards.

(3) Third, energy-efficient system evaluation and design methods for heat pumps based on actual
performance remain to be studied. Appropriate evaluation methods for field monitoring and lab
testing remain to be studied. According to the measurement and evaluation results for the actual
performance of heat pumps, problems that decrease field energy efficiency can be discovered.
Thus, it is of great significance to improve actual efficiency by optimising system design and siz-
ing methods.

(4) Fourth, further research on system control, commissioning, and management benefits from actual
operation data. Better system control and management strategies that improve actual perfor-
mance can be investigated. In addition, more economical cooling/heating solutions can be pro-
vided to occupants. In addition, field performance tests help determine the actual cooling/heating
demand of occupants, which promotes the development of “demand-side response” energy sup-
ply conformation and proper consumption of renewable energy in the future. Devices that in-
stantly measure the performance of heat pumps serve as an alternative to heat load sensors in
buildings (Heat pump output = Building heat load). By clarifying the relationship between fluctua-
tions in indoor heat load and the heat pump output, it becomes possible to identify the amount of
energy saved through various energy-saving measures. This enables the development of precise
tuning techniques related to improved energy efficiency.

(5) Fifth, if users can easily understand the performance and operational status of a heat pump sys-
tem, it contributes to the improvement of the system by identifying areas for enhancement. For
example, in automobiles, installing a globally standardised On-Board Diagnostics (OBD) system
is mandatory, allowing relatively straightforward monitoring of operational conditions in various
components and facilitating the identification of faults. In the future, it is desirable for heat pump
systems also to adopt a common interface similar to OBD for improved system performance.
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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 (kwWh) 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.

90/182



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 Inthe 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.

. _ ¢aut . _ q)c
instantaneous COP = —— instantaneous EER = (3.2.1.1)
d)in q)in
average or seasonal COP = Zi Qousi average or seasonal EER = % (3.2.1.2)
Zi Qin,i Zi 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 Whp (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 Wpu.
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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.

¢ 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 (BSI, 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 I1SO standards. It is sometimes assumed that “nominal 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 °C5.

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
B1=20 °C (sink temperature) COPcamotsrc_snk IS 22,5, as shown in equation (3.2.2.1).

04 + 273,15 20+ 273,15
COPcarnotsrcsnk = 8, — O, = 20—7 =22,5 (3.2.2.1)

— 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).

CoP _ Oconqg +273,15  32+273,15 9
Carnotmax — Bcond _ Oevap - 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,src_snk “Nexe = 22,5x0,45 =10,1 (3-2.2.3)

— Expected COP according to evaporation and condensation temperature COPexp:
Copexp = COPcarnotmax “ Nexe = 9,5x 0,45 =4,3 (3.23.4)

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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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 ISO 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 1SO 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.

COP1p09ci = f(esource,ci; osink,ci) (4.3.1.1)

Then the COP1o00%.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 COPq; 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;; = COPyggyci * feorricop(LR) o1 COPqggq,c; = COP1ggyc; + Acop(LR) (3.3.1.2)

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;hp;outci is divided by the corrected COP.i to obtain the
required driving energy En;hp;out,ci:

_ QH;hp;aut,r:i

Ey np;inci = COP.. (3.3.1.3)
ci

— Path B is based on measurements of part load COP according to EN 14825 (BSlI, 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 ®np;out,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 nexex of the compressor.

COPy COPy
cond X + 273; 15 (3314)
condX — eevap,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(q)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
o —e—35,0°C
8,0 o e—35,0°C 500
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
function 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 1,9 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 fcor:cor(LR)
This method assumes that the full load COP shall be multiplied by the correction factor fcor;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

-

(& \ :

/‘\}\Approximated
cop

A
2..0,4
v 920

, 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
COP 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 O 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 Qw;gen;outreq, Shown by the dashed blue line.

Depending on the air and water temperature, the actual heat pump output Qw;hp;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 kwW 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 COPwp 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
(COPup) 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
CORP 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, 2017¢)
(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 “hominal” 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, 2017e) 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 (BSlI, 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.genetin = E 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;.5

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) =Cy- (fC;PL)3 +Cy- (fC;PL)Z +C3- (fC;PL) +Cy (3.3.1.7)

The constants Ci to C4 and the parameter ABqorr, 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, 2017e) 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

ferL = (3.3.1.8)

QC;gen;in;max q)C;gen;in;n 'f(erej; GC;gen:in) i

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 + ec;evap;out

Brej - ec‘-evap-out + ABcorr
0..:; 0., ) = 0..:; 0. . = 4 4
f( rej C,gen.m) f( rej C,evap,out) 273’ 15 + ec‘;evap;out;n

(3.3.1.9)

0cond;in;n - BC;evap;out;n + Aecorr

where:
— Bcevapout is the required leaving temperature from the evaporator;
— Bcievapoutn is the leaving temperature from the evaporator in nominal conditions;
— Brejis 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.

Brj °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 fc;pL is lower than the minimum for part load operation fc.pi;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 + O¢;evap;out

EER =
econd;in - OC;evap;out + fC;PL ' Aer_'arr

“Nexe(fepL) (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 (BSlI, 2018).
The evaluation of the maximum capacity is the same.
The EER is calculated assuming constant exergetic efficiency:

273, 15 + oc;evap;ﬂut

econd;in - ec;evap;out
EER = EERn 273,15+ Bc;evap;out;n (3.3'1.11)

econd;in;n - GC;evap;out;n

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
Ggemelin = PLV - EER, - frEr.corr

(3.3.1.12)

where

— PLYV, 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 = feprk* Farpe* Frrge femut (3.3.1.13)

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

QC;gen;in _ QC;gen;in

fc;pL = (33114)

QC;gen;in;max <I)C;gen;in;n ’ top

The relative load fcpL 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 fc.pL 01 o2 [o3 |04 Jo5 Jo6 [07 |08 J09 [1,0
Type of system Part load factor fc.pLk

On-off split system 134 [ 134 [134 | 134 |127 |123 |1,16 |1,09 | 1,02 | 0,95
On-off multi split system 068 | 0,73 | 0,77 |08 086 | 093 | 095 |[097 |094 |09
Inverter split system 152 | 154 | 157 (169 |145 |1,31 (1,21 |1,09 | 1,03 | 0,95
Inverter multi split system 0,77 | 1,18 |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 fnr,pL accounts for the effect of part load operation of the heat rejection system. It is given by:

th;PL = az " 02 + al * 0 + ao (33115)

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

farc=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;;1.-) Of @an electric liquid chiller is calculated by the following equation:

Qref
COP,;

Popisier (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) +a; (Tcw,ls)2 + a4(Tcond,e) +as (Tcond,e)z + aG(Tcw,ls)(Tcond,e) (3-3-2-2)
EIRFT = bl + bz (Tcw,ls) + b3 (Tcw,ls)2 + b4—(Tcond,e) + b5 (Tcond,e)z + b6(Tcw,ls)(Tcond,e) (3-3-2-3)

EIRPLR = ¢; + ¢;(PLR) + c3(PLR)? (3.3.24)
CCR = mi <PLR 10) 3.3.25
= min PR (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 HYAC 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.qteq: 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_FTg,s: 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 tOdb3) (3333)
Where:

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

a = 24600298,

b = —0.0622539,

¢ = 0.0008800, and

d = —0.0000046.

CAP_FTgus = a+ (b X togp) + (¢ X togp?) + (d X toqp®) (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 partially 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 3.3.4-1. Capacity and power consumption (cooling) for a room air conditioner with the rated capacity
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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-11] 25 40| 27 47
c-2 | 30 40| 27 47
Ic-3 | 35 40| 27 47)
e -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.

fo(ro-Ly)Ty

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 (Lg,,q,) to the rated capacity (Lsq) 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
= =mer . 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 m? 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, 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, 20163a).

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
er+q Of 3.5, according to JIS C 9220 (JIS, 2018) is 14,417 MJ/year, 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
domestic hot water in MJ/year. wami | AR | BR | A% | Be | e | B8 EE | &

—RTIAF-HER

ARWE Bit—% -3 S
ums 13935, 13383. | : Space heating
domestic hot water in MJ/year. weas 603w 5634w | SpPace cooling
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Figure 3.3.4-4. An example of energy calculation for an EcoCute (Step 1 to Step 3)

3.34.44 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).

3.34.45 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 non-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 ISO 18523-1 (1ISO, 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 (Fujii 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.

3.3.454 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.

3.3.455 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 ltaly, 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 (P100% and COP100%) shall be declared by the manufac-
turer at a set of predefined values of source and sink temperatures (Bsrcrerj and Bsnk;ret,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;ret,i
Reference source

Type of source

temperatures Bsrciref; i
p sr;ref,j Air Water Domestic hot
water
External air -7 2 7 12
Surface water 5 | 10 | 15 20 35 | 45 | 55 | 45 55
and ground water
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 (Bsrc and Bsnk respectively) ®100%(Bsrc; 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'gen'out'req
LR = — 3.351
D1009% (Osrc; Osni) - tein ( )

128/182



where:

—  QHigenoutreq IS the required heat output for heating in the calculation interval (temperature bin);

— tn 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, t00).

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.

COP = COPIOO%(BSTC; esnk) ' fcorr;COP(LR) (3352)

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

pump and on the availability of product data:

— a calculation 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;cor(LR) in use with UNI-TS 11300-4 (UNI, 2016) are given in Figure

3.3.5-1.

Default COP correction factors

. 120
o
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o
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c
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° ,2 . .
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o
S 000
QO

0,00 020 040 060 0,80 1,00
Part load factor LR

Figure 3.3.5-1. Default values of fecom: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 feorr;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 1,5 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;

— Caorrection 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:

DHrg imth k)
HDH¢men

Qh,outg,i = Qh,outg ' ( (3.3.7.1)

Where

—  Qnoutg.i is necessary heat pump heat output for the temperature class i in the month mth,
DHrk,imth is the degree hours of the temperature class i in the month mth,

HDH:,mtn 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 (BSlI, 2018).

temperature W-7 w2 w7 W20

class

Checkpoint, °C -7 -2 7 20 Monthly sum
BIN tempera- -151t0 -3 -2to4 5to 152 15210 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
@ 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 V 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
Qh,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 (COPrint) under the load factor (FC) and the temperature class i is
calculated using the following equation, and the heat pump energy use (Qny) is also calculated.

(3.3.7.2)
(3.3.7.3)

COPPint,i = fPint X COPhp.esaurcezmax

Q — Zr_ldass Qh,outg,i
h.f =1 COPpint,i

where,

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

— DNeass 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) 039| 0.6 | 0.7 |0.75|0.78 | 0.82 | 0.85|0.88|093| 1.0
iﬂ;:i)sysmms (also simultaneous 0.4 | 065|075|078|081|085| 09 [092|095| 1.0
Multi-split systems 054 1085|1094 |098|102|102| 1.0 | 1.0 | 0.99 | 0.98
VRF systems (variable refrigerant | g5 | 1 07 | 1.15 | 1.15 | 1.17 | 1.15 | .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 ao(t 2021 relatif aux exigences de performance énergétique et environnementale des cons-
tructions 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 ISO 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.

REZ2020 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;snk.

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-
qguirement 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?/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 iSBEM 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 CO2 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-
ingt4. 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= Hy (3.3.9.1)
€~ SCoP

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 (Qnc,yr.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:

c =t (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(EERyq0y,) + b(EER;50,) + c(EERsg0;) + d(EER3s4,) (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, c and d each equal to 0.25.

For applications in general office-type accommaodation, 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),
)i
— 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 = HPtype = Tech. Other ~ Interva 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 C
Monthly bins
UNITS H, W AW, WW E,AC - B A EN 14511 y .
11300-4 UNI-TS 11300-3 for cooling
PDB Precalculated seasonal COP based
SAP 10.2 H W AV\\//W'?‘/A 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 modelmg 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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Heat pump systems play a crucial role in buildings by significantly reducing greenhouse gas emis-
sions. They achieve this by efficiently transferring heat from one location to another. Heat pumps are
versatile systems that can provide cooling and heating, making them suitable for various climates and
seasons. Heat pumps extract heat from indoor spaces and reject it to the outdoor air, water bodies, or
the ground in cooling applications. Heat pumps upgrade the freely available ambient energy from out-
door air, water sources, or the ground in heating applications. This utilisation of ambient energy re-
sults in lower energy consumption and higher energy efficiency compared to traditional heating and
cooling systems. Heat pumps can be powered by renewable electricity sources, such as solar PV
panels or wind turbines.

Design guidelines are crucial in achieving energy-efficient designs, guaranteeing occupant comfort,
minimising environmental impact, and adhering to applicable building codes and regulations. These
guidelines should aid in the design, installation, and maintenance of heat pump systems within build-
ings. As modern technologies and research continue to emerge, these guidelines continuously
evolve. The aim of Chapter 4 is to present current design guidelines for heat pump systems in build-
ings and suggest potential future advancements.

In Section 4.2, the current guidelines are briefly presented and discussed; they are as follows:

e EN 15450:2007 — Heating systems in buildings — Design of heat pump heating systems (CEN
- Comité Européen de Normalisation, 2007).
e VDI 4645:2023-07 — Heating systems with heat pumps in single and multi-family houses —
Planning, construction, operation (VDI - Verein Deutscher Ingenieure, 2023).
e The standards applied in Denmark: EN14511, EN14825, EN16147, and EN12102.
e CSA SPE-17:23 — HVAC guide for Part 9 homes (CSA - Canadian Standards Association
Group, 2023).
e ACCA Manuals.
o Manual J — Residential Load Calculation (ACCA, 2016, 8™ Ed, Full).
o Manual S — Residential Equipment Selection (ACCA, 2023, 3" Ed, V 1.01)L.
e NEEP Sizing and Installation Guidance — Developed by the Northeast Energy Efficiency Part-
nership (NEEP, 2020a, b)-
e 1SO 13153:2012 — Framework of the design process for energy-saving single-family residen-
tial and small commercial buildings (ISO, 2012).
e Design Guidelines for Low Energy Housing with Validated Effectiveness (LEHVE) — Devel-
oped by the Building Research Institute in Japan (BRI Japan, 2010)

Section 4.3 summarises the characteristics of existing guidelines and presents perspectives on devel-
oping design guidelines for heat pump systems in Annex 88.
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For a decade, designers and installers are facing a new task in Europe (eventually maybe everywhere
in the world), urged by new regulations: the use of heat pumps instead of fossil fuel combustion boil-
ers as the basic heat generation device. In several EU countries fossil fuel boilers are already banned
from new buildings, either explicitly (no natural gas connection allowed for new buildings, as e.g., in
the Netherlands) or implicitly (you cannot meet energy performance requirements for new buildings
with fossil fuel boilers in Italy). The new EPBD Directive 2024/1275/EU (published on the 8" of May
2024) bans combustion of fossil fuels:

¢ inall new buildings, starting from 2030;
e in all existing buildings (with few exceptions), starting from 2050.

Heat pumps are already in use for a long time for cooling air conditioning, but this is mostly:

o simple split or multi-split room air conditioners in individual dwellings.
This is a large market, especially in southern Europe, but the installation is simple and
straightforward and requires low expertise of installers and no regular design activity (mean-
ing that design decisions are simple and taken by the installer without the help of a profes-
sional designer);

e cooling systems in non-residential buildings.
Expertise is required from designers and installers, but it is a small market as the number of
professionals involved.

Also, most of Europe does not require serious cooling.

Most installers and designers were used to boilers only, which are easy and inexpensive to install.
Modern boilers are powerful devices, capable of operation at high temperature, highly modulating, lit-
tle sensitive to operating conditions. Commissioning activity requires knowledge of combustion tech-
nology.

Now installers and designers must switch to heat pumps also for heating. This means:

e changing the basic technology: every installer and designer shall become a refrigeration en-
gineer;

e dealing with sizing a still expensive machine (cost per kW installed), with little modulation,
low power and extremely sensitive to operating conditions;

e dealing with a machine that requires a low flow temperature, which is often tough to achieve
on existing buildings (may require insulation, continuous operation, replacement of heat
emission terminals);

o facing additional technical (and bureaucratic) challenges because of environmental and
safety aspects of refrigerants, which have already changed several times in the last few
years;

¢ finding room for the heat pump and the domestic hot water storage in existing buildings
where the boiler was incorporated in the kitchen furniture and domestic hot water preparation
was instantaneous, with no space consuming storage;

and more, especially for existing buildings.
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This is a cultural shift that should occur quickly, in a shorter time than is required for a new generation
of installers and designers to appear on the market.

In this context, information, training, guidelines, and new standards provide essential support, but they
all follow a similar evolution and require experience to be effectively developed. Installers and de-
signer associations are aware of that and for a decade there have been plenty of organisations pro-
ducing independent documentation, guidelines, checklists to support heat pumps installation and de-
sign. Some trends can be identified in this production.

e The first concern is the sizing of the heat pump for heating. Boilers were sized according to
“heat load” calculated according to EN 12831 (CEN, 2017a). This means neglecting any gains
and assuming all heat losses (e.g., ventilation) in worst-case conditions. The result was over-
sizing, which is no or little harm for boilers but has severe consequences on heat pumps.

It must be noted that this is a topic centred on building enclosure characteristics.

New sizing techniques appear based on energy performance calculation (monthly or hourly
and dynamic) and on measured energy performance (for renovation of existing buildings).
Manufacturers are already using extensively tools based on past energy used to advise de-
signers and installers on heat pump sizing.

e The sizing for domestic hot water storage could be simplified in the past because of the high
capacity of combustion boilers. New dynamic sizing techniques appear for non-residential ap-
plications.

e The operating temperature of the system shall be designed (new buildings) or checked (reno-
vation of existing buildings). This requires additional calculations involving the required heat
output of terminals, their sizing, the type of hydraulic circuits (both distribution and generator
connection) and their control.

e Selection and handling of refrigerants is strictly regulated and is increasingly a practical (and
bureaucratic) concern. Unfortunately, environmentally friendly refrigerants are toxic or explo-
sive or require special operating conditions.

All these aspects are being dealt in more and more detail in the guidelines and standards. Most publi-
cations deal with specific aspects, but when you must design and install a heat pump system, you
must consider them all simultaneously. Newly published guidelines are also getting increasingly com-
prehensive.

An example of this evolution is the European standard EN 15450 which is described in the next
clause. Starting from a simple standard replicating most of the concepts already in use for boilers (like
using heat load for sizing) it is evolving into a comprehensive guideline covering the whole design pro-
cess of a heat pump installation, including aspects like using special sizing techniques, designing the
operating temperature, taking care of environmental and safety aspects.

EN 15450 is the European standard dedicated to the design of heat pump systems. It complements
EN 12828 (CEN, 2014) which is about the design of space heating and domestic hot water systems,
with specific provisions concerning the use of heat pumps.

EN 15450 was first published in 2007 and is now (year 2024) undergoing a major revision. A new
draft for public review is expected within the end of 2024. Since the revision will introduce several im-
provements and new concepts, the anticipated revision is also covered in the following discussion.

In the European context, water-based heating systems are by far the most common. Air based heat-
ing systems have an increasing share but are still a minority. Therefore, even if air-based systems are
within its declared scope, the focus of EN 15450 is mainly on water-based systems.

149/182



The scope of the current version includes heat pumps for space heating and domestic water heating

with all popular combinations of sources (heat extraction) and sinks (heat rejection).

The following objectives of the heat pump design process are considered:

¢ maximising the seasonal efficiency calculated according to EN 15316-4-2, which is the European
module about the energy performance of heat pumps generation systems; minimum values and
target values, depending on source and sink type, are given in informative annex C to EN 15450;

e limiting the cycling frequency during part load operation;

e minimising the environmental impact (e.g. ozone depletion, global warming, noise).

The sizing of the heat pump for the space heating service is based on the heat load ®HL calculated
according to EN 12831 (CEN, 2017a). This value can be slightly corrected by a “design factor” ac-
cording to EN 12828 (CEN, 2014), which allows a reduction in the sizing up to 10%, depending on the
specific heat capacity of the building in Wh m=-K-'. This is a critical issue because the sizing accord-
ing to heat load is often excessive, because it neglects the contribution of internal gains and the lim-
ited number of hours during the heating season that are at or near the design outdoor temperature.
Two possibilities are given for the sizing of the domestic hot water storage volume:
e accumulation, where the volume is set as twice the average domestic hot water daily volume
need,;

e semi accumulation, where the volume is set as equal to the average domestic hot water daily vol-
ume need.

The additional design power for domestic hot water of the heat pump depends on the previous choice:

o for accumulation systems, the additional power required is equal to the average power required to
heat the average daily volume of domestic hot water;

o for semi accumulation systems, a check is required that the heat pump can reload the storage in
between critical draw-offs.

Minimal information is given for domestic hot water service sizing (25 litres per person and per day at
60 °C), and it is specific for residential context.

Informative annexes provide complementary information about topics such as:

using special sources, like ground water and ground;

typical hydraulic circuits (a collection of basic functional diagrams);

definition and scope of performance factors;

seasonal performance factor (SPF) recommended targets;

noise limits;

domestic hot water tapping (draw) patterns;

basic definitions of capacity control.

The contents of this standard are basic and often incomplete. Also, there is no specific requirement
and/or advice about the connection with heating terminals and their specific sizing that might be re-
quired for use with heat pumps. The standard needed a revision, and this work started in 2022.

The following clause describes the new draft. The standard is being also revised because of the ex-
tension of the scope of CEN-TC 228 (CEN, 2017d), which now also includes water-based cooling.
The new EN 15450 will be about water-based and direct condensation and expansion heating and
cooling systems.

The ongoing revision of EN 15450 has several objectives:

e extending the standard to water-based cooling systems;

¢ identifying all the concerns when designing a heat pump system;

e dealing with the specific issues of the building renovation and of the replacement of combustion
boilers by heat pumps;

e introducing a two step-procedure for existing buildings: start with a preliminary design and then
decide if to proceed with a final design of a heat pump system;

e defining a procedure which is more aligned with the design workflow practice.
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The introductory part covers heat pump nomenclature, system boundaries and definitions of efficien-
cies. The intent is to clarify the scope of COP when specifying design energy performance require-
ments. The design objective is not limited to the heat pump: it includes the so called “external auxilia-
ries”, that is electricity use for heat source and heat rejection systems that are required for system op-
eration.

The main design objective is identified as achieving the highest seasonal performance given the de-

sign constraints and expected operating conditions.

The issues that must be considered and solved when designing a heat pump system are identified

and potential consequences highlighted. No solution is provided at this stage, since providing solu-

tions for the specific case will be the task of the design process. The following issues are identified.

e Optimising source and sink temperature, by selecting the type of source and sink and, if possible,
acting on its operating conditions. This includes (e.g.) sizing the heating terminals and/or insulat-
ing the building to reduce the required fluid temperature. Each one °C is worth between 2 and 3%
of efficiency.

e Heat pump sizing: Over-sizing is detrimental for investment cost, efficiency, and expected
lifespan.

e Provision of a sufficient flow rate in the primary loop to avoid unintended mixing.

e Provision of a sufficient available water volume, to limit cycling frequency at low loads and to al-
low defrosting.

e Environmental impacts, such as noise, use of toxic chemicals, refrigerant issues (e.g. GWP,
Global Warming Potential), risk of ground and groundwater contamination (for ground coupled
heat pumps)

e Service specific issues that arise in connection with the provision of one specific service (e.qg.
space heating, domestic water heating) or a combination thereof. Example: if two levels of tem-
perature are required (most common: low temperature space heating and higher temperature do-
mestic water heating), consider either alternate operation modes or the use of separate, dedi-
cated heat pumps.

e Safety aspects, including fire hazards and toxicity because of refrigerant properties. Referring to
EN 378-1 for this topic.

A checklist is proposed to confirm that the design covers all relevant issues (quality check).
Information collection is the first step in the design workflow and it details design objectives and
boundary conditions. This includes required services (space heating, cooling, domestic water heating)
and their level, user requirements and expectations, applicable regulations and legal constraints, per-
formance objectives, site characteristics, available resources (heat source and driving energy).

The next phase of the proposed design workflow, the preliminary design, is the provision of a so
called “design concept”, that is the rationale to fulfil the design objectives. The design concept should

include at least the following:

e afunctional diagram as shown in Figure 4.2.1-1 (a collection of basic functional diagrams is pro-
vided in an annex to the standard so that the designer can adapt them for the specific project);

e adraft system layout, showing the possible location of the required equipment;

e a system operation sequence (operation and control rationale);

e an estimation of the expected system performance and cost.

The design concept shall:

e confirm that the designed system can be realised;

e confirm that the energy performance targets can be achieved;

e provide a cost estimation of the project;

e support a go/no-go decision to proceed with the detailed design.
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Back-up

Figure 4.2.1-1. Sample basic functional diagram

The preliminary design is an important step for renovations, where a combustion boiler is replaced by
a heat pump, which is expected to be the most common case in the coming years. Heat pumps do not
provide a simple one-to-one replacement for boilers: upgrades of existing building enclosures and/or
terminal emitters may be needed to install a heat pump successfully.
If the design concept is approved, then the design workflow continues with the detailed design, where
all design issues are addressed systematically.
Sometimes, several sizing procedure alternatives are presented because of the variety of possible
boundary conditions and design approaches across Europe. An example is the sizing of the heat
pump itself, that requires considering at least three issues, with possible alternatives in their evalua-
tion (see Figure 4.2.1-2):
e The starting point is the required power output under design conditions, that is the building enclo-
sure requirement. Several alternatives are proposed:
o heat load, which is the traditional approach to sizing heating systems but leads to over-
sizing;
o new approaches, based on energy performance calculation (either monthly or hourly) or
measured energy use for existing buildings. This provides a more accurate tailored sizing.
o The next step is considering the availability and intended use of a back-up generator. Here, too,
several alternatives are provided. The sizing criterion can be either a desired bivalence tempera-
ture or a desired energy needs coverage, and the control option can be alternate or simultaneous
operation.
¢ Finally, the allowed daily operation time and schedule may be considered.
¢ Hourly methods based on EN ISO 52016-1 (CEN, 2017c) applied on a design day or week are
also proposed. They allow to deal simultaneously with all previously mentioned issues and op-
tions.
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Figure 4.2.1-2. Graphical example of the bivalence point concept.

A new feature worth mentioning is the sizing of the domestic hot water storage volume, which is a
basic concern, because of the limited available power of the heat pump and the intrinsically high
power / low energy demand for domestic hot water service. There are two methods proposed (see
Figure 4.2.1-3):

e asimple rough method based on the domestic hot water daily needs, similar to that in the accu-
mulation method of the current standard: have a storage volume twice the average daily volume
needs;

e adetailed method based on a design load curve according to EN 12831-3:2017 (CEN, 2017a),

which is a comparison between the cumulated energy required during the day with a one-minute
time interval and the system performance curve.

Domestic hot water cumulated needs and system performance curves
12

———System production line [kWh]
10
——Generation start set [kWh]

——Cumulated needs [kWh]

8 System performance
—Q_min [kWh]

Energy need [kWh]

Control line
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Figure 4.2.1-3. Comparison between load requirements and system capacity

The detailed procedure may provide a useful tool to size heat pump systems for domestic hot water in
demanding non-residential contexts such as hotels. The sizing of a heat pump for space cooling is a
new topic introduced in this revision. Until now, it has not been a routine task in northern and central
Europe, whilst in southern Europe, cooling system sizing practices and methods still vary substan-
tially. A basic simplified method taken from a Danish standard is presented to calculate the instanta-
neous peak cooling load. Gains at peak conditions are summed and the effect of heat accumulation in
the internal structures is considered as a reduction in cooling load. This method needs localised cli-
matic data about solar radiation depending on fagade orientation. Other methods are mentioned, such
as the hourly method presented in EN ISO 52016-1 (CEN, 2017c), clause 6.5.4.5, which is also ap-
plies to cooling system sizing.
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The new draft is under development and should be ready to undergo public review at the end of year
2024. Then one more year will be necessary for handling comments and to complete the formal vote
procedure. If the process is smooth, the revised EN 15450 should be available at the end of 2025 or
early 2026

VDI 4645 (VDI, 2023) deals with the steps necessary for the planning of heat pump systems in single
and small multi-family (mainly two-family) residential buildings from the preliminary examination/con-
cept preparation to the detailed planning. The scope includes only hydronic space heating and do-
mestic hot water heating.

It is described that to achieve a high efficiency of the heat pump, the flow temperature in the space
heating operation must be kept as low as possible. In the 4-pipe system, each primary circuit is oper-
ated at a system temperature required for the application. For this reason, it is said that different
buffer storage systems are required for the space heating and the domestic hot water heating system,
as shown in Figure 4.2.1-4. A figure showing the relationship between flow temperature and coeffi-
cient of performance (approximately linear relationship) is given.

The ways of sizing the storage tank volume for domestic hot water and for space heating water are
described in 9.5.1.2 of VDI 4645 (VDI, 2023). For the sizing of the storage tank for domestic hot wa-
ter, average tapping (draw) profiles for one-member, two-member and three member families are in-
cluded in Annex J of VDI 4645.

Storage Tank
Charging Pump

Heating Circuit Pump

Domestic Hot Space heating Hot
Electric Auxiliary Water Tank Water Tank
Heat Source T N
Heat Pump

Figure 4.2.1-4 Typical configuration of heat pump systems for a detached house or two-family houses

Sizing of the heat pump is also described, taking into consideration the option of a supplemental heat-
ing source, such as an electric heater or a fossil fuel boiler.

Efficiency assessment of heat pumps is included in Annex G, where methods to calculate the sea-
sonal coefficient of performance of the heat pump in bivalent heating operation (COPH) and the sea-
sonal COP of the bivalent heat pump in the domestic hot water heating system are described (Annex
G). A method of cost estimation is by using the COPH and the COPW only (Annex H).

In Chapter 2, some guidance is provided on commissioning and how to set the control system. In this
chapter, documentation and instruction for the user are also described. ltems that are covered in-
clude:
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Switching the system on and off, switching the heating circuits and domestic hot water heating on and
off, changes in temperature, changes of time windows, and explanation of the indicators (controller
and device displays, pressure and temperature indications).

Annex D is the overall checklist for concept and detailed planning of heat pump systems.

Scandinavia has always been at the forefront of renewable energy. Indeed, it was in Denmark and
Sweden during the 1980s that the initial standards for heat pumps were established. In these early
Nordic standards, the focus was on the requirements for the declaration of heat pumps, and a set of
test requirements for the products were laid out. Today, these standards are crafted by a technical
committee (TC) under the European Committee for Standardization (CEN), which represents shared
European interests. Over recent years, standards have been developed that provide an accurate rep-
resentation of the efficiency of heat pumps.

In Denmark, heat pumps must adhere to several standards, including EN14511, EN14825, EN16147,
and EN12102.

1) EN14511 “Air conditioners, liquid chilling packages and heat pumps for space heating and cooling
and process chillers, with electrically driven compressors (CEN - Comité Européen de Normalisation,
2018). It has four parts: 1) Terms and definitions, 2) Test conditions, 3) Test methods, 4) Require-
ments.

Heat pumps are becoming increasingly important in the context of sustainable and renewable energy
solutions. Standards like EN14511 ensure these technologies deliver their promised performance and
maintain safety, reliability, and environmental responsibility. As the demand for efficient heating and
cooling solutions grows, adherence to such standards becomes crucial for manufacturers, installers,
and end-users alike.

Key Aspects of EN14511:

Scope: The standard applies to both air-to-air and liquid-to-air air conditioners and heat pumps, liquid
chilling packages, and dehumidifiers. It encompasses both factory-made products and those assem-
bled on-site.

Performance Ratings: One of the primary objectives of the EN14511 (CEN, 2018) is to define the per-
formance rating of these devices in terms of capacity and efficiency under various operating condi-
tions. This aids in benchmarking and ensuring the product's capability matches its specifications.
Testing Requirements: The standard lays down specific testing methodologies and conditions for en-
suring consistent and reliable results. These methodologies measure the efficiency and performance
of heat pumps in a range of conditions — for instance, different temperatures and pressures.

Safety and Environmental Concerns: While the focus is on performance, the standard also touches
upon certain safety and environmental concerns, ensuring that the heat pumps do not pose risks to
users and are environmentally friendly.

Interoperability and Integration: Given the diverse applications of heat pumps — from domestic set-
tings to larger commercial environments — the EN14511 (CEN, 2018) ensures products can be inte-
grated seamlessly into various systems and infrastructures.
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2) EN14825 “Air conditioners, liquid chilling packages and heat pumps, with electrically driven com-
pressors, for space heating and cooling - Testing and rating at part load conditions and calculation of
seasonal performance”

In an era where energy efficiency and sustainability are paramount, the EN14825 (BSI, 2022) stand-
ard is crucial. It ensures that heat pumps and related products are not just efficient under lab condi-
tions but deliver consistent performance throughout their operational life, reflecting the actual Euro-
pean climate conditions. Manufacturers and consumers alike benefit from this standard, which pro-
vides a clear benchmark for product performance and efficiency.

Key Aspects of EN14825:

Scope: The EN14825 standard applies to all types of air conditioners, heat pumps, and chillers, in-
cluding both the ducted and ductless varieties, regardless of their source of energy or the type of en-
ergy used (e.g., electricity or gas).

Seasonal Performance Metrics: One of the standout features of EN14825 is its emphasis on seasonal
performance. Instead of merely evaluating a device's performance under standardised test conditions,
it considers variations in climatic conditions throughout the year. This provides a measure of the unit's
efficiency and effectiveness over the entire heating or cooling season.

EN 14825 is intended to support the application of the European Eco-design and Eco-labelling di-
rective. It provides a method for calculating a “seasonal” performance (SCOP and SEER) under an
assumed operating condition. It complements EN 14511 (CEN, 2018) in defining part load test condi-
tions suitable for providing the data for the calculation of the SCOP and SEER.

Testing Protocols: EN14825 details the test methods to determine and verify the seasonal perfor-
mance coefficients, ensuring that manufacturers and testers have clear and consistent guidelines to
follow.

Classification and Ratings: The standard provides a basis for classifying and rating the efficiency of
devices. This classification helps consumers, installers, and policymakers make informed decisions
about the products in terms of their environmental impact and potential energy savings.

Supporting Information: Apart from technical specifications and testing methodologies, EN14825 also
requires that supplementary information, like user manuals and product labels, be provided with the
products. These details help users understand the optimal usage conditions and maintenance re-
quirements.

Integration with Other Standards: EN14825 works in conjunction with other standards, such as
EN14511, to provide a comprehensive view of the performance of heat pumps and related devices.

3) EN16147 (CEN, 2022).

As domestic hot water production is a significant contributor to household energy consumption, heat
pumps in this category can play a vital role in enhancing energy efficiency. The EN16147 standard is
thus essential as it ensures that these heat pumps are effective in their primary function and energy-
efficient, safe, and environmentally responsible. Adherence to this standard is crucial for manufactur-
ers, ensuring their products meet high-quality benchmarks, and it provides consumers with a reliable
measure of a product's performance and safety.

Key Aspects of EN16147: “Heat pumps with electrical driven compressors- testing. Performance rat-
ing and requirements for marking of domestic hot water units”

This standard specifies methods for testing, rating of performance and calculation of water heating
energy efficiency of air/water, brine/water, water/water and direct exchange/water heat pump water
heaters and heat pump combination heaters with electrically driven compressors and connected to or
including a domestic hot water storage tank for domestic hot water production. This standard includes
only the testing procedure for the domestic hot water production of the heat pump system. This docu-
ment only applies to water heaters which are supplied in a package of heat pump and a storage tank.
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Scope: EN16147 is specifically geared towards heat pumps designed for producing domestic hot wa-
ter. This includes units that are monobloc, split, or with multiple compressors and can be either fac-
tory-made or assembled on-site.

Performance Metrics: The primary aim of this standard is to set the performance rating of the heat
pumps in terms of their capacity and efficiency. It evaluates the coefficient of performance (COP) and
energy efficiency, ensuring the product meets its specified performance metrics.

Testing Conditions: EN16147 establishes standardised testing conditions, which include specific am-
bient and load conditions. This ensures that all products are tested under consistent conditions, allow-
ing for accurate comparisons between different units.

Safety and Environmental Factors: Beyond performance metrics, the standard also addresses certain
safety and environmental considerations, ensuring that the heat pumps are safe to operate and do not
harm the environment. This can include factors like refrigerant type and emissions.

Product Information: Manufacturers are required to provide specific information about their products,
ensuring transparency for the end-users. This can include data about the product's performance, its
optimal operating conditions, maintenance requirements, and more.

Interoperability: Given the various configurations and applications of heat pumps for domestic hot wa-
ter production, EN16147 ensures such products can be integrated smoothly into different domestic
setups without hindrance

4) EN12102

EN12102 (CEN, 2020) plays a critical role in ensuring that the acoustic emissions of heat pumps and
related devices are within acceptable limits, promoting user comfort and environmental well-being.
This standard is invaluable for manufacturers aiming to design quieter, more efficient devices, and for
consumers seeking products that will not disrupt their living or working environments.

Key Aspects of DS/EN12102:

Standardised Procedure: The standard provides a uniform procedure for accurately determining the
sound power levels of the specified devices. Such standardisation ensures that all measurements are
consistent and comparable across different devices and manufacturers.

Importance of Acoustic Measurements: Sound power levels are crucial for assessing the potential
noise pollution a device might cause. Noise can affect the comfort and well-being of inhabitants and
neighbours. For commercial applications, excessive noise can also impact worker productivity and
comfort.

Testing Conditions: The standard will probably stipulate the conditions under which the measure-
ments should be taken, including ambient conditions, device operational state, and the environment in
which the test is conducted.

Reporting and Declaration: Manufacturers are expected to report their findings according to this
standard, providing potential buyers and users with a clear understanding of the acoustic profile of the
product.

Supporting Sustainable Design: As more emphasis is placed on creating sustainable and comfortable
living and working environments, the noise emitted by essential HVYAC equipment becomes a pivotal
consideration. EN12102 supports this by providing clear metrics for airborne noise evaluation.

The general design guidelines for heat pump systems in buildings, considering Denmark's context:
1. Selection of Heat Pump Type: Depending on the source of heat available, there are different
types of heat pumps to choose from:
e Air-to-Water/Air-to-Air Heat Pumps: These extract heat from the ambient air.
e Ground Source Heat Pumps (GSHP): These use heat from the ground via boreholes or
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10.

11.

12.

horizontal loops.
e Water Source Heat Pumps: Extract heat from nearby water sources, like lakes or rivers.
Sizing of Heat Pump: The heat pump should be correctly sized according to the heating demand
of the building. Over-sizing can lead to more frequent start-stops, reducing the efficiency and life
of the heat pump.
Integration with Existing Systems: In many renovation cases in Denmark, heat pumps are inte-
grated with existing heating systems, such as district heating or gas boilers, to ensure maximum
efficiency and reliability.
Temperature Levels: Heat pumps are most efficient when supplying low-temperature heating sys-
tems, such as underfloor heating. For older buildings with radiators designed for higher tempera-
ture supply, ensure that the radiators are large enough or consider integrating with other systems.
Insulation: Ensure the building envelope is properly insulated to reduce the heating demand. This
is important in Denmark's cold climate to ensure the efficiency of the heat pump system.
Controls and Monitoring: Intelligent controls can adapt the operation of the heat pump based on
the outdoor temperature, occupancy patterns, and other variables to ensure maximum efficiency.
Maintenance: Regular maintenance and monitoring can ensure the system operates efficiently
over its lifespan.
Integration with Renewables: Given Denmark's focus on wind energy, integrating heat pumps with
renewable sources like wind or solar PV can further reduce carbon footprints.
Legislation and Incentives: Keep in mind any governmental regulations, incentives, or grants that
are available to encourage the adoption of heat pumps. Denmark has often offered incentives for
sustainable building practices and renewable energy installations.
Noise and Aesthetics: Especially for air-source heat pumps, consider the noise levels and aes-
thetics, ensuring they do not pose disturbances to inhabitants or neighbours.
Hybrid Systems: Consider hybrid systems that combine heat pumps with boilers or other heating
systems to ensure continuous heating during extreme cold spells when the efficiency of heat
pumps might decrease.
Training and Awareness: Make sure that the occupants and building managers understand the
operation of the heat pump system, which can be crucial for its optimal functioning.

For the most up-to-date guidelines and specific standards related to Denmark, it would be best to re-
fer to the Danish Energy Agency or relevant local building codes. Also, professional associations re-
lated to HVAC and building systems in Denmark might have detailed, updated guidelines and best
practices for the design and installation of heat pump systems.

In Denmark, the installation and design of heat pump systems in buildings are regulated and guided
by specific national standards (European standards published by CEN and according to CEN rules
taken over by Danish Standards) and building codes. The primary standards and regulations relating
to heat pump installations in Denmark are:

EN 15450: Heating systems in buildings - Design of heat pump heating systems. This standard
specifies the requirements for the design of heat pump heating systems in buildings (BRI Japan,
2010).

EN 14825: Air conditioners, liquid chilling packages and heat pumps for space heating and cool-
ing and process chillers, with electrically driven compressors - Testing and rating at part load con-
ditions and calculation of seasonal performance.

Building Regulations (BR23): These are the general building regulations in Denmark which,
among other things, include requirements for the energy performance of buildings, which heat
pumps can play a role in achieving.

Danish Energy Agency Guidelines (Danish Energy Agency, 2018): The Danish Energy Agency
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provides guidelines and requirements for various energy technologies, including heat pumps, to
ensure efficient and sustainable use.

Besides the national standards and regulations, various industry associations in Denmark, such as
the Danish Heat Pump Association (DHPA), may offer additional guidelines and best practices.

1. EN 15450 - Heating systems in buildings - Design of heat pump heating systems:

e Scope: This standard is specific to heat pump heating systems in buildings. It sets the re-
quirements for the design, dimensioning, installation, and control of heating systems with heat
pumps, in combination with any other heat source if used.

e Key Elements:

o Determination of building heat losses to size the heat pump accurately.

o Guidelines for the selection of the heat source (air, water, or ground) and the related
necessary components.

Provisions for integrating with other heating systems.
Control and regulation guidelines for maintaining user comfort and achieving high en-
ergy efficiency.

o Considerations for domestic hot water production using heat pumps.

2. EN 14825 - Air conditioners, liquid chilling packages and heat pumps for space heating and cool-
ing and process chillers, with electrically driven compressors:

e Scope: This standard deals with the testing and rating of air conditioners, liquid chilling pack-
ages, and heat pumps used for both space heating and cooling.

e Key Elements:

o Specifies test conditions for full load and part-load performance and seasonal perfor-
mance.

o Provides methods for determining the capacity, power consumption, and efficiency of
these systems.

o Sets forth standard rating conditions to make a comparison between different prod-
ucts easier for consumers.

o Addresses different climate conditions, ensuring that the systems are tested for di-
verse operational challenges.

3. Building Regulations (BR23):

e Scope: The Building Regulations cover all aspects of building construction in Denmark, from
energy to indoor climate and fire safety. The energy provisions in BR23 ("Danish building
regulations - codes (BR23)," 2023) are relevant for heat pumps.

e Key Elements:

o Specifies minimum energy performance requirements for new buildings and renova-
tions.

Provides methodologies for calculating a building's energy needs.

Promotes energy-efficient technologies and solutions, such as heat pumps.
Emphasises the integration of renewable energy sources, which includes the opera-
tion of heat pumps in tandem with renewable energy.

o Addresses ventilation, insulation, and airtightness standards that impact the heating
and cooling demands and thus influence the design and operation of heat pump sys-
tems.

4. Danish Energy Agency Guidelines:

e Scope: The Danish Energy Agency offers various guidelines related to energy use, including
those concerning heat pumps.

e Key Elements:
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Promotion of efficient and sustainable energy technologies.
Information on subsidies or incentives for installing heat pumps and other renewable
technologies.
o Best practice guidelines and case studies for efficient implementation.
o Reporting and documentation requirements for different energy solutions.
The details provided above give a broad overview, but the actual standards provide specific technical
criteria, methodologies, and guidelines that need to be followed for compliance.

Heat pump installation practices are taught in Canada through the provincial and federally recognised
“Red Seal” program’s refrigeration and air conditioning mechanic designation (Red Seal Program,
2024). Design practices are taught through the Heating, Refrigeration and Air Conditioning Institute’s
(HRAI) courses, with the Residential Air Systems Design (RASD) course and Residential Heat Loss
and Heat Gain (RHLHG) courses being directly relevant to heat pump equipment sizing and selection.
Regional associations such as the Thermal Environment Comfort Association (TECA) in British Co-
lumbia, Home Performance Stakeholders Council (HPSC) in British Columbia as well as others also
have regional teaching workshops and teaching materials.

Relevant codes and standards related to heat pump installation and design would include:

e For air source heat pumps: CSA C273.5:11 (R2020) “Installation of air source heat pumps
and air conditioners”

e For ground source heat pumps: CAN/CSA-C448 SERIES-13 “Design and installation of earth
energy systems”

Additionally, the federal government of Canada undertakes industry design and installation support
training through Natural Resources Canada, CanmetENERGY Local Energy Efficiency Partnerships
(LEEP) program. A series of videos aimed at contractors and the design community specific to resi-
dential heat pump retrofits are hosted on the LEEP website (Government of Canada, 2024a).
Natural Resources Canada’s CanmetENERGY also produced and maintains an Air Source Heat
Pump Sizing and Selection Toolkit (Government of Canada 2024b) aimed at heat pump distributors,
contractors and designers, comprising a Step-by-Step Sizing and Selection procedure (the Guide), an
Addendum of worked examples, training video, an Excel-based Tool and forthcoming online App.
Building code adoption, installation and design practices are released federally in Canada by the Na-
tional Research Council of Canada and adopted as is, or with modifications, at the discretion of prov-
inces within Canada. Codes overseen by the National Research Council of relevance to heat pump
design and installation include:

e The National Building Code of Canada (Government of Canada 2020a)

e The National Energy Code of Canada for Buildings_(Government of Canada 2020b)

e The National Plumbing Code of Canada_(Government of Canada 2020c)
Provisions within the National Electrical Code also have implications on the design and installation of
heat pumps. The Canadian Electrical Code (CSA Group 2024a) is overseen by the Canadian Stand-
ards Association.

Background

Natural Resources Canada developed a package of materials for air source heat pump (ASHP) sizing
and selection (Government of Canada 2024b), intended for use by mechanical system designers and
renovation contractors. The materials were designed to assist these individuals with sizing and select-
ing ASHPs for Canadian climates in both new and existing (retrofit) residential applications.
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Scope
The Toolkit focuses on air source heat pumps (ASHPS) for space heating and/or cooling applications.
The Toolkit covers the following applications of ASHPs:
e New home (or major new addition) installations.
o Full heating system replacement where existing HVAC equipment is removed.
e Add-on ASHP applications to displace heating energy or provide supplemental heating where
existing heating equipment remains functional.
This Toolkit covers the following technologies:
e Ducted and ductless ASHPs
e Single-zone and multi-zone centrally ducted ASHPs
e Single-zone and multi-zone ductless mini-split ASHPs
e Single-zone and multi-zone ducted mini-split ASHPs
e Single-stage ASHPs
e Staged and variable-capacity ASHPs
e Cold-climate ASHPs.
Exclusions:
¢ Installation best practices and requirements are outside the scope of this guide.
Overview of the Air-Source Heat Pump Sizing and Selection Process
An overview of the ASHP sizing and selection process is shown graphically in Figure 4.2.2-1.

. START |

STEPS 1 to 4: Define Key ASHP
Requirements

!

STEP 5: Identify Candidate ASHPs
Matching Key Requirements,
and Make Final ASHP Choice

!

STEP 6: Define Control Strategy

!

STEP 7: Define Back-up Heating

Requirements

Y
) END )

Figure 4.2.2-1. Overview of the ASHP Selection and Sizing Process

The process comprises seven steps, which can be grouped into four major parts:
|. Define key ASHP requirements (STEPS 1 to 4);
¢ Define ASHP Configuration.
. If required, choose mini-split indoor unit types.
¢  Determine heating and cooling loads.
e Determine sizing approach and ASHP target capacity requirements.
Il. Identify candidate ASHPs matching key requirements and make final ASHP choice (STEP5);
[ll. Define system control strategy (STEP 6); and,
IV. Define backup heating requirements (STEP 7).
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Components of the Toolkit
The Toolkit comprises:

e ASHP Sizing and Selection Guide (referred to as “the Guide”) and ASHP Key Specifications
Summary Worksheet (included in the Guide as Appendix B, see Figure 4.2.2-1 & 4.2.2-2);

e ASHP Sizing and Selection Tool: an electronic representation of the ASHP Sizing and Selec-
tion Guide. The tool interactively guides users in applying the step-by-step process described
in the Guide while providing additional charting and performance analysis features;

o Addendum of worked examples provides case studies of the Guide used to select centrally
ducted or ductless mini-split ASHPs for various installation scenarios.

Users can complete the guide process using one or more of these components. Short descriptions of
each are provided below.

ASHP Sizing and Selection Guide

This seven-step guide provides sizing and selection instructions, and information on various options
for both centrally-ducted and mini-split ASHPs.

e Complete each step of the guide in the order shown to size and select an ASHP for a specific
application.

o Each STEP provides the user with 3 to 4 options.

o Short descriptions of each option help users select which “best fits” specific applica-
tion requirements.

o Chosen options are recorded on the ASHP Key Specifications Summary Worksheet
(see Figure 4.2.2-2).

e Use the information recorded in Steps 1 to 4 to identify a short list of commercially available
ASHP models suitable for the specific application.

e Final ASHP selection can be based on such items as:

o Staging or modulation capabilities,
o Efficiency ratings,
o Noise ratings, and
o Equipment cost.
¢ Inthe final two steps, define:

o The ASHP system control strategy, and
o The backup heating requirements.

ASHP Key Specifications Summary Worksheet

The ASHP Key Specifications Summary Worksheet can be used in one of two ways:

o Together with the ASHP Guide as a summary sheet that records decisions made while work-
ing through the seven steps using the full Guide documentation; or,

e As a stand-alone worksheet, experienced users can complete sizing and select an ASHP, re-
ferring to the full guide documentation only when additional information is required.

ASHP Sizing and Selection Tool

This Excel-based tool examines the Guide steps to assist designers or contractors in sizing and se-
lecting air-source heat pumps (ASHP) in Canadian climates.

The ASHP sizing and selection tool will perform various calculations and charting functions that can
help size and select ASHPs. These include, among others:

¢ Plotting of heating load lines and estimating the target output capacity of ASHP equipment
needed for an application based on:

o load values entered, and
o sizing approach selected.

e Plotting of ASHP output characteristics versus outdoor temperature and estimating thermal
balance point temperatures (t-BPTs) for up to four candidate ASHPs for an application.

o Estimating the annual fraction of total space heating load provided by the different candidate
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ASHPs above their t-BPTs to help with the final selection.
e Calculating the minimum backup heating requirement for the application.
e For dual-fuel (“hybrid”) applications, calculating the “economic cut-off temperature” for the
ASHP based on:
local cost of electricity and fuel, and
the efficiency characteristics of the ASHP and the backup heating system.

o

o

Project or Client Name:

Date Completed:

COMPLETION INSTRUCTIONS: Select Required Option(s) in each STEP. Provide information in shaded boxes as necessary

Key ASHP Requirements

Option A

Option B

Option C

Option D

NOTES

1 Define ASHP
Configuration

1A: Centrally Ducted:

18: Ductless Mini-split, Single-Zone

Neo. of outdoor units:

1C: Ductless Mini-split, Multi-Zone

No. of outdoor units:

O New Home Install
O Full System Replacement
O Add-on ASHP

2 Choose Mini-split
Indoor Unit Type(s)

2A: Wall-Mounted:
No. of units required:

2B: Floor Mounted:
No. of units required:

2C: Ceiling Mounted:
No. of units required:

2D: Ducted (concealed):
No. of units required:

NOTE: ONLY COMPLETE STEP 2
if using Option 16 or 1C

3 Determine

F280-12 Design values

Energy Audit Report Estimates

Energy Model Estimates

Existing Equipment Capacities:

F280 Design temperatures for

at the design temperature]

Design Heating Load Reported DHL: atu/h of Design Loads Heating (output): 8tu/h house location
(DHL)
and DHL: Btu/h Adjusted DHL: Btu/h DHL: Btu/h DHL estimate: Btu/h Heating: 3
Design Cooling Load Reported DCL: Btu/h Cooling (output): Btu/h
(DcL) DCL: Btu/h DCL: Btu/h Cooling: °F
Adjusted DCL: Btu/h DCL estimate: Btu/h
4 Determine 4A: Emphasis on Cooling 4B: Balanced Heating & Cooling 4C: Emphasis on Heating 4D: Sized on Design Heating Load: | For FULL SYSTEM Replacements
Sizing Approach Target: Target: Target: Target: - Maximum Airflow capacity of
and Capacity 80% DCL: Btu/h 80% DCL: Btu/h | Heating Load at: DHL: Btu/h
Requirements to to . Btu/h ' existing ducting: CFM
of ASHP t0 125% DCL: Btu/h | to125% DCL: Btu/h . at °F (Design Temperature)
Single-stage: Match output o target Single-stage: Match output to high end of target
Multi-stage: Match maximum outputto target | Multi-stage: Match minimum output to target
Identify & Select ASHP Candidate #1 Candi #2 Candidate #3 Candi #4 Final Choice:
5 Identify candidate Model #: Model #: Model #: Model #: Heat-output: Btu/h
ASHP models
matching Stages: ; Cut-off: il7 Stages: ; Cut-off: il7 Stages: ; Cut-off: I'F Stages: ; Cut-off: °F at17°FO ,orat K3
Key Requirements .
Nominal Cap: Nominal Cap: Nominal Cap: Nominal Cap: Low Temp. Cut-off: S
Cooling at design: Btu/h
Heat-output: Btu/h | Heat-output: Btu/h | Heat-output: Btu/h | Heat-output: Btu/h N
BP Temperature: £
at17°F 0, orat °F at17°F O, orat °F at17°F O, orat °F at17°F O, orat F %Total Heating above BPT:
Cool-output at 95°F: Btu/h | Cool-output at 95°F: Btu/h | Cool-output at95°F: Btu/h | Cool-output at 95°F: Btu/h % of total
Control Strategy Option A Option B Option C NOTES
(ASHP cut-off above design T) (ASHP cut-off below design T) (ASHP cut-off below design T)
6 Define ASHP Cut-off Control required No ASHP Cut-off Control required No Backup Heat
Control Strategy 6B1: Heat pump may operate over
6A1: Low-Temp cut-offat___°F full outdoor temperature range | 6C: Heat pump is Sole Heat Source
ASHP Cut-off Control required: N
6A2: Economic cut-offat___*F 6B2: Economic cut-off at - (No ASHP Cut-off Control required)
Back-up Heating Option A Option B Option C Option D NOTES
7 Define 7A- New required at > 100% DHL 7B - New required < 100% DHL 7C - No new Backup required 7D - No Backup Required NEW Backup Type:
Backup Heating (use existing heating system (ASHP output is greater than O Fuel:
Requirements Minimum of: Btu/h Minimum of: Btu/h for backup heating) the design heating load O Electric:

Natural Resources Canada

DRAFT Version 1.0, 2019-03-07

Figure 4.2.2-2. ASHP key specification summary worksheet

Addendum to the ASHP Guide of Worked Examples
Worked examples have been completed for both centrally-ducted and ductless mini-split ASHPs us-
ing various sizing and selection scenarios. These example cases illustrate how the guide process

works and have been prepared to help users better understand the various decision steps when se-
lecting ASHPs for different applications.

With the permission of Canadian Standards Association, (operating as “CSA Group”), the material de-
scribed below is reproduced from CSA Group standard CSA SPE-17:23, HVAC guide for Part 9
homes (CSA, 2023). This material is not the complete and official position of CSA Group on the refer-
enced subject, which is represented solely by the Standard in its entirety. While use of the material
has been authorised, CSA Group is not responsible for the way the data is presented, nor for any rep-
resentations and interpretations. No further reproduction is permitted. For more information or to pur-

chase standard(s) from CSA Group see (CSA, 2024b).

Background

The ultimate performance of the heating, ventilation, and air conditioning (HVAC) system in a residen-
tial Part 9 home depends upon proper design, installation, and commissioning, with each of these
components being equally critical to delivering the designed efficiency of the equipment itself.
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In new construction, adequate planning and upfront integrated design of HVAC systems in new, low-
rise residential buildings is not common practice, resulting in systems not being fully optimised for per-
formance.

Research published by the American Council for an Energy-Efficient Economy (ACEEE) shows that
50 to 70% of HVAC systems are improperly installed, causing them to be 10 to 50% less efficient than
if they received quality design, specification, and installation (Mowris and Jones, 2008).

HVAC has been the single largest source of new home complaints by their owners. Design, poor
quality systems, and inadequate installations have all been found to be the problem in different parts
of Canada (see (Canadians for Properly Built Homes, 2024) for further information).

Expanding on this, Canada’s Part 9 residential building industry is going through a significant period
of change where builders, architects/designers, engineers, trades, manufacturers, authority having
jurisdictions (AHJ), and other industry stakeholders are adapting to increasing market demand for en-
hanced performance in homes. This is characterised by a transition to performance-based energy
codes or standards like the BC Energy Step Code (Energy StepCode, 2018), Zero Carbon Step Code
(Energy StepCode, 2020), or the Passive House standard, as well as a growing regulatory focus on
decarbonisation.

The combination of market and regulatory conditions and rapidly evolving technologies creates an op-
portunity for the residential design and construction community to improve significantly overall indoor
comfort, improve home performance, and enhanced resiliency and health outcomes at the same time.
The risk is that an integrated sequence of HVAC design, sizing, installation, and commissioning could
be overlooked, or not fully considered, as residential buildings seek to achieve low-energy/low-carbon
performance targets, resulting in the following:

a) Increased costs — Improperly sized equipment costs more to install and operate. It increases
maintenance and repairs and shortens the life cycle of equipment.

b) Poor comfort — Inadequate approaches to equipment selection, HVAC design, and installation re-
sults in HVAC “short-cycling” and poor performance (e.g., uneven temperatures, equipment noise).

c¢) Performance liabilities — Incorrectly designed HVAC systems are more likely to undermine a
homeowners’ sense of satisfaction and tarnish builder reputations while also creating potential liabili-
ties and warranty claims.

d) Home aesthetics — Larger or poorly designed HVAC systems can incorporate equipment and duct
requirements that compromise living spaces with larger than needed bulkheads and chases.

To address these issues, a more sophisticated approach is needed to deal with the knowledge gap in
mechanical HVAC systems for new Part 9 buildings, helping to ensure that both functional and perfor-
mance-based objectives and targets are met.

Current practices

Within current building industry practices, there is a lack of design stage planning for the HVAC sys-
tems, which limits design strategies and equipment choices, creating increased costs and poor opera-
tional performance. Inadequate consideration of proper design and installation of mechanical systems
is characterised by:

a) “rule of thumb” approach to heat loss and heat gain calculations;

b) lack of upfront coordination with builder and architect in the design phase of the building design
process.

c) absence of HVAC designs to guide installations or numerous opinions that vary on the HVAC de-
sign, none of which are supported by calculations and technical engineering;

d) lack of consistent and verifiable standards of practice within the HVAC industry; and

e) incomplete performance verification through commissioning to test the installed systems and docu-
ment that HVAC equipment is operating to the design intent and meeting performance targets.
Enhanced practices
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A better approach starts with integrated and coordinated design between builders, architects, building
designers, HVAC designers, and contractors, focusing specifically on optimising overall HVAC system
performance. Collaboration between designers, builders, and trades, as well as use of CSA F280 load
calculations, are foundational elements of this approach. These practices help builders respond to in-
creased energy and greenhouse gas (GHG) emission performance objectives, integrated with hous-
ing form, style, and construction methods. Enhanced practices include these essential elements:

a) CSA F280 compliant load calculations to inform equipment sizing and selection;

b) pre-construction integrated Design Process, coordinating with builders, architects, and clients to
establish an HVAC strategy and design;

c) a clearly articulated expectation of installation standards of practice; and

d) performance verification, including on-site review, once the equipment is installed with commission-
ing results documented and verified to demonstrate optimised performance.

Evolving practices

Going forward, adaptation and change will be a constant for the construction industry, particularly with
energy performance requirements in national and provincial building codes, eventually moving toward
a net zero-ready standard. To meet these requirements, evolving HVAC industry practices may in-
clude:

a) improved compliance and verification through more standardised permitting requirements by the
AHJ (Authority Having Jurisdiction);

b) additional inspection processes for consumer protection that verify HYAC system performance in-
tentions are being met; and

c) increased trade coordination and wider adoption of performance testing methodologies to confirm
design/construction objectives are achieved (e.g., mid-stage blower door testing to confirm air tight-
ness metrics).

Objectives

CSA SPE-17:23 (CSA, 2023) assists the building industry with identification of standards of practice
that are designed to deliver HVAC systems that provide enhanced comfort, improved energy-effi-
ciency, and ultimately achieve the performance expectations of builders, architect/designers, and
homeowners alike. Overall objectives for CSA SPE-17:23 are:

a) increasing building industry awareness on how an integrated/coordinated design process can help
deliver efficient HVAC systems and better home performance;

b) presenting best practices for HVAC design, equipment sizing, selection, installation, and perfor-
mance verification of HVAC systems that can be readily applied by builders.

¢) communicating the options, opportunities, and limitations of various HVAC equipment in a fuel-neu-
tral manner, to meet performance-based code requirements and support decarbonisation objectives;
and

d) building familiarity and confidence in more sophisticated building practices and HVAC technologies.
Audience

Audiences for CSA SPE-17:23 include:

a) builders and developers;

b) architect/designers;

¢) building officials;

d) HVAC designers and HVAC contractors;

e) energy advisors;

f) utilities; and

g) homeowners.

Scope

CSA SPE-17:23 highlights the benefits of best practices in proper design, sizing, installation, and
commissioning for HYAC systems with a focus on practical information for building industry
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practitioners to apply knowledge from the Guide to support new construction and major renovation
projects. CSA SPE-17:23 also provides useful industry resources, supporting tools, and technical in-
formation.

CSA SPE-17:23 may be used as a technical reference document for Part 9 new residential buildings,
incorporating illustrations, resources, and tools to assist with knowledge transfer and application. It
has also guided collaboration between the builders, designers, tradespersons, and suppliers with re-
spect to integration of sizing, design, installation, and performance verification.

The Air Conditioning Contractors of America (ACCA) is an HVAC industry association that has pub-
lished accredited and non-accredited procedures for residential and commercial HYAC equipment de-
sign and installation, and related services, since the 1970s. The design manuals for heat pumps in-
clude ANSI/ACCA 2 Manual J (2016) - Residential Load Calculation (8th Edition), ANSI/ACCA 3 Man-
ual S (2014) - Residential Equipment Selection, and ANSI/ACCA 1 Manual D (2016) - Residential
Duct Systems (where applicable, when ducted air distribution systems are used). Several other
guides focus on specific skills and services related to residential HVAC).

Manual J is a procedure for calculating heating and cooling building and room loads under outdoor
design conditions, and Manual S is a procedure for selecting appropriate heating and cooling equip-
ment for a building, based on the results of Manual J calculations. Manual J and Manual S are the
most frequently used and are both cited by reference in residential codes (model codes by the Inter-
national Codes Council, which are adopted into regulation individually by most of US states and some
cities or other jurisdictions) for many years as a code requirement for residential building construction.
Neither Manual J, Manual S, nor Manual D is specific to heat pumps, but each includes general re-
qguirements for the most common types of residential cooling and heating systems.
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Heating and Cooling Performance for Opaque Panels
U-Values and Group Numbers or CLTD Values

Construction Number 13
Block Walls and Partitions

6, 8, 10 or 12 Inch block, any exterior finish (except 13AA = none and 13A = stucco, siding or brick), plus interior finish (except 13AA)
Exterior finish code: s = stucco or siding; b = brick

Core condition code: oc = open core; fc = filed core _ _

Framing code: w = wood, m = metal (studs 16 Inches on center, 75% cavity, 25% framing)

Reference Area = Gross Wall Area - Area of Window and Door Openings

Insulation
R-Values

Construction
Number

Block
Core

Description of Construction U-Value with U-Value with Group

Wood Studs Metal Studs Number

13BA — Framing with R-11 In 2 x 4 Stud Cavity, No Board Insulation, No Exterior Finish, Open or Filled Core, Plus Interior Finish

Block, no exterior finish, R-11 in stud
cavity, open or filled core, plus interior
finish

13BA-0oc w/m Cavity: R-11
13BA-0Ofcw/m Board: None

Open 0.103 0.131 H
Filled 0.088 0.108 H

13BB — Framing with R-11 In 2 x 4 Stud Cavity, No Board Insulation, Any Exterior Finish, Open or Filled Core, Plus Interior Finish

13BB-0oc w/m 0.088 0.109 H
138B-0fcw/m 0.077 0.093 H

Block, any exterior finish, R-11 in stud cavity,
open or filled core, plus interior finish

Open

Cavib/: R-11 Filled

Boarc : None

138 — Framing with R-11In 2 x 4 Stud Cavity Plus Board Insulation; Any Exterior Finish, Open or Filled Core, Plus Interior Fin-

e e B I i | |
e | com s | RSt e e | O | 008 = |
tmaee i | ot B e v st | S0 | 008 = |
)

Figure 4.2.3-1. Example of construction type and thermal properties table from Manual J

Manual J provides detailed instructions on collecting thermal performance data and building dimen-
sions, selecting appropriate indoor and outdoor design conditions, addressing air infiltration and solar
gains, and includes extensive tables showing thermal performance values to use for building surfaces
such as walls, windows, roofs, floors, etc. that use a wide range of construction and insulation ap-
proaches. An example is shown in Figure 4.2.3-1 (the standard includes nearly 200 pages of such ta-
bles). It also includes procedures to calculate the impacts of ventilation systems and duct losses and
gains that may apply to existing or new buildings. Most users of Manual J use software, rather than
manual calculations, to conduct the procedure, and ACCA has a process for approving software as
being ‘compliant’ with the standard. The result is a report by room, by zone(s) if used, and for a whole
building or dwelling, that states the heating, sensible cooling, and latent cooling loads at design condi-
tions, that may be used for sizing and selecting equipment. The full edition of Manual J also includes
large informative sections with examples, clarifying illustrations and commentary.

Manual S has detailed procedures for choosing based on capacity and other factors. The scope en-
compasses almost all types of residential HVAC equipment, including air conditioners, furnaces, boil-
ers, most of which are not of interest in this report. However, a new version of Manual S has been ap-
proved by ANSI and is about to be published (at the time of this writing, it has yet to be available); the
most notable changes are in how the procedure handles heat pump design.

Previous editions of Manual S (including 2014 cited above) only provided pathways for heat pump se-
lection based on cooling capacity — with the limits of 90-115% of design cooling load for single - speed
units, while allowing slightly larger over-sizing for cooling (120% to 130%) for other types of equip-
ment, such as 2-speed, variable-capacity, or ground-source units. The focus is on avoiding oversizing
so that humidity control is not compromised (and in very dry summer climates, a different approach is
allowed). In this case, if the heating capacity is not adequate to meet the heating load under design
conditions, then auxiliary heat (typically electric resistance) is specified. Figure 4.2.3-2 shows an ex-
ample of this; in this case, the heat pump would have inadequate capacity at outdoor temperatures
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below about -1 °C, and at the design condition of -10 °C a minimum of 4 kW of backup heat would be
needed to meet the heating load.

Load/Heat Pump Capacity, kW

O B N W s O N 0 W

-15 -10 -5 0 5 10 15 20
Toutside °C

e Heating Capacity Building Load
Aux heat needed Cold climate capacity

Figure 4.2.3-2. Traditional handling of low heating capacity using auxiliary heat, and cold-climate com-
parison

Many parts of the northern United States and most of Canada have heating design temperatures
ranging from -15 °C to -25°C and, in some cases, even colder. The rapidly increasing interest in heat
pumps for reducing carbon emissions, even in very cold climates, and the desire to reduce or elimi-
nate the electric grid impact of resistance heating elements has led to a new alternative approach.
There is now common availability of variable-speed systems with high heating capacities at cold tem-
peratures (for example, the yellow dotted line in Figure 4.2.3-2), that may not require auxiliary heating
at all. However, in cold and very cold climates, it is still quite common for cooling design loads to be
significantly smaller than heating design loads, resulting in a conflict for designers who want to size
heat pumps for full-load heating without violating the sizing requirements of Manual S and the building
code.

The new edition of Manual S, Residential Equipment Selection (3rd Edition, Version 1.01) (ACCA - Air
Conditioning Contractors of America, 2023), addresses these concerns by offering several explicit
pathways to size heat pumps to meet 100% of the heating design load, while still maintaining control
of summer humidity in climates where that is relevant. Table 4.2.3-1 summarises the most important
requirements for two-speed and variable-speed units. Two-speed heat pumps allow more flexibility for
sizing to heating loads, but still focus on maximum total cooling capacity with the expectation that sup-
plemental heat will often be needed. All three variable-speed options specify explicitly that the unit
meets 100% of the heating load, while addressing cooling and humidity control in various ways that
can include dedicated dehumidification equipment or active dehumidification function built into the
heat pump. Both two-speed and variable have limits to avoid unneeded oversizing, and all the varia-
ble-speed options explicitly negate the need for supplemental heat. Though supplemental heat is still
allowed (for example, in a case where it may be needed for defrost operation), it is limited to a maxi-
mum of 5 kW.

Pros and cons

It is useful to have a consistent industry standard for load calculations to ensure accurate results and
help promote and support proper equipment selection. And for sizing, it is a dramatic improvement to
have a mechanism to allow for full heating load sizing in cold climates, which has been done in thou-
sands if not tens of thousands of homes, but technically did not comply with building codes.

The most significant drawback of the load calculation procedure, Manual J is that most residential pro-
posals are made by salespeople, and most often they either do not bother with the calculations or do
not trust the results. Despite the clear statements in Manual J to take credit aggressively for all energy
efficiency features, there are strong tendencies for users to increase the calculated loads to represent
what they expect in advance will be needed. Further, within any of the approved software packages, it
is very easy to allow the use of defaults that are too conservative: generic windows, losses and gains
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attributed to ductwork, and similar features that increase the stated design loads. This is especially
true for the most efficient houses, that often use building components and levels of insulation that are
so efficient that they are not recognised by the Manual J tables. In many cases, to follow the proce-
dure properly, users must understand these limitations and override the software’s default values, but
there is little or no guidance to suggest that this is necessary. Even then, when the user has a result,
they will still size the equipment even larger ‘just in case’. In the end, absent requirements by incen-
tive programs that include a review of the design process (which is rare), many (or perhaps most) res-
idential contractors do not bother with the calculations because they conclude it gives them the an-
swer they expect. All this results in oversizing equipment, which is not bad if it is within the guidelines
but can be so extreme as to impact the operating efficiency seriously. It also makes the sizing proce-
dures somewhat irrelevant if they are based on faulty load calculations.

The updated/proposed edition of Manual S is a significant improvement, but it is rather complex to un-
derstand and put into practice, which may be a large challenge for users who already have trouble un-
derstanding the simpler existing procedures. The biggest limitation on its use in the near term is that
the methods available for two-speed and variable-speed systems also require knowing the total
and/or latent capacities of the equipment at the lowest operating speed. Engineering data on low-
speed capacity is rarely available for variable speed systems, which would make those pathways im-
possible to use until such data is regularly available. Also, the simplified approach for variable-speed
has a limitation of high-speed total cooling capacity at 130% of the design cooling load, so it cannot
account for lower-speed cooling operation and will be impossible to use in cases where the design
heating load is significantly larger than the design cooling load. The other options require information
about low-speed capacity.
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Table 4.2.3-1. New edition of Manual S (preliminary) sizing condition summary for 2-speed and variable heat pumps

2-speed heat pumps Variable-speed heat pumps
Condition: | Stage / speed Normal Dry" Simplified Advanced Advanced/Dry"
i . total capacity2 290% total capacity 290%
Total cooling minimum )
of total load of total load
Sensible cooling minimum| High stage or | sensible capacity 290% of sensible load
Latent cooling minimum| full speed latent capacity 2100% of latent load latent capacity 2100% of latent load |
i . total capacity £125% total capacity £130%
Total cooling maximum n/a
of total load of total load
. min speed capacity |min speed capacity min speed capacity
Total cooling
Low stage or |<80% of total load [<115% of total load <80% of total load
. min speed min speed latent
Latent cooling i
capacity 2100% of latent

same as advanced

Heating minimum total capacity 2100% of heating load

OR use supp. heat”

High stage or

heat capacity £120%; heat capacity at
full speed )
Heating maximum at 47°F £150%; of 47 °F =150% of heat
heat load load
L t same as advanced
Heating ou.:rs ageor “ min speed capacity £80% of heating load
min speed OR use supp. heat

only what is needed for shortage
( £175% of the difference at design)

! Dry condition = design SHR > 95% - OR - active dehumidification is provided with design documentation

Supplemental heat required only if heat capacity is < 100%; maximum of SkW

z "capacity" in all cases is at design condition except when specified
*1oad" (all cases) refers to cooling total, cooling sensible, cooling latent, or heating design load as referenced, at the cooling or heating design condition

* If a variable-speed heat pump meets full heating load using simplied path it must also meet min-speed capacity limit; if not, the min speed limit is waived
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The updated/proposed edition of Manual S is a significant improvement, but it is rather complex
to understand and put into practice, which may be a large challenge for users who already have
trouble understanding the simpler existing procedures. The biggest limitation on its use in the
near term is that the methods available for two-speed and variable-speed systems also require
knowing the total and/or latent capacities of the equipment at the lowest operating speed. Engi-
neering data on low-speed capacity is rarely available for variable speed systems, which would
make those pathways impossible to use until such data is regularly available. Also, the simpli-
fied approach for variable-speed has a limitation of high-speed total cooling capacity at 130% of
the design cooling load, so it cannot account for lower-speed cooling operation and will be im-
possible to use in cases where the design heating load is significantly larger than the design
cooling load. The other options require information about low-speed capacity.

NEEP is a non-profit regional organisation in the U.S. that promotes energy efficiency and de-
carbonisation/electrification. In 2017 and 2018, with support from the US Department of Energy
they developed two downloadable guides to assist designers and contractors in sizing, select-
ing, and installing air-source heat pumps for residential homes in cold climates. They can be
downloaded here neep.org/ashpinstallerresources, and there are companion videos on the
same web page.

The guides are not detailed design procedures, but each is more of an overview that covers at a
fairly high level the things that residential HVAC professionals should pay attention to what to
look out for along the way. It points them to the full design procedures (Manual J and S) for de-
tails but focuses on how to choose appropriate applications based on the house characteristics
and client needs: designing a smaller system to strategically displace as much existing heat as
possible; full heating replacement for a house; individual zone; and new construction or gut ren-
ovation. Once an approach is chosen, there is a page to guide users on the steps appropriate to
further refine that application and explain possible risks to watch out for.

There are numerous other regional and local guides that are published and promoted by utility
companies, state (provincial) agencies, or regional groups, but not sanctioned by government or
required by regulation. The NEEP guides are one example of this type of resource that is well
known and used widely.

In 2005, ‘Design Guidelines for Low Energy Housing with Validated Effectiveness’ (LEHVE) was
developed based on the outputs from 4-year (2001-2004) national R&D project by national re-
search institutes including Building Research Institute (BRI, 2013). The R&D project was funded
by the Ministry of Land, Infrastructure, Transport and Tourism (MLIT) (IBECs, 2024).

Before the project, the effectiveness of a building enclosure on energy-saving was mainly fo-
cused on practice and in the national building energy standard, which was not mandatory. It
was partly because there was a lack of quantitative technical information on how much energy
can be saved by choosing energy-efficient equipment for space heating, and the gain of such
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kind of knowledge was the main objective of the project. To tackle this issue, various experi-
ments and monitorings were conducted to validate the effectiveness of major kinds of promising
technology and equipment for residential buildings. Heat pump system had been one of the
promising technologies dealt with in the project. Some experiments and monitorings are re-
viewed in Chapter 2 of this report (Section 2.4.3). There are three LEHVEsS for three different cli-
matic conditions, namely mild climate, cold climate, and hot humid climate. Only the LEHVE for
hot humid climate was translated into English and is publicly available (Building Research
Institute, 2010). The theories and experimental methods used for LEHVEs were further devel-
oped and finally have been utilised for web-based programs to calculate primary energy use for
Japanese Building Energy Conservation Standard (BECS) (Building Research Institute/National
Institute for Land and Infrastructure Management, 2013). The contents of the LEHVE and re-
quirements for core quantitative information in the design guidelines for building design practi-
tioners was standardised as ISO 13153:2013 ‘Framework of the design process for energy-sav-
ing single-family residential and small commercial buildings (ISO, 2012; Sawachi, 2013).
LEHVE design guidelines have been presented at seminars. Over 24,000 practitioners have at-
tended the seminars organised by an institute engaged in dissemination of energy saving tech-
nologies as of January 2024 (IBECs, 2024). More importantly, as mentioned before, technical
knowledge for developing LEHVE has been utilised also for the BECS, in which not only docu-
menting design but also online programs are provided for applicants, who are going to get certi-
fications for various incentives and will try to get building permits after April 2025. The BECS will
be mandatory after April 2025, even for detached houses newly built.

Table 4.2.4-1 and Table 4.2.4-2 show the framework of design guidelines, by which LEHVEs
are made and prescribed in ISO 13153 (ISO - International Organization for Standardization,
2012). Energy use comprises six uses for space cooling, ventilation (outdoor intake), domestic
hot water, lighting, consumer electronics and other uses. There is no heating because this table
is for houses in a hot humid climate, but there is, of course, space heating in cold and mild cli-
mate versions. Four-member family and a model building are assumed for energy calculation.
The reference total annual primary energy use is 66.6 GJ/annum for houses with a ducted venti-
lation system. It takes time to understand Table 4.2.4-1, but it covers all technologies recom-
mended to be considered in the design process with quantitative information on how much en-
ergy can be saved by applying each technology and each specification. For reducing cooling
energy, three elemental technologies, namely 1) wind utilisation to dissipate internal heat (natu-
ral ventilation), 2) solar shading for roof and openings, and 3) cooling system (room air condi-
tioners/fans), are highlighted, because it was the conclusion that influences of other elemental
technologies were not clear when the guidelines were developed. An energy efficient cooling
system can be designed not only for energy efficient air conditioners but also for ceiling fans.
However, only information dealt with in the guidelines for air conditioners and heat pump water
heaters shall be reviewed.
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Table 4.2.4-1. Table of energy consumption ratios for different levels of each elemental technol-
ogy for energy-saving (detached house in hot humid climate) with red ellipses showing selec-
tions of levels.

Use Reference energy | Elemental Evaluation index/method Energy consumption ratio (reference consumption is 1.0)
cosumpten | technology Level O Level 1 Level 2 Level 3 Level 4
Cooling | 10.3 GJ Wind utiliza- Methods (1) Opening area on
tion/control cross ventilation route
3.1 a small, b; large
(2) Opening area sccord-
ing to prevailing wind 1.0 081 0.8
direction
(3) High window
a: small, b: large
Location | ) Wind speed 1m/s or more | O introduced | [A(1) 8. (3) 8 O b.(3) b —
Locafion 2 | Wind speed 1m/s or less | (IMethod not introduced | C1(1) a+(@). (3a+(@) | (1) b+ (2) o
(1) a (3)a O b. (3) b [I(3) b+ (2)
Wind speed 1-2m/sor less | (COMethod not introduced Oma. (3)a dayb, (3) b
01 a+@.@a+@ |00 b+, (381 b+(2)
Wind speed  2m/s or mare | CIMethod not introduced Oma(3a O a+@.@a+@
dmb. (3)b
D) p+@.8)b+@)
Solar shading | Methods (1) Outside shading device
method (&) Envelope 1.0 08 075 07
(4.2) a caity entlation, b neulstion,  refection
( Location 1 ) (1) Class O [CNo measures [1(2) a: Cavity ventilation (@) b: Insulation | CI(2) c: Reflection
(W Class 1 [CONeo measures [I(2) a: Cavity ventilation O(2) b: Insulation
Class 2 [(2) c: Reflection
(1) Class 3 o [ONo measures [}#(2) a: Cavity ventilation [J(2) b: Insulation
[](2) c: Reflection
Location2 | (1) Class O [No measures [J(2) a: Cavity ventiiation _ () b: Insulation _
J(2) c: Reflection
(1) Class 1 CINo measures C1(2) &: Cavity ventiistion — C(2) b: Insulation | CI(2) ¢: Reflection
(1) Class 2 o [No measures [I(2) a: Cavity ventilation [1(2) b: Insulation
Class 3 [1(2) c: Reflection
Location3 | (1) Class O [ONo measures [3(2) a: Cavity ventiiation | ()(2) b: Insulation
[i(2) c: Reflection
(1) Class 1 [ONo measures [J(2) a: Cavity ventiation _ J(2) b: Insulation o
C(2) c: Reflection
(1) Class 2 [ONo measures [C1(2) a: Cavity ventilation o o () b: Insulation
[1(2) c: Reflection
(1) Class 3 [CONeo measures [I(2) a: Cavity ventiation | (1(2) a: Cavity ventilation _ O(2) b: Insulation
L1(2) c: Reflection
Cooling sys- Methods (1) High-efficiency air 1.0 09 08 075 ( 065 ;
tem planning conditioner (COP)
ED (2) Use of fanosiing fan | JCOP3 [IcOP4 Hogre + @ 0COP4 + (2) JACOPE T (2)
Ventilation | 3.1 GJ Ventilation Duct ven- (1) Duct pressure ks decrease 1.0 07 ( 05 )
system plan- | tilation  (2) High-efficiency device "
________ ning CIMethod not introduced | CI(1) A0+ 2
28 GJ (5.3) Thoughthe- (1) Optimizing the combination 1.0 0.8
wal entiation of fan and outside ar it [T— introduced | CI(1)
Domestic | 12.8 GJ Saolar water Methods (1) Heat collection area 1.0 0.9 0.7 05 0.3
ot heating Eslbmedun s 88 [Moor ontional [N a+(@la  |O(ha+@c  |Db+@ec |00 ¢ +@) o
water (3.5) (2) Cornexton o ey heat s )
0ne. b neshayiahe, | 535 Water heater Ombe+@b  [OMb+@c+@ |Olc+E)c+@)
¢ solar connection unit
(3) Enegyficent cruiating pump
Domestic hot | Methods  (2)- 1 Loethea eoney e 1.0 0.9 0.8 — C o8 )
water system (2)-2 COHP water heater /=0 0 o] gas | @)1 0@ + @) — I(2)-2 mma ok msl
planning (3} Piping method/hot water heater [m[te)] [i(2)-2 (medium boil- 22 I:HB’H—'.!“CEIIII'[IEI
(5.4) water saving tools e mode) 3
Lighting | 13.6 GJ Daylight uti- | Conditions (1) Biirectional daylight- 1.0 0.97 - 0.88 (O 953 0.8
lization for - fgfrlving/diing | Ciconditions for | Location 1 [J = —
(3.2) lighting moms daylighting 3)
(2) Bidirectional daylight- meeting with [ ocation 2 OJ @) -
g for liing/dning/sen- | Building @
1% fooms Standard Law
(3) Bidiectona daylight L]ocamon 30 0@ myc]
ng for living/dining/sen- M
or's fooms + mono-
directional daylighting
for nor-habitable room
Lighting sys- | Methods (1) Method using device 1.0 0.85 08 0.7
tem planning (2) M i -
(55) (3) Method using design [IConventional models | CI(1) Om+@) (1) +(2) + (3)
Consumer [ 21.4 GJ [ ntroduction of hgh- 1.0 0.8 C 06 )
electron- effciency consumer | Guidelines for the year [¥ear 2000 reguler model | [JEnergy-ficient oducts | [2Enengyficent rodcts
ics electionics device was made (O kWh) (4500 k/Wh) (41,000 kWh)
(56) + sty e reunghn e
Other uses [ 4.4 GJ C 1.0 D)
(cooking) HCocking device
Total [66.5GJ_]
66.3 GJ
Electricity Fholorotac poer gnessin | (Niaha) No reduction 33.7 GJ reduction [ 45.0 GJ reduction
(3.3) Solar cell capacity yANOT Tobe ntraduced | ClApprox. 3 kW | CJApprox. 4 kW

* Numbers in parentheses under each elemental technology indicate which section of Chapter 3, 4 or 5 describes it.

Note: by numbers and symbols (e.g., (1)a, (2)) in the table, specification of each LEVEL of elemental tech-
nologies can be identified in the main body of the LEHVE (Building Research Institute, 2010).

Table 4.2.4-2 Energy consumption calculation table by using energy consumption ratios of cho-
sen levels of elemental technologies (Building Research Institute, 2010)
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Table 4.2.4-2. An example of energy consumption calculation, where elemental technologies
and their levels are selected as shown by red ellipses in Table 4.2.4-1 (Building Research
Institute, 2010)

Use Calculation formulas Design value | Reference value | Reduction rate
Gooling 103 x x| Ix| ) GJ 10.3J
Ventilation 31 X GJ 3.1G6J
(2.8) (2.8GJ)
Domestic hot water | 138 x \—1 (Solar water heating or Domestic hot water system planning) GJ 13.8GJ
Lighting 136 x Jx| ) GJ[ 136GJ
Consumer electronics | 21 .4 X GJ 21.4GJ
Other uses (cooking) | 4.4 x| | GJ 4.4GJ
Subtotal GJ 66.6GJ
(66.3GJ)
Electricity (reductionamount) | Power generation with solar cell (0 0.0 GJ [133.7 GJ [145.0 GJ) A GJ
Total GJ 66.6GJ
(66.3GJ)

Table 4.2.4-3. An example of energy consumption calculation, where elemental technologies
and their levels are selected as shown by red ellipses in Table 4.2.4-1

ing (Building Research Institute, 2010)

Partial load ratio to rated capacity (%)
Figure 4.2.4-1. Relationship between outdoor temperature, partial load ratio and COP for cool-

Use Calculation formulas Design value | Reference value | Reduction rate
Caoling 103 x (098 | 0.8 I« 085 ) 5.14GJ| 10.3GJ 50.1%
Ventilation 31 X 1.55GJ 3.16J 50.0%
Domestic hot water 138 X Bn\ar water heating or Domestic hot water system planning) 6.9GJ 13.8GJ 50.0%
Lighting 136 x 0.95 x| 0.7 ) 9.04GJ| 13.6GJ 33.5%
Consumer electronics | 27 4 x 12.84GJ| 21.4GJ 40.0%
Other uses (cooking) | 4.4 x 1.0 4.4GJ 4.4GJ 0.0%
Subtotal 39.9GJ| 66.66GJ 40.1%
Electricity (reduction amount) | Power generation with solar cell (4 0.0 GJ [133.7 GJ [145.0 GJ) A 0.0GJ
Total 39.9GJ| 66.6GJ 40.1%

W COPE.7

B COP5-6

[ COP4-5

[COoP3-4

pcor2-3

gcorPi-2

174/182



6.0

5.0 T \
\\

A

4.0

3.0

2.0

y=-0.33x+6.075
1.0

Seasonal cooling COP

0.0 :
0 20

40 60 80 100 %]

Ratio of operation at less than half capacity

Figure 4.2.4-2. Effect of ratio of low partial load operation on seasonal average cooling COP
(Building Research Institute, 2010)

Table 4.2.4-4. Recommended maximum cooling capacity (kW) as a guideline for selecting air
conditioner for different levels of solar shading conditions represented by M value, which is de-
fined in the guidelines (Building Research Institute, 2010)

Level of solar | M value B tatamimats | 8 tatamimats | 10 tatamimats | 14 tatamimats
shading meth- | Summer solar gain coefficient that fac- | (10 m2) (13 m2) (16 m2) (22 m2)
od tors in the effect of adjacent buildings
Insulation or | Solar reflection
vented cavity
Level O Exceeds 0.135 | Exceeds 0.160 | 3.7 49 8.1 8.6
Level 1 0.135 0.150 3.1 4.1 5.1 7.1
Level 2 0.10 0.125 2.6 3.4 4.3 6.0
Level 3 0.08 0.115 2.1 2.8 35 5.3
Level 4 0.065~0.04 0.105~0.092 1.9~1.6 2.6~2.1 3.2~2.7 49~4.0

According to the guidelines, ‘Level 0’ for the cooling system is accomplished by using room air
conditioners with the rated COP of 3.0, and ‘Level 2’ is accomplished by using those with the
rated COP of 5.0. The latter condition (design) is evaluated to save cooling energy by approxi-
mately 20%, that is equal to 2 GJ/annum.

The influence of partial load ratio on the energy efficiency of room air conditioners is introduced
by Figure 4.2.4-1 and Figure 4.2.4-2. Because appropriate capacity of room air conditioner for a
room is important, Table 4.2.4-3 is provided to show appropriate maximum capacity of room air
conditioners for different levels of solar shading (building enclosure and distance from adjacent
buildings) and area of the room.

Before introducing the contents for heat pump water heaters in LEHVE, an overall recom-
mended strategy to save energy for domestic hot water (DHW) is introduced as follows. There
are two elemental technologies to save energy for DHW, namely 1) solar water heating and 2)
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DHW system planning (i.e., choosing energy efficient equipment for DHW and design), as
shown in Table 4.2.4-4.

Energy saving for each specification (combination of methods in Table 4.2.4-4) is quantified, as
shown in Table 4.2.4-5. In Table 4.2.4-6, ‘electric water heater with a natural refrigerant heat
pump (CO2 HP)' is evaluated as a 40% reduction rate if it is used by ‘energy-efficient mode’.
CO2 HPs in the Japanese market are standardised by JIS C 9220 ‘Residential heat pump water
heaters’ (JSA Group, 2018). Their common configuration and secondary energy flow can be
represented by Figure 4.2.4-3.

Table 4.2.4-5. Method aItern_atives _for energy saving DHW_s_ystem_s (BRI Japan, 2010)

Energy saving effect

Method Description of method (Domestic hot water energy reduction rate)

Method 1 | Using solar heat (adopting solar water heater or solar system)

Method 2 | Using high-efficiency | Latent heat recovery gas/oil water heater | Approx. 15%
water heater

Electric water heater with a natural
refrigerant heat pump (CO, HP)* Approx. 35% (Zone V)
Only when boiling mode serves as | Approx. 40% (Zone VI)
‘energy-efficient” mode

Considering energy-efficient design/construction for each
Method 3 | component of domestic hot water system (thermal insulation | Approx. 10%
of piping/bathtub, hot water saving devices, etc.)

Note: Energy saving effect by using solar heat is between 10 to 70%, which is described in the
chapter on solar water heating in LEHVE guidelines.

The most important message to practitioners for CO2 HPs is that they have approximately 40%
or more energy-saving potential as described in Table 4.2.4-5. But it is indispensable for users
to use them with ‘energy-efficient mode’ by selecting appropriate modes at their controllers. If
they selected ‘maximum heat storage only during night’, energy use would increase 10% or
more compared with conventional instant gas boilers, as shown in Figure 4.2.4-4.

Heat loss from the tank
75

Heat collection ----......---1

from the air ) N
280 [] Fig. 10

] ! Example of electric water
] heater with natural
refrigerant heat pump

==l I
] Hot water storage
' NI Domestic ‘
! ﬁ hot water i
Power (] 305 = |
@) >
100 '
)
)
)

[ % Water supply

Heat pump unit Hot water storage unit-J
Ty

Heat pump unit  Hot water storage unit

Figure 4.2.4-3. Secondary energy flow (numbers in normalised energy unit) of electric water
heater with natural refrigerant heat pump (estimated annual average based on 2005 model of
‘Energy-efficient mode’ by manufacturer A) (BRI Japan, 2010)
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Table 4.2.4-6. Target levels for DHW system planning and how to achieve them by combinations
of method alternatives (Building Research Institute, 2010)

Target level |Energy saving effect | Application of method
(Domestic hot water
energy reduction rate)

Level —1 Increase of 10% or more | Method 2 (CO, HP used for "Maximum boiing mode™ and “Maximum late-night only mode’)

Level O 0 Uses a conventional domestic hot water system device only and
does not apply any energy saving methods.

Method 2 (CO, HP used for "Medium late-night only mode”)

Level 1 10% or more Method 2 (latent heat recovery gas/oil water heater)

Method 2 (CO, HP used for *"Medium boiling mode (Zone V))

Method 3

Level 2 20% or more Method 2 (latent heat recovery gas/oil water heater) + Method 3

Method 2 (CO, HP used for "Medium boiling mode” (Zone V1))
Level 3 30% or more Method 2 (CO_ HP used for "Energy efficient mode” (Zone V))

Level 4 40% or more Method 1

Method 2 (CO, HP used for "Energy-efficient mode” (Zone V1))

Method 2 (CO, HP used for “energy-efficient mode”) + Method 3

[GJ/year]

30

Kagoshima ! !
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20
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uolldwnsuoo AS1aua Alewlld

Instant gas type |Energy-efficient mode|Medium boiling made | Maximum late-night only |Energy-efficient mode|Medium boiling mode [ Maximum boiling
(Conventional type) ~ CO, HP by Company A manufactured in "05 CO, HP by Company B manufactured in'O6

Figure 4.2.4-4. Changes in annual primary energy consumption using CO2 HPs at various

modes

The characteristics of existing guidelines presented in this chapter are summarised in Table
4.3.1-1. It reveals significant gaps in the ages of guidelines presented, highlighting a divergence
of approximately 10 to 15 years between certain recommendations. This highlights the ongoing
evolution of sizing guidelines within the industry. It emphasises the necessity for regular up-
dates to align with technological advancements and methodological refinements. Such updates
are crucial for ensuring that sizing practices remain effective in accurately determining the
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capacity of heat pump (HP) systems relative to actual maximum loads. This continuous evolu-
tion not only reflects industry progress but also reinforces the importance of adapting guidelines
to optimise system efficiency and energy conservation efforts.

Efficient operation under varying load conditions is pivotal for HP systems in maintaining energy
efficiency. To address low partial load conditions effectively, several countermeasures can be
employed. These include adopting HP models designed for higher efficiency under partial loads,
integrating multiple staged HP systems for larger total loads, and utilising heat/cold thermal stor-
age solutions. By implementing these strategies, energy wastage during periods of reduced de-
mand can be minimised, enhancing overall system performance. This approach not only opti-
mises energy use but also aligns with sustainability objectives by reducing environmental im-
pact through improved energy management practices.

Effective control of HP systems is essential for maximising their performance and energy effi-
ciency. Clear and logically prescribed technical documentation detailing control strategies is re-
quired. Quantitative examples play a crucial role in illustrating the impact of these controls on
system efficiency. By demonstrating the energy use dynamics and efficiency variations of HP
systems under different operational scenarios, these examples provide actionable insights for
HVAC designers and stakeholders. They facilitate informed decision-making in system design
and optimisation, ensuring that HP systems operate at peak efficiency while meeting perfor-
mance criteria outlined in technical standards and guidelines.

Identifying targeted HP system types early in guideline development is foundational. Hydronic
HP systems for space heating and domestic hot water, alongside air conditioners like variable
refrigerant flow systems, are prioritised because of their widespread applicability and energy ef-
ficiency potential. Manufacturers play a pivotal role in supporting HVAC designers with con-
sistent, concrete, and quantitative technical information. This information is crucial for navigating
the complexities of integrating HP systems into buildings. Clear, step-by-step procedures pro-
vided by manufacturers enable designers to make informed decisions that optimise system per-
formance and energy efficiency based on reliable data and industry best practices.

While comprehensive, the guideline under development in Subtask D acknowledges its limita-
tions in covering all types of HP systems. Air-source heat pumps (ASHP) are the primary focus
because of their extensive global application, whereas air-to-water systems dominate in Euro-
pean contexts. Proposals for including both air-to-air and air-to-water HP systems in Annex 88’s
design guidelines recognise their relevance across diverse geographical and climatic condi-
tions. This inclusive approach ensures that the guidelines cater to a broad spectrum of HP ap-
plications, fostering standardised practices that promote energy efficiency and sustainability in
HVAC systems worldwide.

The development and refinement of guidelines for HP systems are instrumental in advancing
energy-efficient practices within the HVAC industry. By addressing sizing methodologies, effi-
ciency considerations, control strategies, and including diverse HP system types, these guide-
lines pave the way for standardised approaches that enhance system performance while reduc-
ing environmental impact. As technologies continue to evolve and global energy demands grow,
the ongoing adaptation and implementation of these guidelines will play a pivotal role in shaping
the future of sustainable building practices and energy management strategies.

The structured approach provides a comprehensive overview of the topics outlined previously,
ensuring each aspect is sufficiently explored within a coherent framework.

Representative monitoring results for those HP systems to be included to show exemplified
monitoring data of HP systems to readers (need contribution by Subtask B2). With the
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explanation of characteristics of current testing standards for HP systems, guidance on which
metrics, based on which testing standards, should be highlighted should be included (need con-
tribution by Subtask B1). Also, a reliable energy calculation method should be introduced and
utilised to provide quantitative information on influences of design parameters on the system en-
ergy performance (need contribution by Subtask C). Finally, easily understood educational ma-
terials on how they can design energy efficient HP systems should be provided with the data
based on the calculation methods. These materials should be tailored to specific segments:
e.g., mechanical engineers designing large facilities will have a different level of knowledge, and
need very different type of details, then residential HVAC contractors for single-family or larger
multifamily housing; required concerns and knowledge vary with different climates, etc.
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Table 4.3.1-1. Characteristics of current guidelines

load calculation

Guideline HP Type Applications Year Note

EN 15450:2007 Air-to-air, air-to-water, water-to-water, wa- Space heating, DHW 2007 Capacity less than 1 MW
ter-to-air, geothermal water-to-air, geother-
mal water-to-water, geothermal refrigerant-
to-water, geothermal refrigerant-to-refriger-
ant

VDI 4645:2023-04 | Air-to-water Space heating and DHW 2023 -

CSA SPE-17:23 Air-to-air, air-to-water, geothermal water-to- | HVAC 2023 -
air, geothermal water-to-water, gas-fired HP

ACCA Manual J Air to air and ground-source air-to-water Heating and cooling building 2016 -

ACCA Manual S

Almost all types of residential HVAC equip-

To select appropriate heating

2014 (new version

New version is recently pub-

DHW

ment and cooling equipment at de- 2023) lished. It will better support heat
sign conditions. pump space heating.
NEEP Air source heat pumps - guidance Residential homes are tar- 2017 and 2018 Not detailed.
geted. Air-to-air ductless and Pointing readers to Manual J
ducted and S by ACCA
ISO 13153:2012 Air-to-air, air-to-water Space heating and cooling, 2012 A framework of guidelines for

energy efficient housing is pre-
scribed.

LEHVE

Air-to-air, air-to-water

Space heating and cooling,
DHW

Mild climate: 2005,
2015 (2" edition)
Hot humid climate:
2010, 2012 (Eng-
lish edition)
Cold climate: 2012

Note that the scope of this list is limited to determining building loads (e.g., heating and cooling design and necessary operating conditions) and selecting
appropriate equipment to meet those loads. In reality, whenever possible good design practice should include, or may be required to include further items
that are outside the scope of this list. Integrated design that accounts for mechanical system and building enclosure design (for example, thermal properties
of insulation and windows, comfort requirements) and other systems (for example, solar PV array) together with the heat pump(s) to better optimise the
entire system and increase energy efficiency and indoor environmental quality as well as reduce capital cost. In addition, there may be further design re-
quirements for heat pumps defined by (for example) indoor air quality and fire safety requirements in case of mass refrigerant leakage, or other similar statu-
tory or best practice design guidelines.
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