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KURZFASSUNG

Die vorliegende Diplomarbeit enthalt eine Auflistung von Indikatoren (Leistungsindikatoren) im
Bereich der Bauphysik. Die enthaltenen Indikatoren gehért zu den Domanen Energieeffizienz,
hygrothermisches  Verhalten (Warmeschutz, Feuchteschutz), thermische Behaglichkeit,
Innenraumluftqualitat, Beleuchtung und Bau- und Raum-Akustik. Die Auflistung befasst sich mit
wissenschaftlichen Literatur und Fachliteratur, Normen und Richtlinien inbegriffen. Die Indikatoren
wurde nach Doméanen und untergeordneten sub- Doméanen katalogisiert und klassifiziert. Jeder
Eintrag wird von entsprechenden Angaben wie z.B. kurze Beschreibung, Literaturangabe,
Berechnungsangabe und Bewertungskriterien begleitet. Diese Angaben erlauben den Benutzern
dieser Auflistung von Indikatoren, Rickschlisse Uber eine etwaige Eignung eines Indikators fir
spezifische Anwendungsfille zu ziehen, beziehungsweise auf Basis dieser Grundinformationen
weitergehende Recherchen anzustellen. Neben der beschriebenen Katalogisierung der Indikatoren
enthalt diese Diplomarbeit dazugehorige Informationen Uber den Einsatz der Indikatoren in der
alltaglichen Berufspraxis von Architektlnnen, Ingenieurlnnen und anderen Stakeholderinnen sowie
Uber deren Rolle im Bereich des , performance-based” Assessment wie z.B. im Zuge von Gesetzen,
Bauordnungen, Richtlinien und Zertifizierungsprogrammen. Diese umfassende Sammlung und
Aufarbeitung der Indikatoren zeigt die Breite und Komplexitat des Bereichs Gebdudeperformance auf.
Als mogliches Anwendungsszenario dieser Arbeit ist vorstellbar, dass der Katalog im Zuge von
Bauplanungs- und Realisierungsvorhabe als gemeinsame Datengrundlage aller involvierten
Stakeholder zu verwenden, um ein sinnvoller und informierter Gesprach zu fihren. Eine weitere
Anwendungsmoglichkeit konnte der Einsatz zu edukativen Zwecken sein, um beispielsweise
Auszubildende oder Studierende anwendungsbezogen an bauphysikalische Probleme und
Fragestellungen heranzufiihren, oder Fachleuten eine einfache und rasch anwendbare Methode des
Wissensupdates zu bieten

Schliisselworter

Innenraumqualitdt, Gesundheit und Komfort, performance-basierte Gebdudebewertung,
Leistungsindikatoren, Gebdude-Energieperformance, Tageslicht, Bau- und Raumakustik, Larm,
Thermischer Komfort



ABSTRACT

This thesis presents a catalogue of building Performance Indicators (Pls) in the domains of energy
efficiency, hygro-thermal performance (air tightness, moisture protection), thermal comfort, indoor
air quality, indoor visual environment (indoor lighting, daylight performance, glare, colour) and indoor
acoustic environment (room and building acoustics, noise, speech perception, privacy). The catalogue
covers scientific and professional literature, including standards, reference literature for professionals
and regulation literature. The Pls are classified under performance domains and sub-domains. Each
entry is accompanied by information that allows the user to draw useful conclusions on the tool’s
usability, suitability and effectiveness as well as to search for further information on the calculation
and use of each tool. Moreover, the indicators are mapped to the everyday practice of professionals
such as architects, engineers and other stakeholders, in regard to building codes, standards and
certification programmes. This catalogue reveals the spectrum and complexity of performance based
assessment in the building sector. It can be used by researchers and other professionals to help them
choose between alternative indicators and by building sector stakeholders to help them set project
goals and improve the communication between them. Additionally, the catalogue can be used for
educational purposes, as an appropriate vehicle for trainees and students to explore the field of
building science (building physics).

Keywords

indoor environment quality, health and comfort, performance-based building, performance criteria,
performance metrics, performance indices, energy performance indicators, daylight metrics, acoustic
measures, noise measures, thermal comfort indices
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1 Introduction

1.1 Overview

This catalogue is a record of building performance indicators and their use in the contemporary
performance-based building sector. The indicators were collected through bibliographical research
into varying types of sources including reference literature for professionals, scientific journals,
standards, regulations and internal documents of important organisations.

In general terms, a Performance Indicator (Pl) is a tool used to quantify the performance of a product
in respect to a specific performance requirement. The performance requirements considered in this
catalogue fall into the following domains of building science:

e Hygro-thermal performance (e.g. energy efficiency, thermal comfort, moisture protection)
e Indoor air quality

e Indoor visual environment

e Indoor acoustic environment

Each domain includes several performance requirements and each performance requirement can be
addressed in different ways (and using various alternative Indicators) “each with its own merit and
each requiring a different experimental set up or different model or different aggregation method”.
(Augenbroe 2011, p. 19). Therefore, an abundance of performance indicators is found in scientific
literature and in literature for professionals.

In addition to the catalogue, this publication maps the Pls into areas of the everyday practice of
architects, engineers and other building sector stakeholders, to familiarise readers with practices in
the performance-based building sector, to reveal the prevalence of certain indicators and to support
the correct application of performance-based assessment. The indicators are mapped into the
following spheres, discussed in detail in chapter 4:

e Plsininternational Standards

e Plsin the Austrian building codes and standards
e Plsin Green Building rating and certification

e Plsin Energy Efficiency rating and certification

NOTE 1: Special care was taken to cite the original authors of each indicator. In case the original author
was not known an important source is cited instead (e.g. standards). This catalogue does not introduce
any new indicators.

NOTE 2: This review does not include all the relevant published performance indicators. Included are
indicators represented in important standards, reference literature for professionals, compliance
programmes and indicators that represent a unique category (as explained in section 2.1).

NOTE 3: This review is not intended as a reference for the calculation of the indicators or as a source
for performance criteria (acceptable values etc.). Information on these is found in the original sources
(e.g. scientific articles) or other relevant literature (e.g. standards, legislative directives).

NOTE 4: Standards and Legislation directives mentioned in this review are expected to be updated and
in some cases withdrawn and replaced.



1.1.1 Performance-based assessment

Generally, Pls are used by stakeholders (engineers, developers, authorities, investors, scientists etc.)
to understand the performance of products and to facilitate their development, comparison and
optimization. Pls serve a significant role in both new and retrofit projects and are the foundation of
performance-based design, procurement and assessment.

The use of performance based methods in the building sector is a relatively recent but increasing
trend. Previously building regulations and pertinent literature focused on prescribing material
properties and construction details as a means to ensure the adequate performance of the building
elements and systems (Jasuja 2005). This approach is often described as a prescriptive method.

Today the emergence of major regulation frameworks, that use performance-based methods, such as
the European Performance of Buildings Directive (EPBD), as well as the rising popularity of green
building rating programs (e.g. BREEAM, LEED), shows that the building sector is moving towards more
flexible and effective ways to address overall building performance.

In the performance domain of energy efficiency, the demand for sustainable solutions is driven by
resource-related and environmental considerations.

The domains of thermal comfort, Indoor Air Quality (IAQ), indoor acoustic environment and indoor
visual environment, regularly grouped under the term Indoor Environment Quality (IEQ), address
comfort issues such as glare, overheating risk and odour control as well as performance issues such as
speech intelligibility, privacy and fresh air distribution.

Improvements on the IEQ may lead to gains in productivity by reducing adverse health effects or
directly improving worker performance (Fisk et al. 2000). For example, lower ventilation rates increase
the prevalence of respiratory diseases (Seppanen et al. 2002). In another example, the transmission
of irrelevant speech in open plan offices may distract workers and cause a drop-in productivity
(Hongisto 2005).

1.1.2 Pls and performance criteria

Each Pl is connected to a predefined unique calculation or measurement method that outputs a single
value used to represent the performance of a building or a building system in respect to a performance
requirement. The calculation of a Pl is sometimes based on a model, such as the Fanger’s PMV index
for thermal comfort (see section 3.3.1), or on different aggregation methods of performance metrics
(measurable quantities) over time or space, such as the Spatial Daylight Autonomy used to assess the
effective use of daylight in indoor spaces (see section 3.9.5). In some cases, the indicator represents a
single measurement of a physical quantity, such as the Illuminance level measured at a point (E,) used
to assess the provision of appropriate lighting over a task area (see section 3.8.1).

The calculation methods typically involve weighting factors to regulate the influence of different
metrics on the overall performance output. For example, some noise measures used to evaluate the
disruptive effects of noise, weight more heavily, noise levels at certain frequencies or noise levels
occurring at night (see section 3.15.1). Additionally, normalisation factors are used to enable the
assessment of the performance of non-identical products. For example, energy consumption is
normalised per unit of area to help compare buildings of different sizes (see section 3.1.1).

Whilst sometimes the outputted single value is enough to understand the performance of a building
or a building system (e.g. percentages, thermal sensation votes), in many situations the value must be



considered in the context of a value system, often referred to as “performance criteria”. Typical
examples of such value systems are the following:

e Benchmarking: the PI value is used to compare the performance of the product to the
performance of other products (e.g. EPIs).

e Perception votes: the (predicted) conditions are evaluated using the predicted opinion of the
occupants or the predicted percentage of occupants dissatisfied (e.g. PMV, TSENS, PDaq).

e Percentages of performance: the performance of a product is defined as a ratio of the actual
performance to the best possible performance. (e.g. STI, Sll)

e Percentages of time/area: the performance of a product is defined as a part of the overall time
or area that the performance was suitable or unsuitable. (e.g. zDA, sDA, CIBSE overheating risk)

e Acceptable/recommended range and design target values: the value must approximate a
predefined value or fall within limits of acceptability (e.g. Laeq, Cso, G, SET*). The suitable range
and design target values are sometimes defined in respect to other metrics (e.g. TOP and
elevated air speed/relative humidity, see section 3.2.1).

Indicators are not necessarily connected to a single value system. For example, the Standard Effective
Temperature (SET*) can be evaluated both as an environmental index (see section 3.2.3) and as a PMV
index (see section 3.3.4).

1.2 Motivation

Whist there are plenty direct and indirect efforts to record building performance indicators, up until
this moment, there is no other record that fulfils simultaneously all the following requirements:

e focuses on the indicators (recorded into a catalogue layout)

e is multi-domain

e s fairly comprehensive (see section 2.1)

e maps the indicators to professional practice, standards and regulations.

A short literature review pertinent to this subject is presented in section 1.3.

The first and most obvious use of this catalogue is to help users in professional and academic fields
choose between alternative indicators. The need arises due to the fact that a given performance
requirement may be addressed using alternative indicators. For example, daylight performance in
buildings can be approached using daylight performance indicators such as the zonal Daylight
Autonomy (zDA) or the spatial Daylight Autonomy (sDA). Both of these indicators measure sufficient
daylight illuminance using a threshold value and both are measure how much of the time period the
threshold value is exceeded. However, the zDA reports on how much of the time period the
illuminance levels are sufficient whilst the zDA reports on how much of the area (or grid points) receive
sufficient illuminance for a predefined amount on time (see sections 3.9.4 and 3.9.5). The spatial
information conveyed by the latter indicator might be valuable for some users. In another example,
thermal comfort may be calculated using indicators based on environmental variables such as the
operative temperature (TOP) or indicators based on physiological models such as the Predicted Mean
Vote (PMV) (see section 3.2.1 and 3.3.1). The PMV has been proven a very accurate index for HVAC
serviced buildings (de Dear et al. 1998), however, the TOP is typically easier to implement because of
the less parameters involved in the calculation. However, If thermal comfort is evaluated in transient
thermal conditions, then the PMV is not applicable. In that case a heat balance index based on a
different physiological model, such the Thermal Sensation (TSENS) index should be used (see section
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3.3.3). Finally, if the building is depended on natural ventilation, using operable windows to adjust the
indoor thermal environment and not mechanical systems, then indicators based on adaptive models
(see section 3.4) are more accurate than indicators based on physiological heat balance (de Dear et
al. 1998).

Secondly, this catalogue can be used for educational purposes to help initiate students and
professionals from other fields, to topics in the field of building science (building physics) and
performance-based practice, quick and effectively, by exposing them directly to the “end-product” of
these science fields. The end-products in this case are the Pls themselves. The Pls reveal information
on the spectrum of the building performance sector, the nature and nuances of the performance
requirements and their relation to the building’s systems and components as well as information on
the priorities of the various stakeholders (see section 5.1).

Additionally, the Pls help reveal the interdependence between different performance requirement
and therefore the need for a comprehensive approach in evaluating building performance (Augenbroe
2011). For example, introducing fresh air to improve the perception of indoor air quality in high
occupancy rooms may require increasing the ventilation rate (Fanger 1987). However, increasing the
ventilation rate means higher air velocity and may therefor compromise the thermal comfort of the
occupants by increasing the possibility of draught risk (see section 3.5.1). Several indicators could be
used to measure and adjust these two requirements. For example, the Percentage of Dissatisfied
(PDaq) due to Air Quality can be predicted using the number of occupants and the ventilation rate (see
section 3.7.2). In case the ventilation rate must be increased, then the Draught rate (DR) or the Air
Diffusion Performance Index (ADPI) can be used to evaluate the possibility of draught risk (see sections
3.5.1 and 3.7.9). Under specific conditions, the air distribution index (ADI) could be used to address
simultaneously all of these requirements (see section 3.7.8).

Finally, this catalogue can serve as inspiration for stakeholders when setting the requirements of a
project and help promote a more effective dialogue between them. An effective dialogue means,
among other, that the stakeholders agree on the measures and measurement methods and that they
understand the limitations in reaching performance targets caused by factors such as conflicting
requirements and budget constrains (Augenbroe 2011).

1.3 Background

There are various direct and indirect records of building performance indicators in scientific and
professional literature. Some focus on the indicators, whilst other referred to the indicators as part of
a general narrative on building performance. Additionally, some record only the most commonly used
indicators or indicators of a certain kind whilst other adopt a more comprehensive approach reviewing
a wide range of indicators within a performance domain.

This chapter discusses part of this literature, that influenced this project. The literature is divided in
two main categories: multidomain and single domain.

1.3.1 Multi-domain literature

Multi domain publications could be furthermore grouped into two categories. Handbooks issued by
important organizations as reference literature for professionals and standards that provide
performance criterial per category. ASHRAE Handbook: Fundamentals (American Society of Heating,
Refrigerating and Air-Conditioning Engineers 2009) is an example of a publication belonging to the
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first category. The handbook provides a comprehensive overview on the workings of HVAC systems,
including information on the physical mechanisms involved, performance issues and calculation
methods. The publication is intended to inform professional in the HVAC industry, but the content is
relevant to the whole of the building sector. A similar example is the Indoor Environment Handbook,
co-published by RIBA Publishing, part of the Royal Institute of British Architects (RIBA). The publishers
intend to promote “best practice and quality professional guidance on sustainable architecture”
(Bluyssen 2009). The publication provides information on historical context, physical mechanisms,
performance evaluation and legal framework regarding health and comfort in buildings. Similarly,
Hasselaar (2006) discusses heath performance in houses covering indicators and tools especially in
the area of indoor air quality. Another multidomain publication that focuses on performance issues is
the “Building performance simulation for design and operation” (Hensen et al. 2011). This publication
discusses the role of simulation in performance-based design in the various domains. Performance
indicators per domain are mentioned as part of this narrative.

In the category of standards, a commonly referred to publication is ISO 15251. This standard intends
to provide input parameters for energy efficiency assessment but is commonly used as a general
reference on performance criteria and assessment methods of indoor environmental. A similar source
of performance criteria is the CEN/CR 1752 and the ASHRAE Standard 189.1. The latter is intended to
be used for the design of high performance green buildings. Green building performance criteria can
be also found in literature accompanying green building rating programs such as BREEAM and LEED.
This type of literature suggests indicators and performance criteria and would typically reference
other pieces of literature (e.g. the LEED program references the ASHRAE standards). Finally, belonging
to this category is a series of publications by the “PERFECTION coordinated action” that recorded
indicators and relevant literature (e.g. standards and regulations) in a systematic way and developed
a framework for the evaluation of the overall quality of the indoor environment (Steskens et al. 2010).

However, none of these multi-domain publications provides a comprehensive record of the indicators
in each domain. They focus mostly on a narrow group of commonly used indicators and indicators
prescribed in regulations. A more comprehensive record of Pls is found in single domain literature.

1.3.2 Single-domain literature

Single domain literature could be grouped into three categories: standards and reports, handbooks
and scientific articles. In the first category, almost all major standardisation organisations (ISO, CEN,
ASTM, ANSI etc.) provide standards that inform on the use of indicators, calculation methods and
performance criteria per performance category, building system etc. For a comprehensive review see
section 4.1. A similar reference source, especially for performance criteria, are reports from
international organisation such as the WHO (e.g. reports on air quality and community noise) and the
European commission (e.g. ECA indoor air quality and its impact on man).

The handbook category, contains several domain-dedicated publications with comprehensive and
well edited material. For example, in acoustics, the “Handbook for sound engineers” (Ballou 2008) and
the “Springer Handbook of acoustics” (Rossing 2007) include chapters dedicated on measuring the
attributes of performance spaces (for music and speech). These chapters present information on the
theory of measurement, the acoustic attributes of performance spaces and recommended values.
Beranek (2004) published a ranking of 100 concert halls and opera houses along with measurement
of their acoustic attributes using various acoustic indicators (objective acoustic measures). Conserving
the visual environment, perhaps one of the most comprehensive resources in the field is the “IES The
Lighting Handbook 10™” (Dilaura et al. 2011). In the domain of energy efficiency, the International
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Energy Agency (IEA) published a series of comprehensive reports (IEA 2008, IEA 2010) on building
codes and energy efficiency policies. The reports include information on the different performance-
based and prescriptive methods (e.g. energy performance certification) used to assess energy
efficiency in the various countries. Similarly, an ECOFYS report (Hermelink et al. 2013) discusses
policies on Nearly Zero Energy Buildings (NZEB) and their implementation.

Still, perhaps the most focused discussion on the nature and capacity of performance indicators is
found in scientific articles.

In the domain of energy performance Balaras et al. (2014) and Shengwei et al. (2012) discuss the
different indicators, the calculation methods connected to them and their use in voluntary or
compulsory compliance programs.

In the domain of thermal comfort Epstein et al. (2006), Taleghani et al. (2013) and Gauthier (2013)
review approaches to thermal comfort assessment featuring information on physical mechanisms of
thermal comfort and records of performance indicators along with implications in their use (e.g.
sensitivity to specific variables). Cheng et al. (2012) discuss the characteristics and performance of
thermal physiological models in a comprehensive review. Humphreys et al. (1998) and de Dear et al.
(1998) published the fundamental references into the adaptive model indices. Borgeson et al. (2010)
and Psomas et al. (2015) review exceedance and overheating indices. Carlucci (2013) published an
analytical record of long term indices and tested their capacity through an extensive experimental
process.

In the domain of the visual environment Carlucci et al. (2015) offer a comprehensive review of all
possible visual environment sub-domains where indicators are recorded and classified in an analytical
manner. The layout of that review inspired the layout of this catalogue in terms of the representation
of the indicators and the classification approach. Wienold et al. (2006) and Bellia et al. (2008) review
glare indices for glare from artificial source and glare from daylight. Reinhart et al. (2006) review
daylight metrics and their use in popular rating programs.

In the domain of the acoustic environment Lacatis et al. (2008) published a concise chronologic record
of room acoustic indicators. Cerda et al. (2011), Soulodre et al. (1995) and Bradley (2010) discuss in
detail the various room acoustic indicators, their calculation and their capacity. Griesinger (1999)
reviews objective measures (performance indicators) focussed on spaciousness and listener’s
envelopment. Seddeq (2012) and Gover et al. (2011) discuss indicators used to assess speech privacy.
Finally, Tocci (2000) presents a comprehensive review of room noise criteria (e.g. noise rating curves).
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2 Method

2.1 Content selection and representation

The indicators where collected through the means of bibliographical research into different types of
sources, such as books, scientific journals, standards, internal documents of organisations (e.g.
reports), building codes and regulations etc. The performance requirements considered in this
catalogue are included in the following domains:

e Hygro-thermal performance (energy efficiency, condensation issues, thermal comfort etc.)
e Indoor air quality

e Indoor visual environment

e Indoor acoustic environment

New performance indicators belonging to these building science domains are introduced continuously
into scientific and professional literature to address (among other):

e different performance requirements

o different aspects within a performance requirement

e advancements in scientific understanding

e shifting priorities of stakeholders (political, environmental, economic etc.).

An effort was made to represent all “common” and “essential” Pls and to cover comprehensively the
performance requirements (and their sub-categories) belonging to the these domains. However, not
all published PlIs are represented. Priority was given to indicators:

e represented in important standards (ISO, CEN, ASTM, ANSI etc.)

e represented in reference literature for professionals (e.g. best practice guides and handbooks
issued by important organisations e.g. RIBA, ASHRAE)

e represented in compliance programmes (building codes, rating schemes etc.)

e and indicators that represent a unique category of performance requirement (e.g. privacy
indicators for open plan offices).

Furthermore, priority was given to indicators of overall performance that support performance-based
assessment methods and measure conditions influenced by the performance of the building as a
whole (or building systems) and not building components or material properties. The latter category
of indicators (e.g. thermal transmittance (U-values), volatile organic compounds (VOC), sound
absorbing coefficients (a) of materials) are regularly represented in compliance programs but are part
of prescriptive methods of assessment that are not considered in this catalogue.

The performance indicators are recorded in a uniform style using the data fields of Table 1. The title
of each entry appears on the content list which then function as an index, to help users locate each
tool. The title includes the name of the indicator, the abbreviation and the units (if they exist).

NOTE: If an indicator is included in an important standard, then an asterisk follows the title to help the
user distinguish immediately those indicators in the content list (index).

E.g.

3.12.1 Reverberation time (T) [s] *
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Each catalogue entry includes a small description of the indicator, its numerical expression (if
applicable) and information on performance criteria. E.g.:

3.9.5 Spatial Daylight Autonomy (sDA) [%]

This long-term daylight performance indicator, proposed by the Illuminating Engineering Society IES
(2012), calculates the percentage of area where the illuminance levels exceeds a threshold (typically
300Ix) for a minimum percentage of the analysis time (typically 50%). The indicator depending on the
criteria is stated as such: e.g. sDAsoo/50%. The sDA is calculated using Equation 67:

2i(wfi - DA)
SDAX/y% = T

where DA is the Daylight Autonomy at a certain grid point, wf; is equal to 1 when the DA threshold is
equal or exceeded (otherwise 0) and pi is a point on the grid.

The LEED certification system assigns 2 points for 55% and 3 for 75% for most spaces and 1 point for
75% and 2 for 90% for healthcare.

Table 1 Data fields used for the representation of Pls

Information Comment

The name of the indicator is the title of each entry
and appears on the context list. The symbol of the
indicator is also part of the title.

e.g. Daylight Factor (DF)

Name of indicator and Symbol

The unit is also included in the title of each entry
and appears in the content list. Not all indicators
have units.

e.g. Reverberation time (T) [s]*

Unit

A short text description of each indicator
accompanies all entries. The description may include
the following information:

e Relevant literature (e.g. source scientific
literature, standards)

e type on measurement (e.g. long/sort term,

Short description point/plane/volume)

e aggregation method (e.g. average, sum)

e objective of the measurement (e.g., speech
intelligibility, effectiveness of the ventilation
system)

e calculation method

e context of application

Shows the aggregation of metrics, weighting factors

Numerical expression . . A
and normalisation logic of the indicators

e Recommended range
Evaluation (performance criteria) e Target design values
e Tables and charts (e.g. psychrometric chart)
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2.2 Classification, indexing and mapping

The performance domains are used as the backbone of the classification system adopted in this
catalogue. However, since the domains appear also in the content section of this publication forming
anindex to help the user navigate the catalogue, the following more indicative grouping was adopted:

e Energy efficiency and hygro-thermal performance
e Thermal comfort

e Indoor air quality

e Visual environment

e Acoustic environment

In this grouping, the domain of hygro-thermal performance is divided into two domains, energy
efficiency and hygro-thermal performance and thermal comfort. Still, these domains are not
homogenous but instead comprise various sub-categories that express different requirements within
a performance domain. For example, the domain of the indoor visual environment contains the
following distinct performance requirements:

e Indoor lighting: assessment of the capacity of the indoor lighting system to provide suitable
conditions to support specific tasks, promote acuity etc.

e Daylight performance: assessment of the potential for daylight lighting in indoor spaces

e Glare: prediction of occupant’s acceptability to different levels of discomfort glare

e Colour (quality of light): assessment of the ability of light sources to render colour.

Similar sub-categories exist in other performance domains as well and are used to furthermore
develop the classification system. However, in some cases, an additional grouping criterion is applied.
Specifically, in the category of thermal comfort the indicators are additionally grouped in a way that
reflects fundamentally different measurements approaches for thermal comfort (e.g. indices based
on adaptive models or physiological models). This helps reveal important information on their
application context, capacities and scientific basis.

The final classification system used in this catalogue is formed as following:

e Energy efficiency and hygro-thermal performance

e Thermal comfort: environmental indices

e Thermal comfort: heat balance indices

e Thermal comfort: adaptive model indices

e Thermal comfort: Local thermal discomfort indices

e Thermal comfort: long-term and overheating indices

e Indoor air quality (I1AQ)

e Visual environment: Indoor lighting

e Visual environment: Daylight performance

e Visual environment: Glare

e Visual environment: Colour (quality of light)

e Acoustic environment: Room acoustics (perform. spaces)
e Acoustic environment: Speech perception

e Acoustic environment: Privacy and concentration (offices)
e Acoustic environment: Noise

e Acoustic environment: Building acoustics
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Finally, an effort was made to harmonise the classification system (division of domains, terminology
etc.) with established systems used in relevant literature in order to make the catalogue familiar and
accessible to users in the professional and academic community.

2.3 Terms and definitions

The performance-based building sector uses a rich and varied vocabulary of terms, perhaps since it
combines people and knowledge from different professional and scientific spheres. As a result, there
is an alternative for almost any major term in the sector. This publication does not introduce new
terms, however, the use of existing terms must be clarified.

The most prevalent example of alternative terminology is the term “performance indicator” itself.
Terms like performance index, performance criterion, performance measure and performance metric
can be found instead of performance indicator in literature. Alternative terms may express shared
“naming habits” within specific professional or scientific communities or reveal information on the
specificities of the tool. For example, in acoustics the term “acoustic measure (or quantity)” is
dominant whilst in the visual environment domain, the term “daylight metric” is commonly used to
referred to daylight performance indicators.

The term “index” is used typically when the object in question (the indicator) represents both the
measurement and the evaluation system. Therefor the term is used for indicators that express
performance as a percentage of optimum performance (e.g. the various speech perception indices) or
on a rating scale, (e.g. the various PMV and PD indices). Additionally, the term “index” is used for
benchmark indicators that rate the performance of products against the performance of other
products, e.g. Energy Performance Index (EPIs) or Energy Cost Index (ECI) (see section 3.1.1). These
values combine several performance metrics, require intricate calculating procedures and do not
necessarily reveal much information on the inner workings of a system.

However, because this terminology is not unambiguously defined, the term “performance indicator”
(or indicator) is used in this catalogue to refer to all objects. Exceptions are made when an object
includes an alternative as part of its name (e.g. Speech Transmission Index) or is overwhelmingly
referred to asi.e. index (e.g. PMV index).

The term “metric” may be defined as “a standard definition of a measurable quantity (Deru et al. 2005,
p. 20)” whilst the term “performance metric” may be defined as “a metric of some performance
characteristic (Deru et al. 2005, p. 20)”. For example, the area [m?] is a metric but not a performance
metric. In the same context, a performance indicator is “a high-level performance metric that is used
to simplify complex information and point to general state or trends of a phenomenon (Deru et al.
2005, p. 20).” In this publication the term metric is used to refer to measurable quantities and not the
indicators themselves.

The term “performance requirement” may be defined as “a suitable level of performance which must
be met by building materials, components, building as a whole in order for a building to meet the
relevant functional statements and, in turn, the relevant objectives. The requirement can be assessed
by an objective assessment method (Stesken et al. 2010, p.3)”.

The term “performance criteria” is used in this catalogue to refer to the conditions under which the
performance requirement is satisfied. This is typically represented by the context under which the
results of the indicators are evaluated. For example, a minimum daylight factor over an area may be
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the performance criterion for “daylight performance”, a range of acceptability stated in terms of
operative temperature may be the performance criterion for thermal comfort and the required
ventilation rates may be the performance criterion for indoor air quality. The term “performance
criterion” is sometimes difficult to distinguish from the term performance indicator, because as shown
in the examples, the performance criteria are often stated as permissible or suggested values for
performance indicators.

The performance domain described in Section 3 under the term “thermal comfort” is sometimes
described in the relevant literature as “thermal environment” (e.g. ISO 7730:2005 Ergonomics of the
thermal environment). The terms “heat balance indices” and “adaptive model indices”, included in
this domain, where chosen to address text formatting issues. More appropriate terms would have
been “indices based on physiological models of heat balance” and “indices based on adaptive model
of thermal comfort”. Finally, the term “environmental indices” is one of the many terms used in the
literature to describe and group these types of indices. Other terms used for that purpose are

» u

“temperature indices”, “Indices Based on Physiological Strain” etc.
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3 Results

3.1 Energy efficiency and hygro-thermal performance

The domain of hygro-thermal performance deals with the movement of energy and mass (air and
humidity) thought the building and the building elements (e.g. walls). It involves performance
requirements such as energy efficiency, avoidance of condensation and thermal comfort. This chapter
includes energy efficiency, air permeability (or air tightness of the building envelope), interstitial
condensation and surface condensation. These requirements are regularly prescribed in building
codes as well as other compliance and rating programs and are typically grouped together.

Condensation in building assemblies and moisture levels in general influence another important
performance requirement, the indoor air quality (IAQ). The indicators referring to this subject are
discussed in section 3.7.

3.1.1 Energy Performance Indicators (EPI) [kWh.m2.a"!] * & energy balance

The fundamental energy performance indicator (EPI) used for energy performance rating and
certification in performance-based schemes (EPBD energy performance certificates, NZEB etc.) is the
annual energy demand/consumption typically normalised per area, and/or parts of it (e.g. the heating
demand). This quantity can be directly measured using energy meters, or calculated using a
computational model. A combination of the two is also common, using measured data such as the
leakage rate of the envelope (see section 3.1.2) to inform the computational model.

The quantification may be performed for the building as a whole, using an overall performance
indicator and for separate sub-systems (e.g. heating/cooling, hot water, lighting) using a partial energy
performance indicator. Most energy efficiency schemes require an overall performance indicator.
However, some schemes might set performance requirements for sub-systems as well. For example,
the Passive House program sets requirements for maximum heating demand and cooling demand to
be satisfied parallel with a requirement for the overall demand (see section 4.4).

The energy measured or calculated is often normalised per reference floor area (kWh.m™2). The
calculation period is typically a year, therefor the indicator units are expressed as kWh.m2.a™
Different normalisations are possible as well, such as kWh.m2HDD? where the climate indicator
Heating Degree Days (HDD) is used to normalise per local climate.

Energy Performance Indicators (EPI) are alternatively referred to as Energy Use Intensity (EUI),
Building Performance Index (BPI), Energy Cost Index (ECI) etc. Additionally, the terms demand, load
and consumption are used sometimes interchangeably (but do not mean the same).

Most Energy Performance Indicators (EPI) used in energy rating schemes are weighed versions of the
annual energy demand (or part of it e.g. heating demand). The weighting factors used, express the
priorities (e.g. environmental, financial and political) of the stakeholders requiring or performing the
evaluation. Examples of weighted EPIs are (EN 15217 2007):

e primary energy (E;)
e greenhouse gas emissions (Emco2)
e energy costs
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Furthermore, the Energy Performance Indicators (EPI) may express the energy balance. The energy
balance is the delivered energy minus exported energy (on-site or nearby produced energy from
renewable resources) and is particularly important for energy efficiency programs that go beyond
code compliance such as the Nearly Zero Energy Buildings (NZEB) and the Plus Energy Buildings. Such
programs typically require the implementation of Renewable Energy Sources (RES) (see section 4.4).

Equations 1 and 2 calculate the energy balance expressed using the commonly used EPIs primary
energy (Ep) and greenhouse gas emissions (Emcoz) (EN 15217 2007):

Ep = Z(Edel,i *fP,del,i) - (Eexp,i *fP,exp,i) (1)

Emcoz = Z(Edel,i * Kdel,i) - (Eexp,i * Kexp,i) (2)

where Eqeli is the delivered energy for energy carrier i, Ecxp,i is the exported energy for energy carrier i,
fp.deli is the primary energy factor for the delivered energy carrier i, fp.exp,i is the primary energy factor
for the exported energy carrier i, Kqei, is the CO, emission coefficient for delivered energy carrier i,
Kexp, is the CO2 emission coefficient for the exported energy carrier i.

The various context in which EPIs are used in different energy efficiency rating and certification
programs is discussed in section 4.4.

NOTE: Energy efficiency can be evaluated for separate building systems. For example, the Lighting
Energy Numeric Indicator (LENI) is used to assess energy efficiency in regard to the energy
consumption of the lighting system as it is affected (among other factors) by the daylight performance
of the building (see section 3.9.11).

3.1.2 Air tightness/permeability (npr, qepr etc.) [ACH or h'1] *

Low air tightness (or high air permeability/leakage) of the building envelope affects significantly the
energy loads and comfort conditions of a building and is therefore commonly used as an indicator of
hygro-thermal performance and energy efficiency alike. Leakage is due to the undeliberate and
uncontrolled exchange of energy carrying mass (air and humidity) thought the building’s envelope
caused by difference in pressure on each side of the envelope. Usually the quantity is expressed in
terms of Air Change per Hour [ACH]. ISO 9972 (2016) defines a procedure for determining air
permeability of buildings using a fun pressurised method and the following indicators.

The air change rate is calculated at a reference pressure difference (n,), usually set to 50 Pa (written
as nso), using Equation 3:

Apr
N = —— 3
p‘)" I, ( )

The specific leakage rate is calculated at a reference pressure difference, usually set to 50 Pa,

using Equation 4 for the envelope (qepr):

Apr
Qepr = E (4)
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and Equation 5 for the floor (Qepr):
pr
Arpr = —— 5

The effective leakage area (ELA,) is calculated at a reference pressure difference (e.g. 10Pa) using
equation 6:

Po

1 0,5 0s 6
—_ i n-o0,

The specific effective leakage rate is calculated at a reference pressure difference (e.g. 10Pa),

using Equation 7 for the envelope (ELAgp):

ELA
ELAgyy = — (7)
E
and Equation 8 for the floor (ELAf):
ELA
ELApyr =— b (8)
F

where g is the air leakage rate, A is the envelope area [m?], A: is the floor area [m?], C_ is the air
leakage coefficient and po is the air density at standard conditions [kg*m™].

The Passive House program (sees section 4.4) for energy efficiency certification requires nso< 0,6 ACH.
The Austrian building codes (OIB Richtlinie_6 2015) require for new buildings nso<3 ACH for building
without ventilation and ns<1,5 ACH for buildings with ventilation.

3.1.3 Moisture protection: Surface condensation-Temperature factor (fgsi) *

Avoiding condensation on the surface of a building element (e.g. walls, ceilings) facing the inside of a
room is critical for discouraging mould growth, corrosion and other moisture related damages. The
temperature factor (ISO 13788 2012) is used to calculate the likeliness of critical surface humidity
using inside and outside air temperatures as well as and the temperature of the inside surface of the
element as shown in Equation 9:

esi - He

frsi = 5 =0, (9)

Where 05 is the temperature of the internal surface, 8i internal operative temperature and 6. is the
external air temperature.

Effective values of frs for any given building for plane elements can be derived using Equation. (0:

frsi = 1—fsiU (10)
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Where U is the thermal conductance of the wall [W.m2.K%]. ISO 10211 gives information for
calculation of multidimensional heat flow though using computation software.

3.1.4 Moisture protection: Interstitial condensation *

Avoiding interstitial condensation of humidity (condensation occurring in-between the inside and
outside surfaces of a building element) is critical to ensure that the building’s construction integrity is
not compromised by factors such as the formation of ice or mould. Condensation occurs when
humidity contained in air (water vapor) moving through the building element condensates due the
differences in saturation vapor saturation pressure caused by the temperature gradient. ISO 13788
(2012) specifies a method to predict interstitial condensation due to vapor diffusion based on the
calculation of the vapor pressure and the saturation vapour pressure.

The calculation method takes account of external conditions (monthly boundary conditions) and
material properties (e.g. A values) to assess the whole of the annual moisture balance within the
element and the maximum amount of accumulated moisture.

First the temperature is calculated at the surface between the elements components. The calculation
is performed under steady stage conditions using Equation 11:

r

’ Rn
On =6, + R_/(Qi —0c) (11)
T

Next the saturation vapour pressure is calculated based on the surface temperatures. Then the vapour
pressure distribution is calculated according to the vapour flow rate using Equation 12:

Di — Pe

g = 50 ’
Sa,T

(12)

where 0, is the surface temperature at interface n, R’y is accumulated thermal resistance, R'r is total
thermal resistance, s’q, is water vapor diffusion-equivalent air layer and s’q 1 is the total water vapor
diffusion-equivalent air layer

A graphical method where the two profiles (vapor pressure and saturation vapour pressure) are
plotted against the cross section of the element can be used to indicate condensation. If the two lines
cross condensation is to be expected.

ISO 13788 (2012) suggest that the results are reported in accordance to the time of condensation
(which month), the amount of points of condensation (one or more interstitial layers) and the
persistence of the phenomenon (evaporated or not).
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3.2 Thermal comfort: Environmental indices

Environmental indices are single values that represent one or multiple environmental variables.
Examples of fundamental environmental indices (and environmental variables) are the air
temperature (dry bulb), the wet bulb temperature, the mean radiant temperature (MRT), the relative
humidity and the air speed. Some of these variables can be directly measured using instruments like
thermometers. However, the environmental indices most likely to be used for whole body thermal
comfort combine various environmental variables into a single value that represents the temperature
of an imaginary uniform enclosure in which the occupants are expected to exchange the same amount
of heat as in the actual environment (or experience equal physiological strain). The single value is
calculated using regression equations or physiological models of heat balance (that account for both
environmental variables and personal variables but are still expressed in the form of an environmental
index e.g. ET*, SET*). The calculated value (temperature) is typically evaluated in terms of acceptable
range and design target values.

Furthermore, environmental indices are typically evaluated depending on a specific application
context defined using sets of other parameters that are not accounted for by the index. For example,
the operative temperature is often evaluated for assumed relative humidity, occupant’s clothing and
activity levels and wind speed. Selecting a suitable thermal comfort index may depend on the input
variables and the application context as shown in Table 2.

Table 2 Thermal comfort indices may have different input variables and application context

Indices for whole body thermal

Considered variables
comfort (except long-term)

Application remarks

(Should be) evaluated differently
depending on context (e.g.
metabolism rate, relative
humidity)

Environmental (air temperature,

Operative Temperature (TOP) radiant temperature)

new Effective Temperature (ET*)
(based on Pierce model)

Environmental (air temperature,
radiant temperature, relative
humidity)

(Should be) evaluated differently
depending on various values of
“clo” and “met”

Standard Effective Temperature
(SET*)
(based on Pierce model)

Environmental and personal

Assumes standard values for
“clo” and “met”

Wet Bulb Globe Temperature
Index (WBGT)

Environmental (but can be
adjusted for personal)

Heat stress in hot conditions (e.g.
industrial environments, athletic
environments)

equivalent Temperature (Teq)

Environmental

Confined space with non-uniform
climatic conditions

PMV-PPD index
(based on Fanger model)

Environmental and personal

Uniform environment and
calculation under steady state
conditions

TSENS, DISC, PMVET, PMVSET
(based on Pierce model)

Environmental and personal

Uniform environment and
transient thermal conditions
calculation

Thermal Sensation Vote (TSV)
(based on KSU model)

Environmental and personal

Separate calculation for cold and
hot thermal stress. Transient
thermal conditions calculations.

Adaptive models
(based on ASHRAE & ISO)

Environmental (outdoor mean
temperature)

Naturally ventilated buildings
(with operable windows).
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3.2.1 Operative temperature (TOP or to) [°C] * & elevated air speed (v) [m.s™!]

The Operative Temperature (Winslow et al. 1938) is a widely used and prescribed environmental
index. ASHRAE standard 55 (2010) defines the TOP as ‘the uniform temperature of an imaginary black
enclosure in which an occupant would exchange the same amount of heat by radiation plus convection
as in the actual nonuniform environment’. In other words, the TOP combines the effects of air
temperature (t.) and radiant temperature (t;) into a single number. Equation 13 is listed in ASHRAE
standard 55 (2010) as an acceptable approximation of Operative Temperature:

to = Aty + (1 — A)t, (13)

where t, is the air temperature [°C ], t. is the mean radiant temperature [°C ] and coefficient A is
depended on the air velocity. ISO 7726 describes methods and techniques for the measurement of
operative temperature.

The operative temperature is usually evaluated in terms of acceptable range (comfort zone), design
target values and threshold values for overheating. In ISO 15251 (2017), the TOP is used to define
thermal comfort categories for different types of buildings based on the occupant’s clothing and
activity levels. In the popular graphic comfort zone method (psychrometric chart), parameters such as
the relative humidity are used to shift the acceptable range of TOP. In these chars (ASHRAE standard
55 2010), acceptability corresponds to 80% of the occupancy and to predefined values of air speed,
metabolic rate, and clothing insulation.

In cases where the operative temperature cannot be kept consistency within limits, ISO 15251 (2007)
suggests that increasing wind speed can offset the negative effects of an increased TOP by maintaining
equal heat transfer.

3.2.2 New Effective Temperature (ET*) [°C] * & humid operative temperature (Ton)

The new Effective Temperature (Gagge et al. 1971) is a widely used environmental index of thermal
comfort. It combines the effects of operative temperature (air temperature and radiant temperature,
see 3.1.1) and water vapour pressure into a single value, defined in the ASHRAE Handbook as the
“temperature at 50% RH that yields the same total heat loss from the skin as for the actual
environment” (American Society of Heating, Refrigerating and Air-Conditioning Engineers 2009). The
heat exchange that accounts for both sensible and evaporative heat transfer is calculated at the
surface of the skin using the Pierce Two-Note heat balance model (Gagge et al. 1986).

The ET* offers a more comprehensive assessment of thermal comfort than the operative temperature
(TOP) or the Wet Bulb Temperature (WBT) since it reflects better the thermal impact of humidity on
the occupant’s perception (Fobelets et al. 1988). The effective temperature is calculated using
Equation 14:

ET* =ty + Wiy LR(pg — 0.5pg7+ ) (14)

where per+sis the saturated water vapor at ET* [psi], pa is the water vapor partial pressure [Pa], w is
the wettedness, w is the skin wettedness and in, is the permeability index.

A similar indicator is the humid operative temperature (Ton) (Nishi et al. 1971) shown in Equation 15.
The ASHRAE Handbook defines the humid operative temperature as the “temperature which at 100%
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RH vyields the same total heat loss as for the actual environment” (American Society of Heating,
Refrigerating and Air-Conditioning Engineers 2009).

ton = to + Wi LR(pq — poh,s) (15)

Where ponsis the saturated water vapor at ton [psi].

The first version of this indicator, called the effective temperature (ET), was proposed by Houghten
and Yaglou (1923) and is calculated using Equation 16:

RH
ET = DBT — 0.4(DBT — 10) - (1 — m) (16)

where DBT is dry bulb temperature [°C] and RH is the relative humidity [%]. This indicator unlike the
new Effective Temperature (ET*) is not calculated based on a heat balance model.

The ET* can be evaluated in terms of acceptable range (comfort zone) and equal sensation isotherms
(equal heat loss) typically using graphical methods. Additionally, using a regression equation it can be
used to predict a thermal sensation vote (PMVET*, see section 3.3.4). However, the ET* must be
evaluated in the context of the different values of clothing and metabolism rate in every situation. In
contrast, the Standard Effective Temperature (SET*) assumes standard values for these variables as
discussed in section 3.2.3.

3.2.3 Standard Effective Temperature (SET*) [°C] *

This environmental index (Gagge et al. 1986) encompasses both environmental and personal
variables. Similar to the ET* the heat exchange is calculated at the surface of the skin using the Pierce
Two-Note heat balance model (Gagge et al. 1986) and accounts for both sensible and evaporative heat
transfer. However, the SET* assumes standard values for clothing and metabolism, unlike the ET* that
must be evaluated in the context of the different met and clo values in each situation.

The ASHRAE standard 55 (2010) defines SET* as “the temperature of an imaginary environment at
50% RH, <0,1 m.s? air speed, and t.=t, (radiant temperature equal to air temperature), in which the
total heat loss from the skin of an imaginary occupant with an activity level of 1,0 met and a clothing
level of 0,6 clo is the same as that from a person in the actual environment, with equal clothing and
activity level”.

The SET model can be evaluated in terms of acceptable range (comfort zone) and is used to draw
boundaries on psychrometric charts to facilitate graphic comfort zone methods. It is also evaluated
using regression equations (PMVSET*) to predict thermal sensation vote (see section 3.3.4).

3.2.4 Wet Bulb Globe Temperature index (WBGT) [°C] * for hot environments

The WBGT (according to ISO 7243 2015) is an environmental index combining wet-bulb temperature
and globe temperature used to predict the absence or presence of heat stress among those exposed
to hot conditions in industrial environments, athletic environments and the military. The index is
based on measurements and is designed to evaluate the effect of heat during periods representative
of the whole of the possible exposure time (i.e. the working day) and is not suitable for very short
exposures. The measurements should be carried out in hourly basis over period where heat stress is
likely to occur (i.e. at summer period in middle of the day). Instrument setups, alternatives and
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specifications are stated in the relevant standard (ISO 7243 2015). The WBGT is calculated using
Equation 17:

WBGT = 0,7tn, + 0,3t (17)

In the case where the measuring devices are influenced by direct incident radiation the air
temperature is also considered as shown in Equation 18:

WBGT = 0,7tp,, + 0,2t, + 0,1t (18)

where tnw is the wet-bulb-temperature [°C] t; is the black globe temperature [°C] and t, is the air
temperature [°C].

The WBGT can be adjusted for the effects of clothing (actual clothing rather that standard work
clothing) as shown in Equation 19:

WBGT,;; = WBGT + CAT (19)

ISO 7243 (2015) provides threshold values for heat stress using the WBGT and different metabolic
rates.

3.2.5 Total and local equivalent temp. (teq) [°C ]* for asymmetric climatic conditions

The equivalent temperature (according to ISO 14505-2 2006) is an environmental index developed to
assess thermal conditions inside a vehicle compartment where the asymmetric climatic conditions are
a usual cause of thermal discomfort. However, the indicator can be used to predict thermal stress in
other confined space with asymmetric climatic conditions. However, according to ISO 14505 part 2
(2006) this assessment is intended for thermal conditions “when the deviations from thermal
neutrality are relatively small”.

The equivalent temperature (teq) is defined as ‘temperature of a homogenous space, with mean
radiant temperature equal to air temperature and zero air velocity, in which a person exchanges the
same loss by convection and radiation as in actual conditions under assessment’ (ISO 14505 part 2
2006). The equivalent temperature can be calculated in four categories: for heat exchange between
the enclosure and the whole body or body segments as well as between a flat surface (directional) or
an ellipsoid (omnidirectional). The calculation method described in ISO 14505-2 (2006) involves
experimental setups using thermal manikins as well as omnidirectional and flat, heated sensors. The
measurements are weighed and aggregated accordingly in respect to the aforementioned categories.
The equivalent temperature is calculated using Equation 20:

Q
teq = ts — a (20)

where ¢, is the surface temperature, t.is the temperature of the standard environment h.,; is the
combined heat transfer coefficient, determined during calibration in a standard environment and Q
(Equation 21) is the measure of convective and radiative heat loss during the actual conditions:
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Q=R+C (21)
R = h,(ts — tp) (22)

C = he(ts — ta) (23)

where R (Equation 22) is the heat exchange by radiation [w*m-2], tg is the skin temperature [°C], C
(Equation 23) is the heat exchange by convection [w*m-2], t,. is the mean radiant temperature [°C],
h, is the radiation heat transfer coefficient [w*m-2], t, is the ambient air temperature [°C], h, is the
convection heat transfer coefficient [w*m-2].

3.3 Thermal comfort: Heat Balance indices

The heat balance indices are used to assess whole body thermal comfort. They are indices based on
physiological models of the heat balance of the human body that account for the balance between
the gains (e.g. metabolism, energy from the environment) and losses (e.g. respiration) as they are
affected by environmental and personals variables. The capacity of the body to maintain a steady deep
body temperature is affected by the heat balance and therefore disturbances in the heat balance are
experienced as disturbances in thermal comfort. Common environmental variables considered by the
heat balance models are the air temperature, radiant temperature, relative humidity and wind speed.
Common personal/behavioural variables considered by the heat balance models are the activity levels
(metabolic rate) and clothing (clo value) of the occupants.

Results from this type of indices are typically expressed using a thermal sensation vote, calculated
based on regression equations that connect disturbances in the heat balance to the opinion of
occupants on their state of thermal comfort.

Different thermal comfort indices are calculated using different heat balance models. These models
may represent the body as a single node such as in the Fanger (1970) and Givoni et al. (1971) models,
two nodes such as in the Pierce (Gagge et al. 1986) and KSU (Azer et al.1977) models and multiple
nodes such as in the Stolwijk (1971) and Fiala (Cropper et al. 2008) models. A single note model
considers the exchange of heat between the body and the environment whilst a two-node model
considers the exchange of heat between two body components, e.g. the skin and the core of the body.
Furthermore, the various heat balance models may represent the environment as uniform or non-
uniform and be calculated under steady state or transient thermal conditions. Cheng et al. (2012)
discuss the characteristics and performance of such models in a comprehensive review.

The indices discussed in this section are calculated based on three of the most referenced models, the
Fanger, the Pierce and the KSU. See Table 2 for basic distinctions between thermal comfort indices.
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3.3.1 Predicted Mean Vote (PMV) * Fanger model

The PMV/PPD (Fanger 1970) is a comprehensive and widely used index used to evaluate thermal
comfort, particularly in building where the indoor environment is regulated by a HVAC system. ISO
7730 (2005), perhaps the most referenced thermal comfort standard, defines the PMV as “an index
that predicts the mean value of the votes of a large group of persons on the 7-point thermal sensation
scale based on the heat balance of the human body. Thermal balance is obtained when the internal
heat production in the body is equal to the loss of heat to the environment”. (See Table 3 shows the
seven-point thermal sensation scale)

This index is calculated using the Fanger (one-note) thermal physiological model that predicts the heat
exchange between the body and the environment depending on several variables (see section 3.3).
The Fanger model represents the environment as uniform and is calculated only for steady-state
condition. For transient conditions, indices based on other physiological models can be used instead
(e.g. thermal sensation (TSENS), see 3.3.3). Some fluctuations (in the conditions) can be approached
by time-weighted average of the fluctuating variable for a period of 1 hour (ISO 7730 2005). To account
for asymmetric conditions in the environment (e.g. draught, hot and cold surfaces) local thermal
discomfort indices can be used (see section 3.5).

The PMV is particularly accurate in predicting physiological response in buildings regulated by HVAC
systems. In the case of naturally ventilated buildings (with operable windows) the adaptive models
(see section 3.4) have been found to be more accurate (de Dear et al. 1998, McCartney et al. 2002).

Equation 24 expresses the heat balance according to the Fanger model:

M—W =H+E + Cros + Eyos (24)

Information on the calculation of this index (calculation using predefined input values, computer
algorithm etc.) can be found in ISO 7730 (2005). The PMV is calculated using Equation 25:

PMV = [0,303 - exp(—0,036 - M) + 0,028]
{(M-=W)—3,05.10"3-[5733 - 6,99 - (M — W) — p,]
-0,42-[(M—-W) —58,15] —1,7.1075 - M - (5867 — p,)
—0,0014-M-(34—1t,)—3,96-1078 -1,

: [(tcl + 273)4 - (fr + 273)4] —fe - he - (tcl - ta)}

tg = 35,710,028 (M —W) — I (25)
{3,96-1078 - f; - [(tq + 273)* — (t. + 273)*] + f - he
' (tcl - ta)}

2,38 |t — a2 2,38 |ty —t,|%%° > 12,1 [v,,
or
12,1 /vy, 2,38 |tyg — t,]9%5 < 12,1 /vy,
where M is the metabolic rate [W.m2], W is the effective mechanical power (heat loss due to work
performed) [W.m™2], l4is the clothing insulation [m?*K.W], 4 is the clothing surface area factor, t. air
temperature [°C], t,. is the mean radiant temperature [°C], v, is the relative air velocity [m.s™], p, is

the water vapor partial pressure [Pa], h.is the convective heat transfer coefficient [W.m2* K1, t is
the clothing surface temperature [°C].

1 metabolic unit= 1 met= 58,2 W.m?

1 clothing unit=1 clo= 0,155 m?*°C.wW!

28



Table 3 Seven-point thermal sensation scale (or ASHRAE thermal sensation scale)

+3 Hot

+2 Warm

+1 Slightly warm
0 Neutral

-1 Slightly cool
-2 Cool

-3 Cold

The PMV is a thermal comfort index for the whole body. However, other factors of the environment,
such as radiant asymmetry, warm/cold floors, draught and vertical air temperature difference can
cause local thermal discomfort. For a comprehensive approach to thermal comfort, important
standards such as ISO 7730 and ASHRAE 55 suggest the parallel use of local thermal discomfort
indicators. For example, in 1ISO 7730 2005 the PMV/PPD and local thermal discomfort criteria are used
to define a classification of the thermal environment into three categories.

Other uses of the PMV index include calculating the Predicted Percentage of Dissatisfied (PPD) (see
section 3.3.2) and drawing boundaries on psychrometric charts to support a graphic comfort zone
method of evaluating thermal comfort using the operative temperature and other environmental
indices. Additionally, in buildings where systems of radiative heating/cooling are used, the PMV
formula can be used by the thermostat to regulate surface temperatures whilst accounting for
multiple factors (ISO 11855-1 2012).

3.3.2 Predicted Percentage of Dissatisfied (PPD) [%] * function of PMV

According to ISO 7730 (2005) ‘the PPD is an index that establishes a quantitative prediction of the
percentage of thermally dissatisfied people who feel too cool or too warm’. The PPD is calculated as
a function of the PMV index using Equation 26:

PPD = 100 — 95 - exp(—0,03353 - PMV* — 0,2179 - PMV?) (26)

ISO 15251 (2007) defines categories of the thermal environment using the indices PMV and PPD.
3.3.3 Thermal sensation (TSENS) & thermal discomfort (DISC) Pierce model

TSENS and DISC (Gagge, Fobelets et al. 1986) are commonly used comprehensive indices based on a
physiological model of heat balance used to calculate thermal sensation vote (see 3.2). These indices
are similar to the PMV, however, TSENS and DISC use the Pierce two-node model (Gagge et al. 1986)
where the human body is represented by two concentric thermal compartments exchanging energy,
the skin and the core of the body.

Similar to the Fanger model (PMV-PPD indices), the Pierce model (of the Pierce foundation) represents
the thermal environment as uniform. However, unlike the PMV-PPD indices, the TSENS and DISC
indices can be used to assess physiological response in transient thermal conditions.

Equation 27 expresses the heat balance according to the Pierce model:
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M = Eg + Qres + ery + Qcrsie +W (27)

where M is the metabolic rate [W.m2], W is the effective mechanical power (heat loss due to work
performed) [W.m?2], E is the total evaporative heat loss from skin [W.m2], Qs is the rate of
respiratory heat loss [W.m™], Qg is the sensible heat loss from skin [W.m™] and Qs is the heat flow
from the core to skin[W.m™2] .

Information on the calculation of the TSENS and DISC indices can be found in the ASHRAE handbook:
fundamentals (2009) and the Energy Plus engineering reference. Table 4 shows the thermal sensation
scales corresponding to the two indices.

Additionally, the Pierce model is used to calculate the environmental indicators ET* and SET*.

Table 4 The scales used by TSENS and DISC to express physiological response (source: American Society of
Heating, Refrigerating and Air-Conditioning Engineers 2009)

TSENS DISC
+5 Intolerably hot Intolerable
+4 Very hot Limited tolerance
+3 Hot Very uncomfortable
+2 Warm Uncomfortable and unpleasant
+1 Slightly warm Slightly uncomfortable but acceptable
0 Neutral Comfortable
-1 Slightly cool
-2 Cool
-3 Cold
-4 Very cold
-5 Intolerably cold

3.3.4 Predicted Mean Vote (PMVET*, PMVSET*) function of ET* and SET*

The PMV index (see section 3.3.1) can be calculated also as a function of the ET* and SET*. These
environmental indices are calculated using the Pierce two-node model (Gagge et al. 1986, see section
3.3.3) and can be used in the PMV calculation to account for dry heat loss.

Information on the calculation of the PMVET* and PMVSET* can be found in the Energy Plus
engineering reference (U.S. Department of Energy 2017).

3.3.5 Thermal Sensation Vote (TSV) KSU model

The Thermal Sensation Vote is a comprehensive index based on a physiological model of heat balance
used to calculate thermal sensation vote (see 3.3). The Kansas State University (KSU) model (Azer et
al.1977) represents the body into two thermal compartments, similar to the Pierce two-node model,
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the core and the skin. However, the KSU model calculates differently the sweat rate and blood flow
and predicts thermal sensation vote differently for cold and warm environments.

Information on the calculation of the TSV can be found in the Energy Plus engineering reference (U.S.
Department of Energy 2017).

3.4 Thermal comfort: adaptive model indices

Indices based on adaptive models are used to assess whole body thermal comfort in (primarily)
naturally ventilated buildings where predictive models like the PMV are not as accurate (de Dear et
al. 1998). The adaptive method is based on the adaptive principle, according to which, people will
react to changes in their environment that may bring discomfort and adapt in order to restore their
comfort (Humphreys et al. 1998). The adaptation measures may be behavioural (e.g. window opening,
clothes), technological (e.g. controlling equipment) etc.

Generally, the empirical field studies that helped ground the adaptive models show that in naturally
ventilated buildings the temperature of perceived comfort runs along the external temperature. For
example, ASHRAE defines the adaptive model as “a model that relates indoor design temperatures or
acceptable temperature ranges to outdoor meteorological parameters” (ASHRAE Standard 55 2010,

p. 3).

Beside evaluating thermal comfort, ASHRAE Handbook states that the “adaptive models are useful to
guide design and energy decisions, and to specify building temperature set points throughout the
year” (American Society of Heating, Refrigerating and Air-Conditioning Engineers 2009, p.9.19).

The two most widely used adaptive models are the de Dear and Brager’s model (based on worldwide
measurements) that was commissioned and adopted by ASHRAE and the McCartney and Nicol’s
model (based on measurements in Europe) that is adopted by EN ISO 15251.

See Table 2 for basic distinctions between thermal comfort indices.

3.4.1 ASHRAE 55 (de Dear and Brager) [°C] *

The American Society of Heating, Refrigerating and Air-Conditioning Engineers (ASHRAE) includes the
de Dear and Brager’s adaptive model (de Dear et al. 1998) in the ASHRAE 55 standard and proposes
that the model is used as an optional method for determining the acceptable indoor temperature
range for thermal comfort in naturally ventilated buildings.

According to ASHRAE 55 (2010) this method is to be used when monthly mean outdoor temperature
ranges between 10 °Cand 33,5 °Cin spaces where operable windows are the main means of regulating
thermal conditions. Acceptable values for the indoor operative temperature must fall into a range
defined by regression equations (typically illustrated on charts).

The equations were determined for different buildings (free-running buildings, slow-acting buildings,
with or without indoor climate control mechanisms, etc.), based on the ASHRAE RP-884 project
database of 21,000 measurements (mostly offices) from field studies of 160 buildings located on four
continents in varied climatic zones since the mid-1980s.
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3.4.2 1S0O 15251 (McCartney and Nicol) [°C] *

ISO 15251 (2007) proposes an adaptive model to be used as an optional method for determining the
acceptable indoor temperature range for thermal comfort in the summer period mostly in office
buildings and similar buildings that operate without machine cooling. The occupants in these buildings
must be able to adjust their clothing and should perform mostly sedentary activities. Furthermore,
this method is to be used when monthly mean outdoor temperature ranges between 10 °C and 30 °C
and buildings are naturally ventilated by operable windows.

The equations were determined based on the SCATs project database that was the result of field
research in office buildings in Europe (McCartney et al. 2002). Equations 28, 29 and 30 are used to
calculate acceptable range for operative temperature for 90%, 80% and 65% acceptability
respectively.

90% acceptability: toe = 0,33 (Ty +18,8) + 2 (28)
80% acceptability: toc = 0,33 (Ty, +18,8) + 3 (29)
65% acceptability: toc = 0,33 (T, +18,8) + 4 (30)

3.5 Thermal comfort: Local thermal discomfort indices

For a comprehensive thermal comfort assessment, important standards (e.g. ISO, ASHRAE) suggest
that local thermal discomfort factors are considered along with whole body thermal comfort
assessment since the latter functions typically under the assumption of a uniform thermal
environment. Local thermal discomfort is caused by asymmetrical conditions in the thermal
environment such as draught (due to ventilation systems), radian asymmetry (different temperatures
of internal surfaces), too cold or hot surfaces and vertical air temperature difference.

Local discomfort assessment is particularly relevant in spaces where occupants are dressed lightly and
engage in sedentary activity (e.g. office) (ASHRAE 55 2010, ISO 7730 2005).

3.5.1 Draught Rate (DR) [%] *

This index (included in I1ISO 7730 2005) for local thermal discomfort predicts the percentage of
occupants that experience discomfort due to draught. Like other local discomfort indices, the Draught
rate is to be applied, according to ISO 7730 (2005) to people “at light, mainly sedentary activity with a
thermal sensation for the whole body close to neutral and for prediction for draught at the neck”. At
other body parts such as the arms and feet the prediction might be overestimated. The DR is calculated
using Equation 31:

0,62

DR = (34 —tg;) (g — 0,05) " 7(0,37 - 0y - Tu + 3,14) (31)
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and

Tu=— (32)

where t,; is the local air temperature (20°C TO 26°C), 7, ; is the local mean air velocity [m*s™], Tu is
the local turbulence intensity [%)], SD is the standard derivation of air velocity and v, is the local mean
air velocity.

A similar index used to evaluate thermal discomfort due to draft caused by the performance of air
terminal devices in mixing ventilation is discussed in section 3.7.9.

3.5.2 Vertical air temperature difference (PD) [%] *

This index (included in I1ISO 7730 2005) for local thermal discomfort predicts the percentage of
occupants dissatisfied as a function of vertical temperature difference based on the observation that
high differences in air temperature between head and angles may cause discomfort (1ISO 7730 2005).
It applies when the temperature increases upward and when the temperature difference is less than
8 °C. The PD is calculated using Equation 33:

_ 100
" 1+exp(576 — 0,856 At,,)

PD (33)

where At ,, is the vertical air temperature difference between head and feet [°C].

3.5.3 Warm and cool floors (PD) [%] *

This index (included in I1ISO 7730 2005) for local thermal discomfort predicts the percentage of
occupants dissatisfied as a function of the floor temperature based on the observation that too warm
and too cold floors may cause discomfort (ISO 7730 2005). The index applies to standing and/or
sedentary activities. Similar values can be used for sitting on the floor or lying on the floor. The PD is
calculated using Equation 34:

PD =100 — 94 - exp(—1,387 + 0,118 - t; — 0,0025 - t,?) (34)

Where t¢ is the floor temperature [°C]

ISO/TS 13732-2 provide information on how to assess human response in the case of spaces that
people occupy with bare feet

3.5.4 Radiant asymmetry (PD) [%] *

This index (included in I1ISO 7730 2005) for local thermal discomfort predicts the percentage of
occupants dissatisfied as a function of radiant asymmetry based on the observation that radiation
emitted by building elements can create conditions of radiant asymmetry that may cause discomfort
(ISO 7730 2005). The PD is calculated using Equation 34:

100

PD = -
1+ exp(a —b- Atpr)

(35)
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where A4t,,, is the radiant temperature asymmetry [°C].
Most potent in creating discomfort are warm ceilings and cool walls (and windows). ISO 7730 defines
coefficients to weight the impact of the different building elements.

3.6 Thermal comfort: Long-term and overheating indices

Buildings that provide thermal comfort continuously (during all hours or all occupied hours) can be
expensive and environmentally unsustainable (ISO 7730 2005). Small intervals outside the limits are
considered acceptable. For this reason, scientific and professional literature such as the standards ISO
7730 (2005) and ISO 15251 (2007) suggest long term indices that allow the aggregation for results
from PMV/PPD and TOP (or adaptive model for naturally ventilated buildings) over longer periods of
time (e.g. annually). For example, a simple long-term index sums the hours outside of comfort
conditions and can be used in optimization procedures. The more complicated indices account for
factors such as the severity of the events and their impact on the occupancy and can predict
overheating as well as compare the performance of different buildings (ranking).

Carlucci (2013) presents an analytical review on long term discomfort indices that may help the reader
better understand the capacity of each tool and support better implementation of this kind of
assessment. Among other, the review includes a comparison of the indices ranking capabilities and a
gap analysis.

3.6.1 Method A (ISO 7730): Percentage Outside the Range (POR) [%] *

Method A “calculates the percentage of hours during which the building is occupied, the PMV or the
operative temperature (TOP) is outside a specific range” (ISO 7730 2005) using Equation 36:

Ewfih)

POR =
2?21 hi

0 (36)

where wfi equals 1 when the metric (PMV or TOP) falls within range (otherwise 0) and “h” the occupied
hours.

3.6.2 Method B (ISO 7730): Degree hour Criterion (DhC) [h] *

Method B sums the hours when the operative temperature falls out of range. The considered hours
are furthermore weighted using a factor that represents how much the range is exceeded. Due to this
weighting criterion, this index accounts for the severity of exceedance events. The method B is
calculated using Equation 37:

Oh
DhC = Zi:1(Wfi ' hl) (37)

where

wfi=1 for top = Cop,limit
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and

to _to limit to > to limit,warm period
Wfi =14+ | |4 D, | fOT’ 14 |Z , 14

top < toplimi i
|top,optimal — top,limit| op op,limit,cold period

3.6.3 Method C (ISO 7730) [h] *

Method C sums the hours when the PMV falls out of range. The considered hours are furthermore
weighted using a factor that is a function of PPD. Due to the weighting criterion, this index accounts
for the severity of exceedance events. The method C is calculated using Equation 38:

Oh
i=1

Where:
Wfl =1 fOT' PMV:PMVlimit
and

PPDactualPMV PMV > PMVlimit,warm period

wf, = ———— T
fl PPDPMVlimit PMV < PMVlimit,cold period

3.6.4 Method D (I1SO 7730): Average PPD (<PPD>) *

Method D is a simple average of the PPD over the occupied hours. This index is suitable for
comparisons and optimisation. When using this index for comparison, the same number of hours for
every case must be used. The method D is calculated using Equation 39:

oh (PPD; - ;)

Oh
i=1 i

(PPD) = (39)

3.6.5 Method E (ISO 7730): Accumulated PPD (Sum_PPD) [%] *

Method E is a simple sum of the PPD over the occupied hours. This index is suitable for comparisons
and optimisation. However, when using this index for comparison, the same number of hours for every
case must be used. The method E is calculated using Equation 40:

Oh
SumPpD = '_1PPD,: (40)

i

3.6.6 CIBSE overheating risk indices [%]

The Chartered Institution of Building Services Engineers (CIBSE) proposes an overheating index that
calculates the percentage of hours the operative temperature (TOP) exceeds a threshold (similar to
method A of ISO 7730). There are multiple variations of this index that account either for just the
occupied hours or all hours and that use different threshold temperatures (25,26 and 28 C) overall or
at different zones in the building (e.g. lower in the bedrooms).
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The CIBSE overheating risk index is calculated using Equation 41:

wfi-h)

CIBSE =
2?21 hi

100 (41)

where wf; equals 1 when the operative temperature exceeds the threshold (otherwise 0).
3.6.7 Exceedancem [%]

This indicator (Borgeson et al. 2010) is an overheating index that measures the percentage of the
occupancy affected by thermal discomfort during occupied hours based either on the PPD or the
adaptive model and the occupancy rate. The Excceedancew is calculated using Equation 42:

Oh (n; - Discomfort;)

oR
i=11

100 (42)

Exceedancey, =

where discomfort is equal to 1 for discomfort experienced by more than 20% of occupants (otherwise
0) and “n” is the number of occupants at a given hour.

3.6.8 Overheating risk (NaOR)

This indicator (Nicol et al. 2008) calculates the likelihood of overheating based on the differences
between the operative temperature and the adaptive comfort temperature, rather than a simple
threshold exceedance (used by many overheating indices). The NaOR is calculated using Equation 43:

P(AB) = exp(0,4734A6 — 2,607) (43)
"1+ exp(0,4734A060 — 2,607)

Using a regression equation, the results are presented on the ASHRAE thermal sensation scale.

3.7 Indoor Air Quality (IAQ)

The Indoor Air Quality in buildings is compromised by airborne contaminants/pollutants emitted from
the occupants (bio-effluents), indoor activities (e.g. cooking, smoking, chemicals from industrial
applications), emissions from building materials (during construction and operation like TVOC and
radon) and outdoor air pollution. The IAQ is a performance domain closely linked to the health
performance of buildings (Hasselaar 2006).

The concentration of pollutants in indoor air is controlled thought ventilation strategies mainly by
introducing fresh air and exhausting contaminated air. Therefor many indoor air indicators reflect on
attributes of the performance of ventilation systems. These include the ability to ventilated (exchange
air) and to effectively distributed heating energy (for energy efficiency and thermal comfort).

Commonly used indicators of IAQ dealing with concentration of pollutants and mould growth are not
included in this catalogue because they do not quantify directly the performance of building systems.

A European Concerted Action (COST 613) on Indoor Air Quality & its Impact on Man published a series
of reports discussing a wide spectrum of subjects relating to this performance requirement.
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3.7.1 Percentage of Dissatisfied (PDaq) [%] function of CO; levels

Carbon Dioxide (CO,) is a distinctive human bio-effluent and can be therefore used as an indicator for
the whole of human bio-effluent emissions to help predict the nuisance of occupants. For the same
reason CO, monitoring is being used to control ventilation rates in high occupancy spaces.

This indicator (Fanger 1987) calculates the percentage of occupants dissatisfied by air quality based
on the CO; levels. The measurement is applicable in situations of sedentary occupancy (e.g. lecture
halls) and various other pollutants (beside the CO,) that are pertinent to perceived air quality and
safety cannot be evaluated using this indicator. The PDaq is calculated using Equation 44:

PDaq = 395 * exp(—1,83 * C¢o2"*°) (44)

where Cco: is the indoor concentrations measured above outdoor level.

ISO 13779 (2008) provides values for ventilation rates per person for various categories of CO;
concentration (measured by ppm above level of outdoor air concentration) for smoking and non-
smoking areas.

3.7.2 Percentage of Dissatisfied (PDaq) [%] function of [olf] & ventilation rate (q)

This indicator (Fanger 1987) predicts the percentage of occupants dissatisfied by the indoor air quality
(perception of a person walking into the room) as indicated by the unit “olf” and the ventilation rates.
“Olf” represents the pollution (bio-effluents) generated by one standard person.

The dissatisfaction caused by a standard person (one olf) at different ventilation rates is calculated
using Equation 45:

PDaq = 395 * exp(—1,83 » ¢%%*) (45)

Where q is the ventilation rate [I*s], for q = 0,32 I*s-1*0lf-1 and for q < 0,32 I*s-1*olf-1.

More information on the PDaq indices can be found in the publications of the the European Concerted
Action (COST 613) (1992).

3.7.3 Perceived air quality (C;) [decipol] function of PDaq

The perceive air quality (Fanger 1987) is calculated as a function of the percentage of occupants
dissatisfied by the indoor air quality (PDaq) using Equation 46:

C; = 112(In(PD) — 5,98)~* (46)

Information on the calculation of the olf and decipol units can be found in the ASHRAE Handbook:
Fundamentals (American Society of Heating, Refrigerating and Air-Conditioning Engineers 2009).
Some publications (European Concerted Action (COST 61 3) 1992) define ventilation rates per
standard person (olf) for three different categories of indoor air quality using the PD and decipol.
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3.7.4 Ventilation rate/air supply rate [per person, per area, per appliance, ACH] *

The ventilation rates are the most prescribed indoor air quality criteria. Indoor Air Quality standards
include ventilation rates appropriate to restrain the concentration levels of pollutants within
permissible levels. The rates are set in respect to occupancy (e.g. number of people, time of
occupation, sensitivity of occupation), emission from indoor activities (e.g. cooking, smoking),
emissions from processes in non-residential buildings and emissions from building materials.

The control of humidity level is also considered when deciding on ventilation rate. Excess humidity
may have serious consequence (especially in residential environments) in terms of the health of
occupants and the integrity of the building elements.

Most codes and standards specify required design ventilation rates, in respect to the aforementioned
criteria using the following indicators:

e Air Changes per Hour [ACH] or air change rate [h-1] is a common indicator that counts the times
the air contained in a room (equal to the volume of the room) has changed within an hour.

e airsupply rate per person (qp) is used in situations of typical human occupancy [l.s-1.person-1].

e air supply per area can be used for rooms that are not intended for human occupancy or have
a clearly defined use [l.s-1.m-2].

e air supply per appliance is used to account for emission of specific appliances that may have a
serious polluting effect.

Standards ISO 15251 (2007) and ISO 13779 (2008) provide ventilation rates and categorization
principles for residential and not residential applications, for human emissions, building emission, CO;
and humidity. ASHRAE standard 62 (2007) specifies requirements for minimum ventilation rates in
breathing zones per people and area.

ISO 15251 (2007) provides ventilation criteria combining ventilation requirements for pollution due to
people (gp) and buildings (qe). Total ventilation for both building emission and occupancy emission is
calculated using Equation 47:

Qtot =N qp + A" qg (47)

where “n” is the number of persons in the room and A the room floor area [m?].
3.7.5 Minimum exhaust rate [per area] *

The minimum exhaust rate or required exhaust rate is a type of ventilation rate indicator, similar to
the air supply rates, but prescribed typically in spaces with high concentration of pollutants such as
toilets and kitchens. ASHRAE standard 62.1 (2007) includes recommended values for different type of
spaces (e.g. Arenas, Art classrooms, Auto repair rooms, Barber shop).

3.7.6 Contaminant Removal Effectiveness (CRE or €°) * & local air quality index (&%)

The Contaminant removal effectiveness (Yaglou et al. 1937) is a zone indicator that measures the
performance of the ventilation system in respects to contaminants removal (or fresh air diffusion).
This indicator can be used when the contamination source type and location is known (e.g. when the
use of the room is known, otherwise see 3.7.7).
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The CRE is calculated using Equation 48:

CRE Ce — Cg Concentration in the exhaust
" (C)—C, Mean concentration in the room

(48)

where <C> is the room (breathing zone) average contaminant concentration, C; is the contaminant
concentration at supply and Ce is the contaminant concentration at exhaust.

The Contaminant Removal Effectiveness is referenced in ISO literature (e.g. 1ISO 15242, 1ISO 13779) as
ventilation effectiveness. The ventilation effectiveness can be used to predict the air diffusion with in
a room (e.g. mixing ventilation, displacement ventilation). ISO 13779 2008 provides values for
ventilation effectiveness for different air diffusion (Mixing horizontal jet, Mixing vertical jet,
Displacement ventilation).

The Ventilation effectiveness (&,) is used to calculate the required ventilation rate to dilute
pollutants using Equation 49:

Gy 1
Ch,j - Ch,o &y

Qn (49)

where Qu is the ventilation rate required for dilution [l.s], Gn is the pollution load of a pollutant [ug.s”
1, Cn,y is the guideline value of a pollutant [pug.m3], Chois the supply concentration of pollutants at the
air intake [pug.m?].

The local air quality index (€) (Mundt et al. 2004) is similar to the CRE but is instead a local index that
measures the performance of the ventilation system in respects to contaminants removal at a certain
point (using a point sensor). The local quality index is calculated using Equation 50:

Ce_cs

ef =——
b Ci_cs

(50)

where C; is the concentration at the point of measurement.

Calculating these indicators may involve CFD simulation or field measurements.
3.7.7 Air Change Efficiency (ACE or £%) & local air change index (g?;)

This air change efficiency/effectiveness (Etheridge et al. 1996) is a zone indicator that measures the
performance of the ventilation system in respect to the ability of the system to renew the air in the
room (introduce and distribute fresh air) based on the age of air. This indicator can be used when the
contamination source type and location is unknown (e.g. when the use of the room is known,
otherwise see 3.7.6). The air change efficiency is calculated using Equation 51:

Tn mean age of air in the exhaust 51
S = = - -
@ B.ge  average age of air in the room (51)

Where the nominal time constant (t,) is the ration of the volume of the room and the air flow rate and
represents the mean age of air in the exhaust and 0, is calculated through local values of the age of
air and represents the average age of air in the room.
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The Air change efficiency (€*) can be used to predict the air diffusion with in a room (e.g. mixing
ventilation, displacement ventilation). For displacement ventilation, the air change efficiency is 1 and
for complete mixing 0.5. values form 0-0,05 represent short circuit ventilation (e.g. supplied air is
exhausted immediately) and must be avoided

The local air change index is similar to the air exchange efficiency but is instead a local index that uses
a point sensor as an input instead on the mean concentration. The air change efficiency is calculated
using Equation 52:

a n

eP = 0 (52)
age,local

where the nominal time constant (t,) is the ration of the volume of the room and the air flow rate and
represents the mean age of air in the exhaust and Bage,10cal is Measured using a point sensor.

Calculating these indicators may involve CFD simulation or field measurements.
3.7.8 Air Distribution Index (ADI and ADlnew)

This zone indicator (Karimipanah et al. 2008) is a comprehensive measurement that evaluates
ventilation performance in terms of pollutants removal and distribution of thermal energy (relevant
to thermal comfort). To evaluate these ventilation performance factors, the PPD index (see section
3.3.2) and PD,q (see section 3.7.1 and 3.7.2) are used. The ADI is calculated using Equation 53:

ADI = /N, - N, (53)

And

&t &y

Nt = NC =
PPD PDegq

where & is effectiveness for heat removal and €, is ventilation effectiveness.

ADI is not suitable for non-uniform thermal environments (e.g. thermal stratification) because it is
based on the PVM/PPD model. In such cases, the use of a different air distribution index ADlnew is
suggested (Almesri et al. 2013). The ADlInew is calculated using Equation 54:

N T
ADIneW =(1- ? = + ‘E_ &y (54)
14

where 1, is the local mean temperature, T, is the room constant depended on air change rates and S
is acquired thought a multi node thermal sensation model. The first set of terms in this equation
represents thermal comfort parameter and the later the air quality parameter.

Awbi (2017) investigates the capacity and implementation of these indicators using CFD simulation.
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3.7.9 Air Diffusion Performance Index (ADPI) [%]

This indicator (Miller et al. 1970) is used to evaluate the performance of air terminal devices (in mixing
ventilation and in cooling mode) in terms of thermal comfort. The EDT is based on the effective
draught temperature (Beq or EDT) and combines the effects air temperature and air velocity. The
effective draught temperature is measured at several points on grid in room. The ADPI expresses the
points that satisfy the threshold requirement as a percentage of the total points. However, this
indicator is neither a complete air quality indicator nor a complete thermal comfort indicator.

Oeq = (T = T) — 0,07(Vy — 30) (55)

where Ty is local airstream dry bulb temperature [°C], T. is average room temperature [°C] and V. local
air stream velocity [m.s1].

The ASHRAE Handbook: Fundamentals (American Society of Heating, Refrigerating and Air-
Conditioning Engineers) proposes an ADPI greater than 80 for office environment in cooling mode and
suggests that ADPI is not used for heating conditions. ADPI of 100 % indicates perfect conditions.
Measurement methods are specified in ASHRAE Standard 113.

3.8 Visual environment: Indoor lighting

Indoor lighting indicators help evaluate the indoor lighting conditions created typically by electrical
lighting systems in terms of adequate amount of light (per task), effective distribution over space and
uniformity. The fundamental metric involved in this type of measurements is the illuminance level.

3.8.1 Illuminance levels (Ey, Eav,m, Eav) [IX] *

[lluminance target values are a commonly prescribed lighting criterion. The goal is to provide sufficient
illuminance according to task characteristics and observer characteristics such as age and sight
(DiLaura et al. 2011 (IES The Lighting Handbook 10™)).

Illuminance is the amount of “light” (luminous flux) incident on a surface. The IES The Lighting
Handbook defines Illuminance as the “incident luminous flux density located at a point and oriented
in a particular direction” (DiLaura et al. 2011). Vertical plane illuminance (at a point) is calculated using
Equation 56:

_dd,,

E,= - (56)

The illuminance ate a point can be measured using an illuminance meter. Recommended values are
usually stated either in terms of maintained average illuminance over the task area/work plane (E,,
or Eay,m) Which represent a value under which the illuminance levels are not to fall or in terms of
average illuminance (E or E,,) which represents the average of illuminance over a surface. llluminance
criteria are usually accompanied by uniformity ratio criteria.

In the various standards and codes illuminance recommendations are typically accompanied by other
lighting design criteria such as uniformity criteria, glare criteria and colour rendition criteria (see
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sections 3.8.3, 0 and 3.11.1). ISO 12464-1, EN 12193 and EN 1838 provide such lighting criterial for
indoor spaces, for sport buildings and for emergency spaces respectively.

Besides recommendation based on the type of buildings, illuminance targets can be given in respect
to the type of task (e.g. cognitive task, physical task), the task characteristics (sport situation, social
situation), the age of the observer etc. Such recommendations can be found in the IES The Lighting
Handbook (DiLaura et al. 2011).

3.8.2 Criterion Rating (CR) & Coefficient of variation (Cy)

These area indicators proposed by the IES The Lighting Handbook 10™ (DiLaura et al. 2011) are used
to calculate the sufficiency of illuminance levels over an area in the case where the task location is
unknown. These measures (Equations 57 and 58) might be applied in spaces that require use and
layout flexibility (e.g. educational spaces). Alternatively, the maintained average illuminance and the
average illuminance may be used (see section 3.8.1).

e The Criterion Rating (CR)

Number of calculation or measurement points at or above the criterion

CR Number of calculation or measurement points (57)
Values for this measure should not fall under 70%
e The coefficient of variation (Cv)
Standard deviation (o)
= (58)

i Mean (1)

3.8.3 Illluminance Uniformity (Uo) *

This visual comfort indicator assesses the distribution of light (illuminance levels) for artificially lit
environments (daylight-lit environments typically have a non-uniform light distribution except in the
case of spaces lit by skylights). Generally, the illuminance uniformity is prescribed along with other
criteria such as luminance uniformities and surface reflectance to address visual discomfort, strain and
glare (DiLaura et al. 2011). Equations 59 expresses uniformity as the ratio of the minimum to average
illuminance (measured on a surface) and is prescribed in situations where illuminance that is
considerably lower than average has to be avoided.
Emin

UO,average = E (59)
avg

Equation 60 expresses uniformity as the ratio of the minimum to maximum illuminance and is
prescribed in situations where too much variation in illuminance levels has to be avoided

UO,average == (60)
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Equation 61 expresses uniformity as the ratio of the average to maximum illuminance and is
prescribed in situations where over-lighting has to be avoided

E
UO,max =—=9 (61)

E max

ISO 12464-1 (2011) provides recommended values for llluminance Uniformity per type of use and
space.

3.9 Visual environment: Daylight performance

Daylight performance indicators, often referred to as daylight metrics, are used to evaluate the
effectiveness with which the building uses daylight to support the occupant’s activities. The
measurements involve different aggregation methods of illuminance levels, measured over space and
time, designed to answer questions such as: how much of the area is effectively illuminated by daylight
and how much of the target period is covered. Daylight performance indicators are used to design
fagade systems and assess the need for daylight control systems (e.g. shades) and artificial lighting
systems (and therefor energy consumption). Additionally, they are used to predict negative aspects of
daylight performance such as unwelcome solar gains and discomfort glare.

3.9.1 Daylight Factor (DF)

This daylight performance indicator (Walsh 1951) is a widely used historical metric that expresses the
ratio of the illuminance measured at a point inside, to the illuminance produced by an overcast sky,
measured at a point outside. In EN 12665 (2016) this definition is given as the “ratio of the illuminance
at a point on a given plane due to the light received directly and indirectly from a sky of assumed or
known luminance distribution, to the illuminance on a horizontal plane due to an unobstructed
hemisphere of this sky, where the contribution of direct sunlight to both illuminances is excluded”.
The DF is calculated using Equation 63:

E.

DF = it (62)
Ekh,oc

where Eint is the illuminance [Ix] at a point measured inside and Exn,oc is the illuminance [Ix] measured

outside.

This indicator cannot effectively assess daylight performance under clear and other sky conditions
(except overcast). It is therefore more suitable for locations which often have an overcast sky.

The DF can be evaluated for minimum or average values that are achieved over a minimum required
area. For example, the BREEAM rating scheme assigns up to 2 credits for 2% average DF for 80% of
the surface in educational buildings, living rooms and kitchens and 3% average DF for 80% of the
surface in patient care spaces.
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3.9.2 Daylight Autonomy (DA) [%]

This long-term daylight performance indicator (Association Suisse des Electriciens 1989; Reinhart et
al. 2001) is a widely used metric that calculates the percentage of time the illuminance level exceeds
a predefined threshold (set for sufficient illuminance). This metric can be evaluated for individual
points on a grid as well as for the whole of the grid (see sections 3.9.4 and 3.9.5). The DA is calculated
using Equation 64:

_ Xi(wf - t;)

DA
it

(63)

where wf; is equal to 1 when the illuminance threshold is equal or exceeded (otherwise 0) and t are
the operating hours.

Besides daylight performance assessment, this metric is typically used to assess the need for artificial
lighting (see also sections 3.9.3 and 3.9.11).

3.9.3 Continuous Daylight Autonomy (DAcon or cDA) [%]

This long-term daylight performance indicator (Rogers 2006) calculates the percentage of time the
daylight illuminance levels exceeds a predefined threshold. The DAcon is a modified version of the
Daylight Autonomy (DA) that instead of using a 1 or 0 weighting coefficient for when the threshold is
exceeded or not, the coefficient will cover all the in-between values as well. For example, 0,5 is used
if the illuminance levels reach half the threshold. It is therefore suitable to be used in conditions where
daylight is being supplemented by electric lighting. The DAcon is calculated using Equation 65:

Xi(wf; - t;) c

DAcon = Y.,
L™l

[0,1] (64)

where wfi is equal to 1 when the illuminance threshold is equal or exceeded otherwise:

Wf _ EDaylight
=
Ethreshold

3.9.4 Zonal Daylight Autonomy (zDA) [%]

This long-term daylight performance indicator (included in the IES The Lighting Handbook 10™,
DilLaura et al. 2011) measures daylight sufficiency across a zone using a single value. Sufficiency in this
case means that the illuminance levels exceed a predefined threshold (typically 300 Ix). The
measurement is carried out by sensors across the zone. The hours of exceedance in every sensor are
summed and then the sum of all the sensors is divided by the number of sensors and the total hours
of measurement as shown in Equation 66:

_ Yi=1Ziwfi -tk

zDA
n-Yit

(65)

where wfi is equal to 1 when the illuminance threshold is equal or exceeded (otherwise 0), “n” is the
number of sensors and t are the operating hours.
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3.9.5 Spatial Daylight Autonomy (sDA) [%]

This long-term daylight performance indicator, proposed by the llluminating Engineering Society IES
(2012), calculates the percentage of area where the illuminance levels exceeds a threshold (typically
300Ix) for a minimum percentage of the analysis time (typically 50%). The indicator depending on the
criteria is stated as such: e.g. sDAsoo/50%. The sDA is calculated using Equation 67:

2i(wf; - DA)

SDAx/y% = T (66)
LUl

where DA is the Daylight Autonomy at a certain grid point, wfi is equal to 1 when the DA threshold is
equal or exceeded (otherwise 0) and p; is a point on the grid.

The LEED certification system assigns 2 points for 55% and 3 for 75% for most spaces and 1 point for
75% and 2 for 90% for healthcare.

3.9.6 Temporal Daylight Autonomy (tDA) [%]

This long-term daylight performance indicator (included in the IES The Lighting Handbook 10™,
DilLaura et al. 2011) calculates the fraction of time the illuminance levels measured at grid points over
an area reach a set value (typically 300Ix) for over 75% of that area.

3.9.7 Annual Sun Exposure (ASE) [%]

This long-term daylight performance metric (included in the IES The Lighting Handbook 10™, DiLaura
etal. 2011) calculates the percentage of floor area that receives excessive direct sunlight (at least 1000
Ix) that may cause visual discomfort or excessive solar gains. This indicator is usually expressed as
ASE1000/250 (for 1000Ix over 250 occupied hours per year).

The LEED certification system assigns 1 point for 75% and 2 for 90%.
3.9.8 Useful Daylight llluminance (UDI) [%]

This long-term daylight performance indicator (Nabil et al. 2006) calculates the percentage of
operating hours when the illuminance levels fall within certain limits (categories). The categories are:
UDloveriit for E,>2000Ix, UDlyseful for E,=100Ix-2000Ix and UDlIyngeriit for E,<100Ix. The UDI is calculated
using Equation 68:

2iwfi - t;)

UDI = Ttl (67)

where wfi is either 0 or 1 depending on if the measurement falls into the limits of a category and t the
operating hours.

3.9.9 Direct sunlight hours [h]

This long-term daylight performance indicator, included in the IES The Lighting Handbook 10™,
(DiLaura et al. 2011), sums the hours when a point receives direct sunlight. It can be used to design
and evaluate shading strategies.
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3.9.10 Frequency of Visual Comfort (FVC) [%]

This long-term daylight performance indicator (Sicurella et al. 2012) calculates the percentage of time
when daylight alone offers sufficient illuminance. The FVC is calculated using Equation 69:

Xi(wfi - t)

FVC =
it

€ [0,1] (68)

where wf; is 1 if illuminance levels are within limit (otherwise 0).
3.9.11 Lighting Energy Numeric Indicator (LENI) [kWh.m™2.a"1] *

Daylight performance has serious implications on the overall energy efficiency of a building as it is
affected by the energy consumption of the lighting system. For this reason, EN 15193-1 (2017) defines
“methods for estimating or measuring the amount of energy required or used for lighting in buildings”
expressed in the Lighting Energy Numeric Indicator (LENI). This measurement concerns buildings
where the needs of rooms are serviced completely of partly by daylight. The LENI can be calculated
for a building or for a zone (LENIsu) and can be used to benchmark and assess the energy performance
of existing and new buildings. Additionally, EN 12665 (2016) states that “the LENI can be used to make
direct comparisons of the lighting energy used in buildings that have similar functions but are of
different size and configuration”.

3.10 Visual environment: Glare

Glare indicators predict the occupant’s acceptability to different levels of discomfort (or disability)
glare. EN 12665 (2016) defines glare as the “condition of vision in which there is discomfort or a
reduction in the ability to see details or objects, caused by an unsuitable distribution or range of
luminance, or by extreme contrasts”. As suggested by this definition the measurement depends
mostly on the fundamental metric of luminance. However, besides the luminance levels and the
luminance contrast, glare is influenced by the size of the glare sources and the position of the sources
in the field of view, expressed in most indicators using the Guth position index (DiLaura et al. 2011).
Different indicators are used to evaluate glare caused by electric lighting and daylight.

3.10.1 Luminance levels (L) [cd.m?]

The Luminance is a fundamental metric of the surface brightness used alone or as part of other
indicators to predict discomfort glare. It is the density of luminous intensity per unit of area calculated
using Equation 70:

dE
L =—cos8 (69)
dw

where E is the illuminance produced by the surface at a distant point [Ix], w is the solid angle the
surfaces subtends at the point.

Surfaces with too much luminance (two much brightness) will eventually cause discomfort glare or
even disability glare. However, other factors affect the phenomenon as well, such as the difference
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between the luminance levels in the scene (e.g. between the light source and the background) and
the position of the high luminance surfaces in the field of view (DiLaura et al. 2011).

3.10.2 British Glare Index (BGl)

This visual comfort indicator (Petherbridge et al. 1950) is used to assess discomfort glare and is
applicable for small sources (therefore electric lighting rather than e.g. windows). The BGl is calculated
using Equation 71:

n 116,08
§ s Ws

BGI = 1010g100,478 1W (70)
=

where Ly is luminance of the field of view (but not the luminaires) [cd.m™2], L is the luminance of the
glare source in the direction of the observer[cd.m™], P is the Guth position index, w is the solid angle
[sr] and “n” the number of glare sources.

A value of 30 indicates intolerable glare (Boyce et al. 2003).
3.10.3 CIE’s glare index (CGl)

This visual comfort indicator (Einhorn 1979) is used to assess discomfort glare and is applicable for
small sources (therefore electric lighting rather than e.g. windows). The CGI accounts for the
illuminance levels in the field as well as the luminance levels used by other indices. The CGl is
calculated using Equation 72:

[1+ (E4/500)] O L2ws
E,+E  Lu P2

i=1

(71)

CGl = 8l09102

where L is the luminance of the glare source in the direction of the observer [cd.m™], E4: is the direct
vertical illuminance at the eye due to all sources [Ix], Eq: is the direct vertical illuminance at the eye
due to all sources [Ix], Ei: is the indirect illuminance at the eye (E; = niLy) [Ix], P is the Guth position
index, w is the solid angle [sr] and “n” the number of glare sources.

Table 5 defines tolerance level for various glare indices.

Table 5 Discomfort glare psychometric scale derived from psychophysical experiments for different indicators
(source: Jakubiec et al. 2012)

imperceptible perceptible disturbing intolerable
DGI <18 18-24 24-31 >31
UGR <13 13-22 22-28 >28
cal <13 13-22 22-28 >28
VCP 80-100 60-80 40-60 <40
DGP <0,3 0,3-0,35 0,35-0,4 >0,45
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3.10.4 CIE’s Unified Glare Rating (UGR) *

This visual comfort indicator, proposed by the International Commission Of Illlumination CIE (1995),
assesses discomfort glare for electric lighting systems. The UGR is a widely used indicator and is
included in ISO literature (see Error! Reference source not found.). This indicator is calculated using
Equation 73:

n

UGR = 8l 0’252 Lo (72)
= 0l0g10 L, p2

i=1

where Ly is luminance of the field of view (but not the luminaires) [cd.m™2], L is the luminance of the
luminaire in the direction of the observer [cd.m], P is the Guth position index and w is the solid angle
[sr].

Values range from 5 to 30. Table 5 defines tolerance level for various glare indices.
3.10.5 Visual Comfort Probability (VCP)

This visual comfort indicator (Guth 1963) assesses discomfort glare for small sources (therefore
electric lighting rather than e.g. windows) and calculates the percentage of people that accepts the
lighting environment as comfortable due to absence of glare.

A numerical approximation proposed by the llluminating Engineering Society of North America (IESNA)
is calculated using Equation 74:

VPC = 279 — 110(log,,DGR) + C (73)

where DGR is Discomfort Glare Rating (see below) and cis O if DGR is between 55 and 200 or:
C = 350(log,,DGR — 2,08)°

The Discomfort Glare Rating (DGR) is the Glare-sensation index (M) of every possible glare source
calculated using Equation 75:

—0,0914

n n
DGR = ( i) (74)
i=1
and the Glare-sensation index (M) using Equation 76:
0,5L ;
M = ——22 (204w + 1,52057 + 0,075) (75)
L7

where w is the solid angle [sr], P is the Guth position index and L; is the luminance of the glare source
[cd.m™2].
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To evaluate this index the borderline between comfort and discomfort (BCD) threshold criterion must
be calculated using Equation 77 (Luckiesh et al., 1949):

BCD = 185,67L)* (w; ' —1,28) (76)

5,0 -

where w is the solid angle [sr] and L is the luminance of the glare source [cd.m™].

Table 5 defines tolerance level for various glare indices.
3.10.6 J-index

This visual comfort indicator (Meyer et al. 1993) calculates the degree of visual acuity in non-optimal
lighting conditions (insufficient or excessive illuminance levels) as a fraction of best possible acuity. In
EN 12665 (2016) visual acuity is defined as the “capacity for seeing distinctly fine details that have very
small angular separation”. The acuity may be influenced negatively by the presence of glare or by very
low lighting as indicated by the contrast’s values in the scene. This indicator that is sometimes
considered a glare index, can be used to evaluate conditions in working environments (e.g. computer
rooms). The J-index is calculated using Equation 62:

Amax — A
j = max = 4) (77)

Amax

and

A=Apax Tl(cl) : rZ(CZ) kS (Ep)

where Anax is the optimal possible visual acuity of the person and is derived through a visual test, A is
the actual visual acuity, C; is the target/background contrast, C; is the back/round surrounding
contrast, Ep is the pupil illuminance and r is the relative influence on the acuity. A value of one (J=1)
represents best possible conditions.

3.10.7 Daylight Glare Index (DGI and DGIn) for daylight and large sources

This visual comfort indicator (Chauvel 1982) assesses daylight discomfort glare for large sources such
as windows (but is not suitable for evaluating direct sunlight as a glare source). The DGl is calculated
using Equation 78:

N LY wd?
DGI = 10log 0,4782 i Wi -
? i=1 Lb + 0;07&)0'5 . LWin . Pil.6

where Ly is luminance of the field of view (but not the luminaires) [cd.m?], L is the luminance of the
luminaire in the direction of the observer [cd.m™], Lwin is the window luminance [cd.m™], P is the Guth
position index, w is the solid angle [sr] and “n” is the number of light/glare sources.

The New Discomfort Glare Index (Nazzal 2005) tackles some of the limitation of the DGI (e.g. account
for direct sunlight as a source of glare). The DGly is calculated using Equation 66:

n j2 i
i=1 Lexterior,i 'QpN

Ladaptation + 0r07[2?:1(wN,i ' L?A/indow,i)]o‘s

DGIN = 8l0g10 0,25 (79)
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where Lexterior is the exterior illuminance (direct sunlight, diffused sky-light and ground reflected light),
Ladaptation 1S the adaptation luminance (soundings and internal surfaces), Lwindow is the window
luminance (average for all window surfaces) and Qpn is a corrected solid angle [sr].

Table 5 defines tolerance level for various glare indices. In a review of daylight glare indices Belia et
al. (2008) discusses issues around the applicability and capacity of the indices.

3.10.8 Discomfort Glare Probability (DGP) for daylight and large sources

This visual comfort indicator (Wienold et al. 2006) assesses daylight discomfort glare for large sources
(such as windows) based on vertical illuminance at eye level produced by the source. The DGP is

calculated using Equation 80:
n
1 L ws
* L \EL®7 . p2

i=1 4 4

DGP = 5,87 - 10~5E, + 0,0918 - logy, +0,16 (80)

where E, is the vertical illuminance at eye level [Ix], L is the luminance of the glare source [cd.m™], w
is the solid angle [sr] and “n” is the number of light/glare sources.

Because this index is computationally complicated, several simplified versions where developed such
as the one in Equation 81 (Wienold 2007):

DGP = 6,22-1075E, + 0,185 (81)

where E,, is the vertical illuminance at eye level [Ix].

Table 5 defines tolerance level for various glare indices. In a review of daylight glare indices Belia et
al. (2008) discusses issues around the applicability and capacity of the indices.

3.10.9 Predicted Glare Sensation Vote (PGSV) for daylight and large sources

This short term visual comfort indicator (Iwata et al. 1992) assesses daylight discomfort glare for large
sources such as windows and is used to calculate the Glare Sensation Vote (GSV). This index uses an
average window luminance instead of sky and ground luminance levels. The PGSV is calculated using
Equation 66:

PGSV = 3,2log19Lyyp-0,64log,ows + (0,791l0g ows — 0,61)logyoLy, — 8,2 (82)
E

L, =

(83)

where Ly (Equation 83) is luminance of the field of view (but not the luminaires) [cd.m™], Ly is the
luminance of the window plane [cd.m], Ow is a configuration factor of the window, Ev is the vertical
illuminance in the eye level, w is the solid angle [sr] and “n” is the number of light/glare sources.

In a review of daylight glare indices Belia et al. (2008) discusses issues around the applicability and
capacity of the indices.
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3.11 Visual environment: Colour (quality of light)

Colour indices evaluate the ability of artificial light sources to render colour, in terms of rendition
faithfulness (benchmarked against a reference light), gamut rendered, occupant’s preferences etc.
Colour rendition (or “quality of light” as it is sometimes referred to) is especially relevant for some
spaces such as printing shops and medical examining rooms and therefore criteria for this requirement
are included in relevant standards grouped with other criteria on the visual environment to support
activities per task or space (e.g. ISO 12464-1:2011, see Error! Reference source not found.).

3.11.1 CIE Colour Rendering Index (CRI or Ra) *

This colour rendition indicator (CIE 1965) assesses the capacity of a light source to render the colour
of objects in terms of rendition faithfulness. This index is prescribed along with other Visual
environment criteria in the popular lighting standard ISO 12464-1:2011. The calculation is based on a
reference light source (test lamp) and 8 colour test samples (provided by the CIE). The samples are
exposed to both the reference light and the evaluated light source. The CRI is the mean resultant
colour shift between the two sources.

The Colour Quality Scale (CQS) presented in section 3.11.2 can be seen as an updated version of the
CRI.

The CRI ranges from 0 to 100 (100 representing complete colour faithfulness). A value above 90 is
considered excellent rendering capacity. In IES The Lighting Handbook 10TH various lamps are
evaluated by different colour indices (DiLaura et al. 2011).

3.11.2 Colour Quality Scale (CQS or NIST-CRI)

This colour rendition indicator (Davis et al. 2005) assesses the capacity of a light source to render the
colour of objects in terms of rendition faithfulness. The CQS is calculated similarly to the CRI, however,
it is designed to reflect new knowledge on colour science (e.g. uses a set of test samples). However,
the CQS and CRI correlate highly.

The CQS ranges from 0 to 100.
3.11.3 Flattery index (Ry)

This colour rendition indicator (Judd 1967) assesses the capacity of a light source to render the colour
of objects in terms of human preferences. The calculation is based on the tested light source’s
“desirable” rendition of 14 test colours each weighted differently (e.g. the Caucasian skin complexion
receives the heaviest weighting).

The Flattery Index ranges from 0 to 100 (complete colour faithfulness).
3.11.4 Colour Preference Index (CPI)
This colour rendition indicator (Thornton 1974) assesses the capacity of a light source to render colour

in terms of human preferences. This index is similar to the Flattery Index (R), however, it uses 8 instead
of 14 test colours.
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The CPI ranges from 0 to 156. In Error! Reference source not found. various lamps are evaluated by
different colour indices.

3.11.5 Colour Discrimination Index (CDI)

This colour rendition indicator (Thornton 1972) assesses the capacity of a light source to render the
colour in terms of the width of the spectrum rendered (gamut) by the tested light. The results of the
tested light are normalised using the performance of the CIE illuminant C (theoretical source).

The CDI ranges from 0 to 100.
3.11.6 Cone Surface Area (CSA)

This colour rendition indicator (Fotios 1997) assesses the capacity of a light source to render the colour
in terms of the of the width of the spectrum rendered (gamut) by the tested light. The result is
calculated based on a geometrical method using a cone, whose base represents the gamut (in respect
to CIE issued colour diagram) and height the chromaticity (expressed by hue and saturation).

The area of the cone represents the colour rendition capacity of the light source.
3.11.7 Colour Rendering Capacity (CRC)

This colour rendition indicator (Xu 1993) assesses the capacity of a light source to render the colour in
terms of the width of the spectrum rendered (gamut) by the tested light. The calculation is based on
the number of colours a light source can theoretically render. Similar to the cone surface area (CSA)
the CRC expresses the results using geometric method, where the volume of the colour solid produced
by a CIELUV colour space represents the colour rendition capacity of the light source.

The index ranges from 0,0 to 1,0.
3.11.8 Pointer’s Index

This colour rendition indicator (Pointer 1986) assesses the capacity of a light source to render the
colour of objects benchmarked against the performance against a reference light (determined by the
user). The calculation is based on a colour appearance model that characterises colour according to
condition, perception and cognition using parameters like lightness, saturation, hue.

The Pointer’s Index ranges from 0 to 100.
3.11.9 Feeling of Contrast Index (FCI)

This colour rendition indicator (Hashimoto et al. 2007) assesses the capacity of a light source to render
saturated colour in terms of the range of the spectrum rendered (gamut) by the light tested. The
results are compared to the performance of a reference light source over 4 saturated colours.

This index can be used in combination to the Colour Rendition Index (CRI).
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3.12 Acoustic environment: Room acoustics (perform. spaces)

Room acoustics is a performance sub-domain concerned with ensuring suitable and effective sound
propagation to support the activities of a space. Performance indicators in this sub-domain, often
referred to as “acoustic measures” or “acoustic quantities”, help connect the listener’s subjective
impression of the acoustic conditions in a given space to the objective properties of that space’s sound
field (see Table 6). Subsequently the properties of the sound field can be influenced in the desirable
direction by adjusting the architectural features of the space.

The acoustic attributes of a space (how the space “sounds”) are investigated through the room’s
“impulse response signal”. In unoccupied rooms, a room’s impulse response is typically measured
(recorded) by introducing a short sound signal and then recording the sound energy as it decays due
to being absorbed by the space boundaries and other elements in the space. The recording is curried
out using non-directional and/or directional microphones placed typically at the receiver’s position.
The first part of this recording (typically from 0 to 10ms) is considered to be sound energy reaching
the receiver directly from the sound source, whilst the latter parts are considered to be sound energy
reaching the receiver after being reflected from elements in the space such as the walls, the ceiling
and the floor. Therefore, the recorded impulse response signal may be divided into three components:
the direct, early and late components of the room’s impulse response (or alternatively direct sound,
early reflections and late reflections).

The sound energy in each component is recorded as a function of the sound pressure level, the
frequency (sound energy or decay rates averaged over frequency bands) and angle of incidence.
Objective acoustic measures (room acoustic indicators) use this information to correlate the listener’s
subjective impression to the properties of the sound field as shown in Table 6.

The measurements are performed either directly in the field or using simulation programs. Field
measurements the can be performed in occupied or unoccupied state (no audience), however, in the
case of some indicators, such as the reverberation time (see section 0), measuring an occupied hall is
more meaningful (Beranek 2003). This is because, the audience absorbs much of the sound energy,
affecting thus the properties of the sound field and the measurement itself. ISO 3382-1 (2009)
provides information on the measurement of some important room acoustic indicators, including
information on experimental setups (appropriate source signals, microphone types and measurement
positioning etc.).

In the case of music auditoriums and other performance spaces, deciding on the appropriate target
values (performance criteria) for acoustic indicators is not a straight forward process. It may depend
on multiple factors such as the music type and the hall characteristics as well as factors that are still
not fully understood.

Beranek (2004), a scientist with significant contribution in the field, explored this question in his book
Concert Halls and Opera Houses: Music, Acoustics, and Architecture, where he published a ranking of
100 concert halls and opera houses. The ranking is based on the opinions of music conductors and
music critics and is accompanied by technical drawings and photographs of the halls as well as
measurements of their acoustic attributes using some of the indicators discussed in this chapter. The
ranking shows that not all of these indicators have the same capacity to predict the subjective
response to the acoustic conditions. In a paper discussing this ranking, Beranek (2003) states that “the
quantities that correlate best with the subjective rank orderings are BQl, EDTwmip, G125, SDI and ITDG,
in that order”.
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Table 6 Objective acoustic measures and the subjective acoustic attributes they measure

Indicator name (objective acoustic
measure or acoustic quantity)

subjective listener’s aspect (or acoustic attribute of the hall)

Reverberation Time (T)

Liveliness/Fullness/Clarity

Early Decay Time (EDT)

Perceived Reverberation

Brilliance (Br)

Increased Timbre (Sound colouration)

Bass-Ratio (BR) & Treble Ratio (TR)

warmth/Timbre

Timbre Ratio (TR1)

Timbre (Sound colouration)

Clarity measures (Cso and Cso)

Definition/Clarity/Transparency/Speech intelligibility

Definition or Deutlichkeit (D50)

Definition/Clarity/Speech intelligibility

Center time (ts)

Definition/Clarity/Speech intelligibility

Echo criterion (EKspeech, EKmusic)

Echoes/clarity

Sound Colouration Measures (KT,
KH)

Change of Timbre (sound colouration)

Sound strength (G and Gmid, Giow,
Gi2s)

Subjective loudness/Bass loudness

Stage support ST (STearly, STiate)

Performer support

Reverberance measure (H)

Reverberation/liveliness/Spatial impression

Initial Time Delay Gap (ITDG)

Intimacy with sound source

Direct sound measure (C7) [dB]

nearness and directive (to the sound source)

Early and Late lateral energy
measures (Jir, Lj)

Apparent Source With (ASW)/Listeners Envelopment (LEV)

Lateral hall gain (LG or GLL)

Listeners Envelopment (LEV)

Spatial Impression Measure (R)

Listeners Envelopment (LEV)

Inter-Aural Cross Correlation (IACC)

Apparent Source With (ASW)/Listeners Envelopment (LEV)

Binaural Quality Index (BQl)

Apparent Source With (ASW)

Listeners envelopment (LEVcalc)

Listeners Envelopment (LEV)
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3.12.1 Reverberation time (T) [s] *

The reverberation time (also known as RT) is perhaps the most prescribed room acoustics indicator
used as an objective measure of the subjective listeners’s aspects “liveness”, “fullness of sound” and
“clarity”. The measure is relevant both in the case of speech and music. Generally, lower reverberation
time is associated with “clarity” (and therefore more relevant to speech) and higher reverberation
time is associated with “liveliness” (and therefore more relevant to music).

In ISO 3382-1 (2009) the Reverberation Time (Teo or RTeo) is defined as “the duration required for the
space-average sound energy density in an enclosure to decrease by 60dB after the source emission
has stopped”. Such a measurement is sometimes difficult to curry out therefore Tso and Ty are used
instead. In this case, the time is measured over a decay of 30dB and 20dB respectively and then
extrapolated to a 60dB decay.

ISO 3382-1 (2009, p. 5) states that “for reverberation time measurements, it is important that the
measurement positions sample the entire space”. Depending on the space characteristics (materials
of boundary surfaces, suspended elements, room geometry etc.) the Reverberation Time in different
positions may vary significantly and therefor instead of evaluating an average reverberation time, the
different reverberation times should be considered separately.

Wallace Clement Sabine (1922) introduced the first reverberation time equation (Equation 84):

vV
T=0163—m—— 84
Aror + 4mV (84)
n
Ator = Z Sita; (85)
i=i

where V is the room volume [m?], Aw: is the total equivalent absorption area [m?], S; is the room
surface area [m?), a; is the room surface absorption coefficient.

The term 4mV (m: coefficient that depends on the relative humidity, V: volume of air of are [m3])
accounts for absorption due to air volume and can be ignored in the case of small rooms. The Sabine
equation is most accurate in a room where the average absorption coefficient is less than 0.25. The
Eyring-Norris equation (1930) (Equation 86) yields accurate results for rooms with average absorption
coefficient less than 0.25 (i.e. recording rooms):

Vv
T =0,161 86
=S ln(l - aavemge) + 4mV (86)
n .S -a;
Qaverage = : ;1 ls. : (87)
i=ivl

where V room volume [m3], Acwt is the total equivalent absorption area [m?], S is the room total surface
area [m?] and aaverage is the average absorption coefficient.

Recommended values for reverberation time are typically given in relation to the activities taking place
in a rooms and the room’s volume (ONORM B8115-3 2006). Additionally, considering that the
reverberation time is frequency depended (different reverberation times in different frequencies), the
tolerance for the reverberation time can also be evaluated as frequency depended (ONORM B8115-3
2006).
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3.12.2 Early Decay Time (EDT) [s] *

This room acoustics indicator measures perceived reverberance and is used to evaluate the subjective
listener’s aspect “clarity” that refers to the degree of perception of detail in a signal. The EDT is defined
as the time required for sound pressure level to decay 10dB after the signal is switched off (and then
extrapolated to a 60dB decay, similar to Txo and Tso). The early decay time, called also early
reverberation (due to early reflections), defines largely our impression of the whole reverberation.
This is because, during running sound the latter parts of the reverberation energy are masked by
freshly produced sound (Gade 2007). According to ISO 3382-1 (2009, p.15) “both the EDT and T should
be calculated. EDT is subjectively more important and related to perceived reverberance, while T is
related to the physical properties of the auditorium”. In terms of speech perception, a shorter EDT
means increased signal clarity.

Measurements should take account of the fact that EDT times defer in different position of a room
(more than Tgo). Similar to Teo and other acoustic indicators, recommended EDT are depended on the
type of music. Furthermore, the EDT is less affected by occupancy that the T, making the measurement
more feasible. Benarek (2003) found that the EDTwmip,unoccupien correlates better than the Toccupiep With
the subjective ranking of concert hall (except in the presence of highly upholstered seats). However,
he notes that in the case of pauses in the music (e.g. stop chords) the reverberation time remains
relevant.

ISO 3382-1 (2009) defines the measurement of this indicator as well as typical range (1,0s; 3,0s) and
just noticeable differences (JND).

3.12.3 Brilliance (Br)

This room acoustics indicator (Beranek 1962) is an objective measure of the subjective listener’s
aspect “Brilliance” used to describe bright and clear sound. This aspect is connected to increased
energy in the high frequency part of the spectrum during the first part of the reverberation event.
Therefore, this indicator calculates the logarithmic ratio of high frequency EDT to mid frequency EDT
(Reverberance ratio over frequency bands) using Equation 88:

— EDTZOOO — EDTZOOO
EDTyiq  EDTsgq + EDTygog

Br (88)

Brilliance can be also calculated for EDT4000.
3.12.4 Bass-Ratio (BR) and Treble Ratio (TR)

This acoustics indicator (Beranek 1962) is an objective measure of the subjective listener’s aspect
often described as ‘warmth’ that refers to a certain liveliness of the bass (low frequencies) and fullness
in tone. Warmth is attributed to longer reverberation times at low frequencies. Therefore, this
measure is calculated as the logarithmic ratio between the reverberation times of low frequency
bands and middle frequency bands using Equation 89:

_ Tia5 + Taso

BR =
Ts500 + T1000

(89)
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Likewise, the Treble Ratio (TR) is calculated using Equation 90:

_ Tz000 + Tao00

TR =
T500 + T1000

(90)

An alternative measure for “warmth” is the Bass Strength (G12s) (see section 3.12.13) that is also found
to correlate better to the subjective ranking of sound quality in concert halls (Beranek 2003).

3.12.5 Timbre Ratio (TR1)

This room acoustics indicator (Schmidt 1979) is an objective measure of the subjective listener’s aspect
often described as “timbre”. Timbre is the acoustic attribute that makes the sound signal perceived as
unique and distinguishable (e.g. sound from different musical instrument). This quality is also referred
to as “sound colour”. It is calculated as the ratio between the reverberation time averaged at mid
frequencies to the reverberation time averaged at low frequencies using Equation 91:

T + T,
TR1 = 12000 F 4000 (91)
Ti25 + Tys0

Similar to BR and TR if the equation yields a value greater than one, the room impulse response
indicates higher reverberation time in the mid frequency bands rather than the low frequency bands
and therefor “more timbre” is perceived.

3.12.6 Initial Time Delay Gap (ITDG) [ms]

This room acoustics indicator (Davis 1979) is an objective measure of the subjective listener’s aspect
often described as “intimacy”. The sense of intimacy is influenced by the listener’s perception of the
size of the hall and the listener’s sense of being close to the sound source. The indicator measures the
delay between sound reaching the listener directly form the source (direct sound) and sound reaching
the listener after being reflected. The ITDG can be derived using the architectural drawing to calculate
the distance the signal travels. This indicator becomes relevant in larger rooms where intimacy is de
facto more difficult to achieve.

In a subjective ranking of concert halls published by Benarek (2003) the ITDG was found to correlate
well with the overall subjective acoustical quality of a hall, whilst the top ranked halls have an ITDG of
about 20ms and the lowest rank halls have an ITDG of about 40m:s.

3.12.7 Direct sound measure (C;) [dB]

This room acoustics indicator (Ahnert et al. 1980) is an objective measure of the subjective listener’s
aspects of ‘nearness’ and ‘directness’ of the sound sources. The direct sound measure C7 should not
fall below a range from -10 to -15 dB. The C7 is calculated using Equation 92:

E
C; = 10log (ﬁ) (92)
o ~./Mms

Where E; is the sound energy (squared and integrated sound pressure) reaching the listener between
0 to 7ms (considered to be direct sound) [dB] and E.. is the total energy of the impulse response [dB].
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3.12.8 Clarity measures (Cso, Cso) [dB] *

This acoustics indicator (Thiele 1953, Abdel Alim 1973, Ahnert 1980) is an objective measure of the
subjective listener’s aspect “clarity” that refers to the degree of perception of detail in a signal. It is
defined in the logarithmic ratio between the sound energy (squared and integrated sound pressure)
coming from early reflections to the sound energy of late reflections (also referred to as early and late
component of the room’s impulse response). More energy in the early reflections is associated to the
perception of clarity. The boundary between early and late reflections is set at 50ms for speech and
80ms for music as shown in Equations 93 and 94.

Clarity Measure for speech:

E
Cso = 10log (—"'"5""”) (93)
E50ms...oo
Clarity Measure for music:
E
Cgo = 10log (—"'"8""”) (94)
E80ms...oo

With exponential decay the Clarity measures can be also expressed as a function of T (reverberation
time) as shown in Equation 95 (Gade 2007):

Coxp = 101 [ (1’104) 1] (95)
exp — og |exp T
Higher values offer higher clarity. Clarity can also be evaluated per frequency bands. The mid

frequencies bands are particularly relevant to the perception of speech.

ISO 3382-1 (2009) defines the measurement of this indicator as well as typical range (-5 dB; +5dB for
Cso) and just noticeable differences (JND).

3.12.9 Definition or Deutlichkeit (Dso) [%] *

This room acoustics indicator (Thiele 1953) is an objective measure of “speech intelligibility” (or signal
“clarity”) similar to Cso. In contrast to the clarity measure (Cso) the Dso expresses the early to total
sound energy (squared and integrated sound pressure) ratio of the room’s impulse response, rather
than the early to late sound energy ratio (Cso), as shown in Equation 96:

EO 50ms EO 50ms
Dso = =— (96)
0 EO...SOms + E50ms...oo Eoo
The relation between Cso and Dsg is shown in Equation 97:
Cso = 10l0g< Dso ) (97)
1 - D50

where Eo._soms is the sound energy from 0 to 50ms [dB] and Esoms..- is the energy after 50ms [dB].

ISO 3382-1 (2009) defines the measurement of this indicator as well as typical range (0,3; 0,7) and just
noticeable differences (JND).
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3.12.10 Centre time (Ts) [ms] *

This room acoustics indicator (Kiirer 1971) is an objective measure for “speech intelligibility” and
“music transparency” (the latter being a term used instead of “clarity” in the case of music) similar to
other clarity measures like Cso and Cgo (See section 3.12.8). It is calculated as the time of the centre of
gravity of the squared impulse response as shown in Equation 98:

. _Jo PPt

= (98)
S [
Jo PE(t)dt
An analytical correlation between C80 and ts is shown in Equation 99 (Reichardt et al. 1975):
Ts =114 — 10,53 - Cg (99)

Lower values of ts are expected to yield good speech intelligibility (or high music transparency). 1SO
3382-1 (2009) provides information on the measurement of this indicator as well as typical range (60
ms; 260 ms) and just noticeable differences (JND).

3.12.11 Echo criterion (EKspeech, EKmusic)

This room acoustics indicator (Dietsch et al. 1986) is used to predict distortions due to the perception
of echo inside a room. First the build-up function of the centre time is calculated. Then the difference
quotient must be calculated as At/ At (with different n, At and band width for music) and be compared
with the critical difference quotient (that is also depended on whether the signal is music or speech).
If a certain value is exceeded, then echoes are expected to be perceived. The Echo criterion is
calculated using Equations 100:

At (7) _Jo trlp(Inde

EK ic =, (1) =—% (100)
speech/music Aty s(D fo |p(t)|?dt

where “n” is 0,67 for speech and 1 for music and Ate is 9 [ms] for speech and 14 [ms] for music.
3.12.12 Sound colouration measures (KT, KH) [dB]

This room acoustics indicator (Schmidt 1979) is an objective measure of the subjective listener’s aspect
“spectral sound colouration”. Colouration of sound means changes in the timbre and pitch of the
signal (attributes that distinguish one signal from another) caused by the sound reflections in a room.
This change is sometimes described as distortion of the signal. However, such distortion may be to
some extent desirable. The indicators KT and KH evaluate colouration expressed in the logarithmic
ratio of the sound energy (squared and integrated sound pressure) at either the low or high frequency
components of the room’s impulse response to the sound energy at the mid frequency component
(set at the 500Hz octave) as shown in Equations 101 and 102:

Eo
K; = 10log <ﬂ> (101)
®,500Hz
_ Ec3150m2
Ky = 10log [ ~23150H2 (102)
Ew 500n2
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Favourable values for colouration for both indicators KT and KH may be -3dB=<Kr =<+3dB (Ahnertet
al. 2008).

3.12.13 Sound strength (G, Gmid, Giow, G125) [dB] *

This room acoustics indicator (Jamagushi 1972, Lehmann 1976) also referred to as the “strength
factor” is an objective measure of the subjective listener’s aspect “loudness” (of the sound signal at
the listeners position). In other words, it indicates the subjective impression of the sound level as it is
influenced by the room. This indicator is relevant to both speech and music. Instead on an overall
averaging for the octave bands 500 to 100 (ISO 3382-1 2009) it can also be also averaged over other
frequencies ranges (Gmig, Giow, G125) to express gain in the mid, low and very low parts of the frequency
spectrum. The G is calculated as the logarithmic ratio of the total sound energy of the room’s impulse
response to the sound energy measure 10m away from the sound source in a free field (meaning no
reflections and therefor direct sound) as shown in Equation 103:

E
G = 10log —2- (103)

tot10

where Ewt is the sound energy (squared and integrated sound pressure) of the impulse response at
listeners position [dB] and Eiwto the sound energy (squared and integrated sound pressure) of the
impulse response measured 10m away from the sound source in a free field [dB].

Preferable values for G range from+1dB to 10dB (for speech and music).

Bass Strength (Gizs) can be used to measure satisfactory bass levels as an alternative to Bass Ratio (BR)
and it has been found to related better to overall subjective acoustical quality, except in the presence
of very lightly upholstered seats (Bradley et al. 1997, Beranek 2003).

Giow eXpresses gain averaged over the 250Hz and 150Hz bands and Gmig expresses gain averaged over
the 500Hz and 1000Hz octave bands. These quantities can be also calculated as a function of the
volume of the space and the reverberation (Te) according to the diffused field theory as shown in
Equation 104:

T
G = 10log (V) +45 (104)

where Gwmiq is the gain averaged at 500 and 1000 Hz [dB], Twmiq is the reverberation time averaged at
[s], EDTmia is the early decay time averaged at 500 and 1000 Hz [s] and V is the volume [m?3].

ISO 3382-1 (2009) provide information on of this indicator as well as typical range (2 dB; +10dB for
Gmig) and just noticeable differences (JND).
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3.12.14 Early and late stage support (STearly, STiate) [dB] *

These room acoustics indicators (Gade 1989) are “stage measures” (ISO 3382-1 2009) designed to
address issues that may affect the performance of the musicians. Early support addresses the so called
“ease of assemble”, meaning the effectiveness with which musicians hear and play with each other.
This parameter may affect attributes of the assemble such as the rhythm and intonation. Early support
is calculated as a logarithmic ration of the sound energy (squared and integrated sound pressure) in
the early reflections to the sound energy of the direct sound (under 10ms) as shown in Equation 105:

EZO...lOOms) (105)

STearty = IOZog( Ey
ms

“Late support” addresses the so called “support”, that is the way the room supports the effort of the
musician to create their tone and make himself/herself audible without excessive effort (Gade 2007).
This is calculated by STiate as the logarithmic ration of the sound energy in the later reflections to sound
energy of the direct sound as shown in Equation 106:

M) (106)

STigte = 10log( Evy
ms

Measurement for STearly and STiate Must be curried at 1m from the source, typically at the 150Hz, 500Hz,
1000Hz, 2000Hz frequency bands. ISO 3382-1 (2009) provide information on of the measurement of
this indicator.

3.12.15 Reverberance measure (H) [dB]

This room acoustics indicator (Beranek et al. 1965) is an objective measure of the subjective listener’s
aspect “liveliness” that relates to reverberance and spatial impression. It is calculated at the octave
band 1000Hz as the logarithmic ration of the sound energy (squared and integrated sound pressure)
of the late component of the room’s impulse response to the sound energy of the direct and early
component (or late reflections to early reflections plus direct sound) in Equation 107:

Eoo - Eo...SOms) (107)

H= IOZog(
EO...SOms

Preferable values for concert halls range from 0dB to 4dB, and for musical theatres from 2dB to 4dB

(Ahnert et al. 2008).

3.12.16 Early and late lateral energy measures (Ji¢, Lj) [%] *

These room acoustics indicators (Barron 1974), also written as LFe and LF, are objective measures of
the subjective listener’s aspect “spatial impression” in terms of Apparent Source Width (ASW, the
perception of the listener that the sound source is broadening) and listener’s envelopment (LEV) in
orchestra halls and other similar performance spaces. These aspects are found to correlated well with
the overall subjective acoustical quality as shown by subjective rankings of performance spaces
(Beranek 2003). The Jir and L; express the ratio of the sound energy coming from early or late lateral
sound reflections (sound that is reflected by building element at the sides of the hall) to the early or
total sound energy of the room’s impulse response. The angle of incidence of the lateral reflections is
measured using a figure-of-eight pattern microphone.
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The Jir calculates ASW (using the early lateral reflections) using Equation 108:

ES ..80ms(lateral)

Jup = LF = (108)
Eo..8oms
The L calculates LEV (using the late lateral reflections) using Equation 109:
ESO...ooms(lateral)
L, = —mRE (109)

EO...ooms

ISO 3382-1 (2009) provides information on the measurement of this indicator as well as typical range
(0,05; 0,35 for Jir and -14 dB; +1dB for L;) and just noticeable differences (JND).

3.12.17 Lateral hall gain (LG or GLL) [dB] *

This room acoustics indicator (Bradley et al. 1995) also referred to as late lateral energy level (G.,) is
an objective measure of the subjective listener’s aspect “spatial impression” in terms of Listeners
Envelopment (LEV). The calculation takes under account the lateral sound energy coming from the
late part of the impulse response (late reflections) that is considered responsible for the listeners
perception of being “enveloped” by the sound as shown in Equation 110:

Eg..
LG&’) _ 80...c0(lateral) (110)
Etot,lOm

where Ego._«(ateral) iS the lateral sound energy (squared and integrated sound pressure) coming from
the late components of the impulse response [dB] and Eso. .(iateral) is the total sound energy measured
10m away from the source in a free field [dB].

3.12.18 Spatial impression measure (R) [dB]

This room acoustics indicator (Lehmann n.d.) is an objective measure of the subjective listener’s
aspect “spatial impression” in terms of listeners envelopment (LEV). The R is calculated as the
logarithmic ratio of the late reflections (and some early lateral reflections) to the sound energy within
the first 25ms (and some early reflections from the source) as shown in Equation 111. A directional
microphone (e.g. figure-of-eight microphone) is used to measure the sound energy of the impulse
response component that lies within the first 25ms and 80ms and is coming from the source.

(Ew — E35) — (Egor — E25R)
E;s + (Egor — E2sr)

R = 10log (111)

where Ejsg is the measured with a directional microphone aimed at the sound source.

Favourable values range from -5Db to 1dB. Rooms with values lower that -5dB appear not “spacious”
enough and above 1dB as too “spacious” (Ahnert et al. 2008).

3.12.19 Inter-Aural Cross Correlation (IACC) *

This room acoustics indicator (Takayuki et al. 1992) is a “binaural auditorium measure” (1ISO 3382-1
2009) used to measure the subjective listener’s aspect “spatial impression”. The IACC measures spatial
impression using a binaural device (e.g. dummy head) as a function of the difference in sound levels
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perceived between left and right ear. IACC can be calculated for early reflections (IACCe) to express
spatial impression in terms of Apparent Source Width (ASW, the perception of the listener that the
sound source is broadening) and for late reflections (IACC,) to express spatial impression in terms of
listeners envelopment (LEV). The less the signals at the left and right ears correlate (the smaller the
maximum vyield by Equation 113) the more “spaciousness” is perceived. The IACF and IACC are
calculated using Equations 122 and 113:

t2
TACF = fﬂ PL(t)-PR(1+T1)dt-
= (112)
t: t
vt de- [ phorde
IACC = max|IACC, ,(7)| (113)

where p. is the pressure level at left ear [dB] and pr is the pressure level at left ear [dB]. ISO 3382-1
(2009) provides information on the measurement of this indicator.

3.12.20 Binaural Quality Index (BQl) function of IACCe

This room acoustics indicator was proposed by Benarek (2003) as a binaural auditorium measure of
the subjective listener’s aspect “spatial impression” in terms of Apparent Source Width (ASW, the
perception of the listener that the sound source is broadening). The BQl is also found to correlate
highly with the subjective perception of the “overall subjective acoustical quality” and curries the
further advantage that the measurement is almost the same for occupied and unoccupied halls
(Beranek 2003). The BQl is calculated as a function of IACCe using Equation 114:

BQI =1 —IACC (114)

where IACC; is the Inter-Aural Cross Correlation calculated for the early part of the impulse response
(0-80ms).

3.12.21 Listeners envelopment (LEV.ac) function of LF, G and BQI

This room acoustics indicator (Bradley et al. 1995) is an objective measure of the subjective listener’s
aspect “spatial impression” in terms of listeners envelopment (LEV) that correlates highly with
subjective judgement and is calculated based on the G and LF acoustic measures using Equation 115.

LEV qic = OJSGLate,mid + 10109LFLate,mid (115)

The measure was revised by Benarek (n.d.) to be calculated using the BQl and G acoustic measures
and considering the late reflections using Equations 116, 117 and 118:

LEV.qic = O'SGLate,mid + 1OZOgBQILate,mid (116)
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where

BQILate,mid =1- IACCLate,mid (117)

and

Gratemia = 9 — 10log (1 + log='Cgy/10) (118)

3.13 Acoustic environment: Speech perception

Speech perception in a room can be measured partly and sometimes sufficiently using typical room
acoustics indicators such as the Reverberation Time or the Clarity/Definition measures. However, due
to the importance of this task a set of specific indicators has been developed for more effective and
comprehensive measurements. The indicators in this field use one or many of the following metrics
and mechanisms:

e Signal-to-noise difference/ratio: the difference or ratio between the sound pressure levels of the
signal and the background noise is used as a simple metric to investigate if the noise is masking
the speech signal. This metric is used alone as a simple speech perception indicator or as part of
more complex indicators and is suitable only in specific circumstances.

e Reverberance: similar to the noise, the reverberance has a masking effect on the signal.

¢ Signal modulation: some of the most comprehensive indicators (e.g. STI) predict intelligibility by
calculating the modulation of the signal (using modulation transfer functions) as its affected by
factors such as reverberance, noise and frequency.

e Perceptual dynamic range: some indicators weight heavier certain frequency bands that are
important to speech intelligibility (e.g. Sll).

e Metrics based on the room’s impulse response: see section 3.12 (e.g. Usg, Uso).

3.13.1 Signal-to-Noise Ratio (S/N or SNR)

This speech perception indicator measures the extend that a signal differentiates from background
noise. It is a fundamental indicator used in speech intelligibility measurements and different versions
of it are part of various other composite indices, such as the Speech Transmission Index (see 3.13.7)
and the Speech Audibility Index (see 3.13.6). Various versions of this indicator are used. For example,
some measure signal and noise leves over frequency bands and weight according to band-importance
and other take account of the detrimental effects of reverberation (late reflections) on the signal.

3.13.2 Articulation Index (Al)*

The Articulation Index (French et al. 1947, Fletcher et al. 1950) is an objective method of predicting
speech perception. The calculation uses weighting factors in five octave bands (or one-third bands)
that account for hearing sensibility in different frequencies band and the signal to noise ratio in each
frequency band. Bands that are particularly important for speech perception are weighted more
heavily. Theses quantities are multiplied and summed for all bands evaluated as shown in Equation
119. The signal to noise measure is used in other indicators as well such as the Speech Transmission
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Index (see 3.13.7), however, calculating the Al is less complicated. The Al is an earlier version of Speech
Intelligibility Index (see 3.13.3) which uses a Modulation Transfer Function (like the STI) for a more
comprehensive prediction of the distortion on the signal. However, both the Al and the Sll in contrast
to the STI do not consider the negative effects of the late reverberation on speech intelligibility.

i=15

Al = z WiR; (119)

Where Wi is the weighting factor for band i and R; is the signal to noise ratio for band i. The Al ranges
from 0 to 1. The higher the value the better the intelligibility.

3.13.3 Speech Intelligibility Index (SI1)* updated Al

The Speech Intelligibility Index is an objective measure used to predict speech perception. It is an
updated version of the Al but unlike its predecessor it is intended for acoustic environments and not
for electronic communication equipment. Methods for calculating of Sll are included in ANSI S3.5-
1997. The calculation is depended on the Band Importance Value (BIF), which is used to weight the
importance of different frequencies in terms of intelligibility and the band audibility function. The Sl
in contrast to other indicators (e.g. STI, Alcwns) does not consider the negative effect of the late
reverberation on speech intelligibility. The Sl is calculated using Equation 120:

n
SII = Z I A (120)
i=1

where | is the band importance function (BIF) with values from 1 (100% important) to 0 [-], A is the
band audibility function [-] and i is the frequency band.

According to ISO 1921 (2004) values over 0,75 are deemed from good to excellent and values under
0,45 are deemed from poor to bad.

3.13.4 Articulation loss of consonants (Alcons) [%]

The percentage articulation loss of consonants (Peutz 1971, Klein 1971) is a simple objective measure
used widely to evaluated speech perception. It is based on the assertion that the articulation loss of
consonants is particularly important for speech intelligibility in rooms and is calculated according to
basic acoustic attributes of the space (see Table 7 for assessment values) using Equations 121 and 122.

S 2
Algys ~ 0,65 (E) T (121)

/4
ry = 0,057 T [m] (122)

Alcons can also be measured from the room impulse response using Equation 123:

Eoo - E35
Alcons = 0.652 (—) Teo (123)
E3s

65



“on
S

where is the distance between sound source and listener [m], ry is the half room diffuse distance
[m], Tis the reverberation time [s] and Ess is the energy up to 35ms.

Table 7 Intelligibility rating for Al (source: Everest et al. 2009)

Subjective Intelligibility %Alcons [%]
Ideal =<3
Good 3-8
Satisfactory 8-11
Poor >11
Worthless >20

3.13.5 Useful-to-detrimental index (Uso, Uso) function of Dso / Cso

This indicator suggested by (Bradley 1986) is used to measure speech intelligibility and could be used
as a simpler alternative to the STI since both indicators account for the negative effects (on
intelligibility) of the late reflections and the signal to noise ratio (the detrimental parts of the signal).
The Useful-to-Detrimental index can be also calculated as Ugo by using the term 10%%1° (based on the
measure Cgo) to replace the term D shown in Equation 124:

Usy = 10log [ (124)

=
1-D+n/s

where D is the sound energy from the early reflections (same as Dso) [dB] and s/n is the signal to noise
ratio.

3.13.6 Speech Audibility Index (SAI) [%]

The Speech Audibility Index (Boothroyd et al. 2004) is a measure used to predict speech perception.
It could be described as the proportion of useful signal that is above the effective noise (the actual
noise and the reverberation). In that effect, it is similar to the STI measure, however, the later
examines how noise and reverberation affect the variation on amplitude on the envelope of the signal
and requires measurements at multiple location in the room.

The SAI for one frequency band (every frequency band might have different s/n) is calculated using
Equation 125:

ESN + 15
SAl = (—) =100 (125)
30
where Effective Signal to Noise ratio(ESN) calculated using Equation 126:
ESN = 10log(10(4/10 4+ 10/19) —10l0g(10™/10 + 100/10) (126)

and “d” is the speech signal level [dB], “e” is the level of early reverberation [dB], “n” is the level of
the actual noise [dB] and | is the effective noise created by late reverberation [dB].
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Normally the measure is to be implemented in various bands and then weighted and integrated
according to the importance of each band to speech perception (similarly to STI). However, it can be
also applied to a single band (2000Hz) where much of the speech information is carried.

3.13.7 Speech Transmission Indices (STI, STIPA, STITEL) [dB] *

The Speech Transmission Index (Houtgast et al. 1985) is an objective measure used for the prediction
and measurement of speech intelligibility. The measurement uses the Modulation Transfer Function
(MTF) to calculate the changes in the aptitude of the signal envelope over time (the modulation of the
signal), between the signal’s source and the listener’s position. The changes are depended on the
reverberation time and the noise to signal ratio. The version of the Modulation Transfer Function
(MTF) used by this indicator is the modulation reduction factor function (show in Equation 129). The
STl indication will defer in different positions in the room, therefor the measurement must be carried
out in all positions of interest. The final STl is obtained after the modulation transfer indices (MTI)
shown in Equation 127 are weighted according to frequency in 7 bands (see Table 8 for assessment
values). Equation 128 calculates the effective signal to noise ratio:

X, + 15dB
S el 127
MTI 20dB (127)
m.
x, = 10log (1 — ’m) (128)
1
1 1

1+ @rF T/138)2 {4 19 iim

where MTI is the modulation transfer indices, m(F) is the modulation reduction factor, m; is the
modulation reduction factors, X is the (apparent) effective signal-noise ratio, F is the modulation
frequency [Hz], T is the reverberation time [s] and S/N is the signal/noise ration [dB].

Table 8 Intelligibility rating for STI (source: EN 1SO 9921 2003)

Subjective intelligibility STI
Unsatisfactory 0,00-0,30
Poor 0,30-0,45
Satisfactory 0,45-0,60
Good 0,60-0,75
Excellent 0,75-1,00

The IEC 60268-16 (2011) provides information on the commonly used intelligibility measures STI,
STIPA (Speech Transmission Index for Public Address systems) and STITEL (Speech Transmission Index
for Telecommunications systems). STl and STIPA can be used to rate speech transmission with or
without sound systems. Information on the STl are also included in ISO 9921 (2003).
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3.13.8 Room Acoustical Speech Transmission Index (RASTI)

The Room Acoustical Speech Transmission Index is an objective measure for the prediction and
measurement of speech intelligibility that could be described as an abbreviated (and quicker) version
of the STI. The RASTI uses a modulation transfer function (as STI does) but only for the frequencies
bands 500Hz and 2000Hz. This method is referred to by several sources as obsolete.

3.13.9 Speech Interference Level (SIL) [dB] * for noisy environments

The Speech Interference Level (Beranek 1947) provides a simple method for predicting and measuring
speech perception in cases of noisy environments (e.g. inside aircraft cabins). It considers an average
of the noise spectrum, the speech level (vocal effort) and the distance between the speaker and the
listener. According to ISO 9921 (2003) this method may be applied only when no other method is
applicable (see Table 9 for assessment values). The SIL is calculated using Equations 130 and 131:

SIL = Ls 41, — Ls11 (130)
1
Lsy, = Zz Ln,oct,i (131)

where Ls . is the speech level [dB], L. is the speech interference level of noise [dB] and Ly, is the
sound pressure level of ambient noise in four octave bands (500Hz, 1000Hz, 2000Hz, 4000Hz) [dB].

Table 9 Intelligibility rating for SIL (source: EN 1SO 9921 2003)

Subjective intelligibility SIL [dB]
Unsatisfactory <3
Poor 3t010
Satisfactory 10to 15
Good 15to 21
Excellent 21

3.14 Acoustic environment: Privacy and concentration (offices)

Privacy and avoidance of distraction are performance requirements pertinent to work environments.
Privacy is a measure of the ability to ensure the privacy of conversations and is especially relevant to
open or partially open plan offices. Concentration (in this case lack of distraction) is also relevant to
offices environments. The indicators in this field use some of the following metrics and mechanisms:

e Speech intelligibility: Regarding privacy, stopping the propagation of intelligible speech protects
private information Regarding concentration, the propagation of intelligible speech is a
distraction factor and may lead to drop of productivity (Hongisto 2005). (e.g. rp)

e Level attenuation: the drop in sound pressure levels between specific points in space (e.g.
different zones) is used (sometimes with frequency weighting) to predict distraction and privacy
(e.g. Dys, AC).

e Masking form background noise: the signal of intelligible speech that may compromise privacy is
masked by the background noise (e.g. SPC)

68



3.14.1 1SO 3382-3 indicators for open plan offices (D2,s, Lp,a,s,am, rp) *

ISO 3382-3 (2012) deals with the acoustical conditions in open plan offices where the main
consideration is how the acoustic environment disturbs productivity in terms of distraction and
privacy. Whilst the acoustic environment in an office may include a variety of sound sources, the most
disrupting is speech. Speech is particularly disrupting when it is intelligible (Hongisto 2005).

ISO 3382-3 (2012) provides ways of assessing the effect that sound pressure levels and speech
intelligibility may have on privacy and distraction using the following three quantities:

e A-weighted sound pressure level of speech a 4m (Lpasam): “the nominal A-weighted sound
pressure level of normal speech at a distance of 4m from the sound source”. This indicator is
measured in dB.

e Distraction Distance (rp) [m] : “’the distance from speaker where the Speech Transmission Index
(STI) falls below 0,50”. This indicator is measured in meters.

e Spatial decay rate of A-weighted sound pressure level of speech (D2s): the “rate of spatial decay
of A-weighted sound pressure level of speech per distance doubling”. This indicator is measured

in dB and calculated using Equation 132:
T T
N Zg=1 [Lp,A,S,nlog (%)] - Z%=1 Lpasn Zg=1 log (7‘_7(:)

3 oo (2~ [ o0 ()]

Dy s = —log(2) (132)

where Ly asn is the A-weighted speech level in position “n” [dBA], “n” is the index number of the single
measurement position, “N” is the total number of measurement positions, ry is the distance [m] to
measurement position “n” and rq is the reference distance (1m).

As is it stated in ISO 3382-3 (2012) an open office plan with poor and insufficient conditions would
have typically D;s<5dB, L, as4m>50dB and rp>10m whilst an open office plan with good acoustic
conditions would have D,,s=>7dB, Lpa,s4m=<48dB and rp=<5m.

3.14.2 Privacy Index (P1) [%] * function of Al

The Privacy Index (included in ASTM E1130) is the inverse of the Articulation Index (see 3.13.2) as
shown in Equation 133. A value of 1 represents perfect speech privacy in the sense that the listener
cannot perceive any information in speech (speech is not intelligible) (see Table 10 for assessment
values). This measure is particularly relevant to open plan office environments.

PI = (1 - AI)- 100 (133)

Table 10 Speech privacy rating for Pl (source: ASTM E1130)

Speech privacy Pl [%]
Normal speech privacy 80
Confidential speech privacy 95
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3.14.3 Speech Privacy Class (SPC) *

The Speech Privacy Class Is a measure of speech privacy provided by a closed room. This indicator
predicts privacy depending on the wall’s capacity for sound insulation (level attenuation between
zones) and the ambient noise levels (L) that may mask the speech signal. Similar to the Privacy Index
(P1) the privacy increases when these two quantities increase and renter speech unintelligible or
inaudible (see Table 11 for the performance scale). The SPC is calculated Equation 134:

SPC = LD(avg) + Ly (avg) (134)

where LD(avg) is the arithmetical average of level difference between source and receiver at one third
octave band level and Ly(avg) is the arithmetical average of background noise at one third octave band
level.

Table 11 Speech privacy rating for SPC (source: ASTM E2638-10)

Speech privacy SPC
minimal speech privacy SPC70
standard speech privacy SPC75
standard speech security SPC 80

high speech security SPC 85
very high speech security SPC90

3.14.4 Articulation Class (AC) *

The Articulation Class (included in ASTM E 1110-06) is a single number indicator used to rate/compare
the performance of building elements (e.g. suspended ceilings, office screens, wall panel etc.) in terms
of speech privacy. In this case speech privacy is depended on the loss of speech intelligibility (similar
to the Pl and SPC indices) between zones in open plan offices as it is predicted based on level
attenuation and frequency weighting. A rating below 150 indicates poor speech privacy performance
and a rating above 180 indicates good performance. The AC is calculated using Equation 135:

AC = ZA(fi) W) (135)
fi

where fiis the centre frequency in the one-third bands between 200 to 5000 Hz, A( f}) is the measured
sound pressure level attenuation in frequency band fi and W(fi) is the weighting coefficient of the
frequency band.

3.15 Acoustic environment: Noise

These indicators measure noise from sources located in the building (e.g. ventilators, pumps, water in
pipes) and out of the building (e.g. traffic) to estimate the effects of background noise in terms of
perceived loudness, occupant’s annoyance, activity interference etc. and to help design noise control
strategies (e.g. in relation to building elements and HVAC systems). These indicators follow two types:
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e Loudness perception and equivalent energy: a single value that represent perceived noise level
depending on frequency and/or equivalent energy aggregated over time and space.

e Loudness and frequency balance: frequency imbalance in the noise signal (e.g. hissy noise) has
been found to have disruptive influence. These indicators combine loudness information as well
as information on the frequency content of sound.

3.15.1 A-weighted and Equivalent SPL (e.g. La, Laeq,T, Ldn, Lden) [dBA] *

This noise measures are based on frequency weighting networks for equal loudness (e.g. A-weighted
sound pressure level) and are used to evaluated environmental noise in terms of perceived loudness,
occupant’s annoyance, activity interference and hearing loss prediction. In contrast to other noise
criteria such as the noise weighting curves (NC, RC etc.) they do not evaluate the frequency content
of noise. These measures are usually used to set design goals and are important in developing noise
control strategies or informing statistical research (e.g. noise mapping, hearing loss risk). Some deal
with noise sources within the buildings (e.g. ventilators, pumps, water in pipes) and other with noise
from outside (traffic, construction noise, nightlife etc.). Standards and regulations dealing with
building performance will typically use the indicators Ly a and Laeq,r and other similar indicators.

e A-weighted sound pressure level (Lp,A) [dB(A)]

The A-weighed sound pressure level dB(A) is a frequently prescribed measure of environmental noise
from sources most often located inside the building (toilets, elevators, ventilation systems etc.).
Weighting the sound pressure levels allows to correlate the actual “loudness” of the signal with the
human perception of loudness that is depended on frequency. This procedure makes it possible to
predict more accurately the effects of noise on occupancy (in terms of annoyance, disruption of
activities, speech intelligibility etc.).

A-weighting is the most common among several other weighting curves (aka weighting networks, such
as A,B,C,D,Z etc.). The C-weighting network (also frequently used) predicts the sensitivity of human
hearing at very high noise levels and is usually described as “flatter” (in respect to the weighting
coefficients). The indicator Ly cpeax is typically used to measure peak sound pressure levels.

The weighting is usually implemented automatically using sound level meters through the application
of filters. The A-weighted sound pressure level (L, a) over a frequency spectrum is summed into a single
number using Equation 136:

8000 Hz

Lp(dBA) = 101g< 100'“?’) [dB(A)] (136)

16 Hz

This measurement is usually evaluated in terms of design values for outside noise levels or noise from
sources located in the building such as service systems such as toilets, elevators, ventilation systems.

ISO 15251:2007 and ISO 13779 2008 recommend design values for noise per type of place and building
using the A-weighted sound pressure level (dB(A)).

e A-weighted equivalent continuous sound pressure level (Laeg,t OF Lat) *

The A weighted equivalent continuous noise level (Laeg,t Or Lat) is @ common measure used typically to
evaluate outside environmental noise (e.g. rail road, traffic, industry, wind turbines, construction
sites). This type of noise is sometimes described as community noise and is usually used to predict the
disturbance of the intended activity. Therefore, it serves as an important tool when developing noise
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control strategies (e.g. designing the building’s envelope etc.). This measure is also used to assess the
effects of the exposure of workers to noise (ISO 9612 2009).

Since the sound pressure level of outside environmental noise is not constant but varies over time,
this indicator is used to obtain a single sound pressure level that, when constant, provides equivalent
total energy over the same period of time as the original fluctuating sound pressure levels that it
represents. Over a period of T [h] the Laeqt can be calculated using Equation 137:

1.7
=, pA (Ddt
Laeqr = 10log % [dB] (137)
0

To evaluate occupational noise levels an A-weighted noise exposure level normalized over 8 hours is
used as shown in Equation 138 (ISO 9612 2009):

T.
Lexon = Lacqre + 10log |2|  [dB] (138)
0

Where LpaeqTe is the A-weighted equivalent continuous sound pressure level for T. [dBA], Te is the
effective duration of the working day [h] and Ty is the reference duration [8h]. The exposure over a
number of days is calculated using Equation 139 (ISO 9612 2009):

1 X
— 1091 LEx,8hx
)

x=1

ZEX,Bh = 10l0g [dB] (139)

where X is the number of days. The Day-Night Sound Level (Ld» or DNL) is another common community
noise indicator. In this case the night time sound pressure levels are weighted (multiplied by 10) to
account for increased annoyance by noise at night as shown in Equation 140 (1996-1 2016):

1
Lgn = 10log [ﬁ (tday - 10%Lday,1s 4 tnight " 100,1Lday.9+10d3)] [dB] (140)

where the default values for tgay and dnight are 15h and 9h. Similarly, the day-evening-night sound level
(Lsen or Community noise equivalent level (CNEL)) is calculated using Equation 141 (1996-1 2016). The
Lien measure is used additionally to indicate noise levels for the purpose of noise mapping. Notice that
each period is weighted differently (night being the most important):

L = 10lo i(t -10%Lday,1z 4 ¢ .+ 10%Ldayo+5dB 4 ¢ .
den ) 24 day evening night (141)
. 100.1Lday,9+10dB)] [dB]

The World Health Organisation’s (WHO) guidelines on community noise state the minimum values for
Laeq that can produce an adverse health effect in relation to different environments. The guidelines
take account of the period in the day when the exposure occurs and are accompanied by the time
base of the measurement. Maximum values of noise fluctuation are also included using the Lamax.

Table 12 includes recommended values for community noise issued by the World Health Organisation
(WHO).
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Table 12 Example of guideline values for community noise in specific environments (WHO Guidelines for
community noise, Berglung et al. 1999)

Specific Critical health )
Laeq[dB(A T b H L fast [dB
environment effect(s) aca[dB(A)] ime base [Hours] amax fast [dB]
Serious annoyance,
daytime and 55 16
evening
Outdoor living area Moderate
aanyance 50 16
daytime and
evening
Speech
intelligibility &
Dwelling indoors moderate 35 16
annoyance,
daytime and 45
evening
Inside bedrooms Sleep. dlstu.rbance 30 8
night-time
Speech
intelligibility,
School class rooms disturbance of
& pre-schools information 55 During class 45
indoors extraction,
message
communication
Hospitals Interference with .
treatment rooms, As low as possible
. rest and recovery
indoors
Industrial,
commercial
shopplng and . Hea'mng 70 24 110
traffic areas, impairment
indoors and
outdoors

3.15.2 Noise rating curves (NC, NCB, RC, RC Mark Il)

Noise weighting curves are noise criteria used to rate background noise levels from HVAC equipment
(or other noise related to mechanical equipment) as well as noise from adjacent rooms in indoor
environments to avoid the occupant’s annoyance and noise related activity interference.

In contrast to simpler noise criteria based mostly on equal loudness weighting (see section 3.15.1)
these indicators will rate not only the sound level of the noise signal but also, its frequency content.
This is because, an unbalanced distribution of noise levels over the frequency spectrum is also
detrimental (American Society of Heating, Refrigerating and Air-Conditioning Engineers 2009).

Because these indicators provide information in both the sound level of the noise signal and its
frequency content they are often prescribed in regulations and standards that refer to spaces with
demanding acoustical criterial (e.g. music venues, conference venues, recording rooms).
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Information on the noise rating curves and their calculation can be found in the ASHRAE Handbook:
Fundamentals (American Society of Heating, Refrigerating and Air-Conditioning Engineers 2009).
Presented following are some of these measures that were adopted from standardisation
organisations.

e Noise Criterion (NC) (ANSI S12.2)

This criterion (Beranek 1957) is widely used by engineers and manufactures. According to the ASHRAE
Handbook (American Society of Heating, Refrigerating and Air-Conditioning Engineers 2009), the CN
is sensitive to relative loudness and speech interference on a given spectrum, however, it does not
consider loudness over the frequency spectrum and therefore sounds that may be equally rated on
loudness are perceived to have different subjective qualities. Furthermore, this criterion cannot be
used to evaluate noise at very low frequencies.

The rating is done using a “tangency procedure” where the curve of measured noise is compared to a
series of reference curves (that are usually given as the goal/design value). The curve that falls closest
and entirely above the measured data curve is used to rate the noise (e.g. NC 45). If necessary
interpolation is applied.

e Balanced Noise Criterion (NCB) curves (ANSI $12.2)

The Balanced Noise Criterion method (Beranek 1989) evaluates background noise in rooms, part of
which may also come from occupant activity. In contrast to the NC method, the NCB comments on
the existence of low frequency rumbly and high frequency hissy noise, they include two more
frequency bands on the lower side and they can deal with very low frequency sound. The rating follows
a similar “tangency procedure” to the NC method using additionally a curve related procedure to
account for rumble and hissy noises

e Room criterion (RC) and RC Mark Il methods (ANSI S12.2)

The Room Criterion (Blazier 1981) is used primarily as a diagnostic tool for HVAC related sound
(American Society of Heating, Refrigerating and Air-Conditioning Engineers 2009). The curves
represent perceived neutral background noise rather than equal loudness measured by other
indicators (NC or NCB). The spectrum balance of the noise is characterised as neutral (N), hissy (H) and
rumbly (R) but this method will also indicate the existence of vibrations.

The results of this rating are stated as such: e.g. RC35(N). The letter (N,R OR H) indicates the frequency
spectrum balance and RV for sound-induced vibration.

A revised method of the RC criterion, the RC Mark Il method (Blazier 1997) added in the procedure
the Quality Assessment Index (QAI) to help estimate occupant satisfaction for measured curves that
have a different shape than the RC curve. The QAI [dB] measures the deviation of the measured curve
from the criterion neutral curve and is then used to evaluate the frequency spectrum balance (e.g. for
QAI=<5dB, frequency spectrum balance is neutral (N)).

The results of the RC Mark Il method is stated similarly to the RC but with a wider variety of frequency
spectrum: (N) for neutral, (LF) for low-frequency rumble, (MF) for mid-frequency roar, and (HF) for
high-frequency hiss. (LFg), moderate but perceptible sound-induced ceiling/wall vibration, and (LFa),
noticeable sound-induced vibration.
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3.16 Acoustic environment: Building acoustics

Building acoustics is a performance domain concerned with the elimination of sound propagation
thought building elements and zones that may disrupt the activities of the occupants. Building acoustic
indicators measure the transmittance of either airborne or impact sound thought either building
elements or building zones.

3.16.1 Airborne sound insulation per ISO (Rw, R’w, R’tr,s,w, DnT,w, Dn,e,w, €tc.) [dB] *

The insulating performance of an element in terms of airborne sound insulation is described using the
following two indicators: the sound reduction index (R or transmission loss (TL)) that quantifies sound
transmission loss between the sound energy incident on the surface of a building element and the
sound energy radiated by that element to other adjustment rooms, and the level difference (D) that
quantifies the level difference between source and receiving room .

There are many versions of these indicators for different sources of noise (e.g. traffic noise, loud
speaker), different types of the transmission (e.g. direct transmission, flanking transmission), different
evaluated elements (e.g. partition walls, facade elements), different measurement conditions (e.g.
laboratory or field measurement) etc.

To evaluate the performance of insulating elements (e.g. partitions) insulation indices must apply
standardised to account for the effect of different room. The effect of the room is represented thought
equivalent the absorption area or the reverberation time.

As an alternative to performing a laboratory or field measurement, it is possible to estimate the
element’s capacity for sound insulation based on the sound reduction index of the composing parts
using the procedures described in I1ISO 12354 (2016) (also includes are tables with transmission loss
values for standard parts e.g. window panes, homogenous structures). For completely homogenous,
single layer structures the sound reduction index can be calculated according to mass of the element
and the frequency of the sound using Equation 142:

Ry = 20log(f -m) — 48 (142)

Because the sound insulation performance of the is a frequency depended phenomenon, transmission
loss is derived for one-third octave band and/or octave bands. To obtain a single value that would
allow comparison between different elements a weighting procedure described in 1ISO 717-1 (2013)
can be applied. These single value indicators are the weighted reduction index Ry and the weighted
normalised level difference D, w as well as various variations of them.

Additional use of the so-called noise spectrum adaptation terms (C, Cy) allows for the consideration
of a wider frequency range noise. These values are added by the various authorities to the
transmission loss requirements to set appropriate design target values.

The weighting procedure includes weighting the measurements using a reference curve and a
measurement curve. The reference curve is shifted gradually (in steps of 1 dB) towards the
measurement curve until the sum of unfavourable deviation is as large as possible but no more than
32 dB. Unfavourable deviation occurs where the measurement is less than the reference value at a
given frequency (after the two curves cross). Then the value of the reference curve at 500 Hz gives the
single values Ry and Dn,w.
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The following unweighted indices are measured either on field or laboratory for one third-octave
frequency bands or octave frequency bands:

e Sound reduction index (R) [dB]

Used to evaluate transmission loss in between rooms. Accounts for total power transmitted in the
receiving room. Derived from one-third octave band values and calculated according to ISO 10140-
2:2010 Formula 2 (Equation 143):

S
R=1L,— L, + 101gZ (143)

e Apparent sound reduction index R’ [dB]

Accounts additionally for sound transmitted by flanking elements. Derived from one-third octave band
and one octave band values and calculated according to ISO 140-4:1998 Formula 5 (Equation 144
included also in EN 12354-1) based on field measurements:

S
R=L—L,+ 1019Z (144)

. Apparent sound reduction index R’ss [dB]

Used to evaluate facade elements and facades. Applies when the sound source is a loud speaker and
the angle of incidence is 45°. Derived from one-third octave band and one octave band values and
calculated according to ISO 140-5:1998 Formula 3 (Equation 145 included also in EN 12354-3)

S
R’450 = Ll,S - L2 + 1()ng - 1,5 (145)

« Apparent sound reduction index R’y [dB]

Used to evaluate facade elements and facades. Applies when the sound source is traffic noise. Derived
from one-third octave band and one octave band values and calculated according to ISO 140-5:1998
Formula 4 (Equation 146 included also in EN 12354-3) based on field measurement:

, S
R tr,s — Leq,l,s - Leq,Z + 1OIQZ -3 (146)

. Normalised level difference D, [dB]

The difference in space and time average in between two rooms when sound is emitted through one
or more sound sources in one of the rooms. Normalised by the absorbing surface of receiving room.
Derived from one-third octave band and one octave band values and calculated according to ISO 140-
4:1998 Formula 3 (Equation 147 also included in EN 12354-1):

A
0
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. Standardised level difference Dnr [dB]

The difference in space and time average in between two rooms when sound is emitted through one
or more sound sources in one of the rooms. Normalised by the reverberation time of receiving room.
Derived from one-third octave band and one octave band values and calculated according to ISO 140-
4:1998 Formula 4 (Equation 148 included in EN 12354-1) based on field measurements:

T
0

e Element-normalized level difference (Dn.,) [dB]

Applied where sound transmission occurs only due to a small technical element (e.g. electrical cable
ducts, transfer air devices, transit ceiling systems). Derived from one-third-octave band values and
calculation according to ISO 10140-2:2010 Formula 5 (Equation 153 included in EN 12354-1) based on
laboratory measurements:

nA
Dpe=1Li—Ly,+ IOZgTO (149)

e Normalized flanking level difference D¢ [dB]

Accounts for transition that occurs only through a specified flanking path (other than separating
partition i.e. suspended ceilings, pipework, ducting, facade, access floor). Flanking transmission exists
in most situations. Derived from one-third octave band values and calculated according to ISO 10848-
2:2006 Formula 1 (Equation 150 included in EN 12354-1):

A
0

e Standardised level difference Dir,2m,nt Dis2m,nt [dB]

Used to evaluate facade elements and facades. Applies when the sound source is a loud speaker or
traffic noise. Indicates the difference between the sound pressure level at 2m meters in front of the
facade and inside the receiving room. Derived from one-third octave band and one octave band values
and calculated according to ISO 140-5:1998 Formula 7 (Equation 151 included in EN 12354-3):

A
Dymnr = L1iom — Ly — 1019A—0 (151)

where L; is the energy average sound pressure level in the source room [dB] L, is the average sound
pressure level on the outside element of a building element including the reflecting effects of the
facade [dB], L. is the energy average sound pressure level in the receiving room [dB], Leq1s is the
average equivalent sound pressure level on the outside element of a building element including the
reflecting effects of the fagade [dB], Ley,2 is the average equivalent sound pressure level in the receiving
room [dB], Liom is the sound pressure level at 2m in front of the facade [dB], T is the reverberation
time in the receiving room [s], To=0,5s (for dwellings) is the reference reverberation time [s], S is the
area of separating element (or test element) [m?], A is the equivalent absorption area in the receiving
room [m?2], Ao=10 m? is the reference absorption area [m?] and “n” is the numbers of installed
elements.
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In the various standards and regulations, the requirement may be stated as such (source: ISO 717-1
2013):

Rw(C;Ct)=41(0;-5) dB (calculation values)
Rw=40,9dB + 0,8dB (stated with uncertainties)
R’w+Cu=>45dB (minimum values)

The Austrian standard ONORM B 8115-2 (2006) gives sound weighted reduction index (Rw, R’resw,
Rw+Ciretc.) minimum values for different categories of background noise level, different categories of
building use (e.g. hospitals, offices) and different groups of building elements (e.g. normal fagade
elements, transparent elements such as window, roofs etc.). Values range from Ry+Ci =23dB (for
windows and external doors in quite areas) to R,=60dB (for roofs and walls against car passages and
garages). Minimum values for weighted standardised level difference (Dnrw) are given between
different categories of spaces (e.g. between living quarters and staircases Dnrw=55 dB, between
adjustment rooms of different house units D,rw=50 dB) and different categories of building use (e.g.
hospitals, offices). Different values are given if the spaces are connected with a door/window or not.
Values range from 38dB (e.g. between rooms and staircases/corridors that are connected with a door
in a hotel) and 60dB (e.g. between living quarters in adjacent buildings).

3.16.2 Airborne sound insulation per ASTM (STC, NIC, OITC, CAC etc.) *

The ASTM standards define single value indices for the evaluation of building elements in terms of
airborne sound insulation, using procedures similar to those described in the ISO literature. E.g.:

e Sound Transmission Class (STC) is used to evaluate an element/partition in terms of sound
transmission loss in laboratory conditions (ASTM E413-16).

e Noise Isolation Class (NIC) use to evaluate sound attenuation between rooms in field
measurement (ASTM E336).

e Qutdoor indoor transmission class (OITC) is used to evaluate outdoor to indoor attenuation
(ASTM E1332).

e The Ceiling Attenuation Class (CAC) is used to evaluate flanking transmission through the
ceiling (ASTM E1414)

3.16.3 |mpaCt sound inSU|ati0n per |SO (Ln’w, L’n,w, L’nT,w, Ln,eq’o,w) [dB] *

The insulating performance of an element in terms of impact sound insulation is described using the
following indicators: the impact sound pressure level (Ln)

There are three versions of this indicator that take account different types of sound transmission (e.g.
direct transmission, flanking transmission), and different normalization metrics (reverberation time
and equivalent absorption area).

To evaluate the performance of insulating elements (e.g. partitions), insulation indices must be
standardised to account for the effect of different rooms. The effect of the room on the measurement
is represented thought the absorption area and the reverberation time.

Because the sound insulation performance of the elements is a frequency depended phenomenon,
transmission loss is derived for one-third octave bands and/or octave bands. To obtain a single value
that would allow comparison between different elements a weighting procedure described in ISO 717-
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2 (2013) in applied. These single value indicators are Normalised impact sound pressure level (L, and
L’n) and Standardized impact sound pressure level (L'n7).

The weighting procedure includes weighting the measurements using a reference curve and
measurement curve. The reference curve is shifted gradually (in steps of 1 dB) towards the
measurement curve until the sum of unfavourable deviation is as large as possible but no more than
32 dB. Unfavourable deviation occurs where the measurement is less than the reference value at a
given frequency (after the two curves cross). Then the value of the reference curve at 500 Hz gives the
single values Lnw, L'nw, Lntw-

Furthermore 1SO 717-2 (2013) defines procedures to evaluate weighted reduction in impact sound
due to floor coverings and floating floors.

The following unweighted indices are measured either on field or laboratory for one third-octave
frequency bands or octave frequency bands:

e Normalised impact sound pressure level (Ln) [dB]

Derived from one-third octave band values and calculated according to ISO 10140-3:2010 Formula 1
(Equation 152) based on laboratory measurement:

A
L,=L;+ 1OIogA— (152)
0

e Normalised impact sound pressure level (L',) [dB]

Accounts for the additional effect of the sound transmitted by flanking elements. Derived from one-
third octave band and one octave band values and calculated according to ISO 140-7:1998 Formula 2
(Equation 153) based on field measurement:

A
L,=L;+ 1OIogA— (153)
0

e Standardized impact sound pressure level (L’nr) [dB]

Accounts for the reservation time on the receiving room. Derived from one-third octave band and one
octave band values and calculated according to ISO 140-7:1998 Formula 2 (Equation 154) based on
field measurements:

T
Ly =1L;— 1010gE (154)

]

For homogeneous floor constructions and partially homogeneous floor constructions 1ISO 12354-2
includes a procedure to estimate a normalized impact sound that is already weighted.

e Equivalent weighted normalized impact sound pressure level Ly eq,0w 0f homogeneous floor
constructions calculated according to ISO 12354-2:2016 Formula B.5 (Equation 155):

!

m
—1ea_ L 155
Ln.eq,o.w 164 3510g [1kg/m2] ( )
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e Equivalent weighted normalized impact sound pressure level Lyeqow Of floor constructions
with clay hollow-pots and upper light screed layer (partially homogeneous), calculated
according to 1ISO 12354-2:2016 Formula B.6 (Equation 156):

I

m
Ln,eq,O,w =160 — 35109W

(156)

where L is the impact sound pressure level (measured in the receiving room as the energy average of
one-third octave), A is the measured equivalent absorption area [m?], A;=10 m? is the reference
equivalent absorption area [m?2], T is the reverberation time in the receiving room [s], m’ (for
homogeneous) is the mass per unit area in the range from 100 kg.mto 600 kg.m2 and m’ (for partially
homogeneous) is the mass per unit area in the range from 270 kg.m™ to 360 kg.m™.

In the various standards and regulations, the requirement maybe stated as such (source: ISO 717-
1:2013):

Rw(C;Ct)=41(0;-5) dB (calculation values)
Rw=40,9dB + 0,8dB (stated with uncertainties)
R’w+Ciy=>45dB (minimum values)

The Austrian standard ONORM B 8115-2:2006 gives weighted standardized impact sound pressure
level (L'nt,w) maximum permitted values depending on if the building hosts business functions or not
and on the neighbouring uses. Values range from L’,rw=33dB (between quarters in sales and storage
facilities that function between 2200 to 0600) to L',r,w=46dB (between quarters of different units) and
L'nr,w=60 (between common spaces in business premises and similar spaces).

3.16.4 Impact sound insulation per ASTM (IIC, FIIC) *

The ASTM standards define single value indices for the evaluation of building elements in terms of
impact sound insulation using procedures similar to those described in the ISO literature (see section
3.16.3).E.g.:

e Impact Insulation Class (IIC) (ASTM E989 - 06)
e field impact insulation class (FIIC) (ASTM E989 - 06)
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4 Discussion

4.1 Pls in international standards

Building codes as well as other voluntary and compulsory compliance programs reference building
performance standards issued by major organisations such as CEN, I1SO, ANSI and ASTM as a reference
source for PI information and performance criteria. These standards inform on the performance
indicators in terms of application context, calculation method and recommended values.

Certain performance requirements are covered simultaneously in several documents issued by major
standardisation organisations. For example, noise insulation indices are included both in ASTM and
ISO standards. The indicators have different names but similar structure and calculation methods (e.g.
STC and Ry).

Following are some of the most commonly referenced standards per domain:

Multidomain: EN 15251:2007 and CEN/CR 1752 (1998) are widely used multidomain sources
for performance criteria.

Energy efficiency: EN 15603:2008 and EN 15217:2007 provide calculation methods and rating
strategies for Energy Performance Indicator (EPI).

Hygro-thermal performance: ISO 13788:2012 and I1SO 9972:2015 provide calculation methods
for condensation and air permeability.

Thermal comfort: 1ISO 7730:2005 and ANSI/ASHRAE Standard 55-2013 provide calculation
methods for various Pls and performance criteria.

Visual environment: 1ISO 12464-1:2011 provides performance criteria in respect to different
types of spaces.

Indoor air quality: ANSI/ASHRAE Standard 62.1-2007 and BS EN 13779:2008 provide
calculation methods for various Pls and performance criteria.

Acoustic environment: 1ISO 3382-2:2008 provides calculation methods for room acoustics Pls,
ISO 717-1 and ISO 717-2 provide calculation methods for building acoustics Pls (sound
insulation) and standards ISO 9921:2003 and IEC 60268-16:2011 provide calculation methods
and performance criteria for speech intelligibility Pls.

Table 13, Table 14, Table 15, Table 16 and Table 17 list the most important international standards
per domain and the Pls included in each standard.
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Table 13 Energy efficiency and hygro-thermal performance standards

No.

Title

Indicators

EN 15217:2007

Energy performance of buildings — Methods
for expressing energy performance and for
energy certification of buildings.

Primary energy (Ep)

CO2 emissions (mCO>)

Energy cost

EN 15603:2008

Energy performance of buildings — Overall
energy use and definition of energy ratings

Annual Energy Demand

ANSI/ASHRAE 90.1-

Energy Standard for Buildings Except Low-

Energy Cost Budget (ECB)

Residential Buildings using the HERS Index

2007 Rise Residential Buildings Performance Cost Index (PCl)
ANSI/RESNET 301- Standard for the Calculation and Labe!llng of -
2014 the Energy Performance of Low-Rise Energy Rating Index (ERI)

1SO 9972:2015

Thermal performance of buildings —
Determination of air permeability of
buildings — Fan pressurization method.

leakage rate (e.g. Npr, Qepr)

leakage area (e.g. Evapr, Eagpr)

I1SO 13788:2012

Hygro-thermal performance of building
components and building elements —
Internal surface temperature to avoid

critical surface humidity and interstitial
condensation — Calculation methods.

Temperature factor (frsi)

Interstitial condensation

Table 14 Thermal comfort standards

No.

Title

Indicators

EN 15251:2007

Indoor environmental input parameters for
design and assessment of energy
performance of buildings addressing indoor
air quality, thermal environment, lighting
and acoustics

PMV/PPD

Operative Temperature (TOP)

Adaptive model

elevated air speed

I1SO 7730:2005

Ergonomics of the thermal environment —
Analytical determination and interpretation
of thermal comfort using calculation of the

PMV and PPD indices and local thermal
comfort criteria.

PMV/PPD

long term indices

local discomfort (PD): Draught risk,
vertical temperature diff., cold surfaces,
radiant asymmetry

ANSI/ASHRAE
Standard 55-2013

Thermal Environmental Conditions for
Human Occupancy

PMV/PPD

Operative Temperature (TOP)

effective Temperature (ET)

Standard Effective Temperature (SET)

Local discomfort (PD)

Adaptive model

ISO 14505-2:2006

Ergonomics of the thermal environment —
Evaluation of thermal environments in
vehicles — Part 2: Determination of
equivalent temperature

Total and local equivalent temperature
(teq)

ISO/DIS 7243:2015

Ergonomics of the thermal environment —
Assessment of heat stress using the WBGT
(wet bulb globe temperature) index.

Wet Bulb Globe Temperature Index
(WBGT)
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Table 15 Indoor Air Quality (IAQ) standards

No.

Title

Indicators

EN 15251:2007

Indoor environmental input parameters for
design and assessment of energy
performance of buildings addressing indoor
air quality, thermal environment, lighting
and acoustics

ventilation rates per person and area (qp,
Qs)

Exhaust Rates

air change per hour (ACH)

EN 13779:2008

Ventilation for non-residential buildings -
Performance requirements for ventilation
and room-conditioning system

Ventilation Effectiveness (&v)

CO:2 (as an indicator of IAQ)

CEN/CR 1752

Ventilation for Buildings - Design Criteria For
The Indoor Environment

Various indoor environment indicators

ANSI/ASHRAE 62.1-
2007

Ventilation for Acceptable Indoor Air Quality

ventilation rates per person and area
(Rp, Ra)

Exhaust Rates

Ventilation Effectiveness (&v)

ANSI/ASHRAE 62.2-
2007

Ventilation and Acceptable Indoor Air
Quality in Low-Rise

ventilation rates per person and area
(RPI Ra)

Exhaust Rates

Ventilation Effectiveness (&v)

Table 16 Visual environment standards

No.

Title

Indicators

EN 15251:2007

Indoor environmental input parameters for
design and assessment of energy
performance of buildings addressing indoor
air quality, thermal environment, lighting
and acoustics

Illuminance levels (Ev)

Unified Glare Rating (UGR)

Colour Rendering Index (Ra)

I1SO 12464-1:2011

Light and lighting — Lighting of work places —
Part 1: Indoor work places.

Illuminance levels (Ev)

Illuminance Uniformity (Uo)

Unified Glare Rating (UGR)

Colour Rendering Index (Ra)
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Table 17 Acoustic environment standards

No.

Title

Indicators

EN 15251:2007

Indoor environmental input parameters for
design and assessment of energy
performance of buildings addressing indoor
air quality, thermal environment, lighting
and acoustics

A-weighted Sound Pressure Level (dB(A))

I1SO 717-1:2013

Acoustics — Rating of sound insulation in
buildings and of building elements — Part 1:
Airborne sound insulation.

weighted Sound reduction Indices (e.g.
R'w)

weighted Level Differences (e.g. Dw)

I1SO 717-2:2013

Acoustics — Rating of sound insulation in
buildings and of building elements — Part 2:
Impact sound insulation.

(weighted) Impact Sound Pressure Levels
(e.g. Ln,w)

I1SO 12354-1:2016

Building acoustics — Estimation of acoustic
performance of buildings from the
performance of elements. Airborne sound
insulation between rooms

(weighted) Level Differences (e.g. Dmw)

(weighted) Sound Reduction Indices (e.g.
R'w)

I1SO 12354-2:2009

Building acoustics — Estimation of acoustic
performance of buildings from the
performance of elements. Impact sound
insulation between rooms

(weighted) Impact Sound Pressure Levels
(e.g. Ln,w)

1SO 3382-2:2008

Acoustics — Measurement of room acoustic
parameters — Part 2: Reverberation time in
ordinary rooms.

Reverberation Time (e.g. T2o, T30)

Early Decay Time (EDT)

Sound Strength (G)

Clarity (Cso, Cso)

Early lateral energy fraction (Jir, Jirc)

Late Lateral sound level (L))

Inter-Aural Corss Correlation (IACC)

Early and Late Stage support (STearly,
STIate)

1SO 3382-3:2012

Acoustics — Measurement of room acoustic
parameters — Part 3: Open plan offices.

A-weighted sound pressure level of
speech a 4m (Lp,as,4m)

Distraction Distance (rp)

Spatial decay rate of A-weighted sound
pressure level of speech (Dz,s)

1SO 9921:2003

Ergonomics - Assessment of speech
communication

Speech Transmission Index (STI)

Speech Interference Level (SIL)

IEC 60268-16:2011

Sound system equipment - Part 16:
Objective rating of speech intelligibility by
speech transmission index

Speech Transmission Index (STI)

ANSI $3.5-1997
(R2017)

Methods For Calculation Of The Speech
Intelligibility Index

Speech intelligibility index (SIl)

ASTM E1130- 16

Standard Test Method for Objective
Measurement of Speech Privacy in Open
Plan Spaces Using Articulation Index

Articulation Index (Al)
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Standard Classification for Determination of
ASTM E 1110-06 Articulation Class Articulation Class (AC)

Standard Test Method for Objective
ASTM E2638-10 Measurement of the Speech Privacy

Speech Privacy Class (SPC)
Provided by a Closed Room

Sound Transmission Class (STC)

ASTM E413-16 Classification for Rating Sound Insulation Noise Isolation Class (NIC)

Normalized Noise Isolation Class (NNIC)

Standard Classification for Rating Outdoor-

Outdoor Indoor Transmission Class
ASTM E1332 Indoor Sound Attenuation

(0ITC)

Standard Test Method for Airborne Sound
Attenuation Between Rooms Sharing a
Common Ceiling Plenum

ASTM E1414 /

E1414M - 16 Ceiling Attenuation Class (CAC)

ASTM E989 - 06 Standard Classification for Determination of
(2012) Impact Insulation Class (1IC) Impact Insulation Class (IIC)

4.2 Pls in the Austrian building codes and standards

State authorities and buildings stakeholders intergrade increasingly performance-based assessment
methods into their legislative frameworks. As a result, building performance indicators are now part
of the everyday practice of building professionals. As part of the necessary deliverables for building
permits, many countries require a performance-based building assessment, which typically include
energy efficiency certification, energy auditing and minimum prerequisites for heat and noise
protection.

The Austrian framework for building regulation is not uniform over the country. The different federal
states may use their own regulations or adjusted version of general regulations. The Austrian Institute
of Construction Engineering (OIB) whose members are all the federal states, issues a set of directives
(OIB Richtlinien) “in order to enable federal states to harmonise the technical requirements in the
building regulations” (OIB 2017). The directives presented in this section, the “OIB Richtlinie 5” and
the “OIB Richtlinie 6” address building performance issues pertinent to those discussed in this
catalogue. These directives define measurements methods, often referring to dedicated Austrian
standards of the ONORM framework and provide performance criteria.

The “OIB Richtlinie 6” addresses energy efficiency, hygro-thermal performance and thermal comfort
issues and defines the framework for the Austrian Energy Performance Certificate (EPC). Table 18 lists
examples of performance criteria prescribed in the directive. Table 19 lists U-values requirements for
new buildings. Table 27 shows efficiency categories using the above three EPIs and the energy
efficiency factor (fgee) as they are used in the Austrian Energy Performance Certificate (EPC).

In this same category, the national standards ONORM B 8110-2:2006 02 01 and ONORM B 8110-
3:2012 03 15 address issues of moisture diffusion, condensation and summer overheating.
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The “OIB Richtlinie 5” addresses room and building acoustic (noise protection) performance issues.
The performance criteria of this directive cover (among other) airborne sound insulation (see Table
20, Table 21 and Table 22), impact sound insulation (see Table 23) and maximum permissible noise
levels from mechanical equipment (see Table 24) as well as sound clarity and noise reduction (see
Table 25).

The national standards ONORM B 8115-2:2006 12 01 and ONORM B8115-3 2006 address issues of
noise protection and room acoustics respectively.

Table 18 Austrian prerequisites for energy efficiency and thermal protections in new buildings and renovations.
Part of Austrian regulation “OIB Richtlinie 6” (sources: OIB Richtlinie_6 2015)

Energy efficiency and hygro-thermal

. Indicators Performance criteria

performance requirements

EPIs (Heating Demand, 47,6 kWh.m2.a (maximum heating

Primary Energy, CO2 demand for living units)
emissions and energy
efficiency factor) 47,6 kWh.m2.a (maximum heating
Energy efficiency indicators demand for other type of units)
See Table 27

Thermal transmittance
(maximum U-values for See Table 19
building elements)

e.g. for new buildings
Envelope air tightness Leakage rate (n50) <3 h'! (without ventilation)
<1,5 h'! (with ventilation)

Calculation: ONORM B
8110-2 (similar to ISO
13788:2012)

Operative Temperature
(top)

Protection against interstitial and
surface condensation

Protection against summer
overheating

top <27 °C

) <9t °C (Night-time i
calculation: ONORM B top <25 °C (Night-time in bedrooms)

8110-3

Table 19 Examples of requirements thermal transmittance values (U-values) for building elements in new
buildings according to Austrian regulation "OIB Richtlinie 6" (source: OIB Richtlinie 6 2015)

Maximum
Building Element U-value!

[W.m2.k?]

1 Wall against outside air 0,35

2 Wall in contact with earth 0,40

3 Partition wall in between living or business units or conditioned staircases 0,90

4 Inside wall in living or business units -

5 Window, window-door, glass-door in living units against outside air 1,40

6 Other vertical transparent elements against outside air 1,70

7 Doors (without glass) against outside air 1,70

8 Doors (without glass) against unheated building areas 2,5
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Table 20 Example of minimum required noise insulation for facade elements (exposed to different levels of
outside noise) in living units, hotels, schools, kindergartens, hospitals etc using the weighted sound reduction
index (Rw) (See section 3.16.1) (source: OIB Richtlinie 5 2015)

Fagade Facade . Ceilings e?nd Ceilwaglslsand Partition
For outside elements clements Windows and walls against against walls
noise level [dB] (all (opaque) doors undeveloped passages bejcw.een
tog{zt;]er) [dB] [dB] rooijg?ces and garages builc;:lér;gs
(dB]
Day Night R’res,w Rw Rw Ruwctr R'w R'w Rw
<45 <35 33 43 28 23 42 60 52
46 - 50 350' 33 43 28 23 42 60 52
51-60 4510' 38 43 33 28 42 60 52
61 51 38,5 43,5 33,5 28,5 47 60 52
62 52 39 44 34 29 47 60 52
63 53 39,5 44,5 34,5 29,5 47 60 52
64 54 40 45 35 30 47 60 52
65 55 40,5 45,5 35,5 30,5 47 60 52
66 56 41 46 36 31 47 60 52
67 57 41,5 46,5 36,5 31,5 47 60 52
68 58 42 47 37 32 47 60 52
69 59 42,5 47,5 37,5 32,5 47 60 52
70 60 43 48 38 33 47 60 52
71 61 44 49 39 34 47 60 52
72 62 45 50 40 35 47 60 52
73 63 46 51 41 36 47 60 52
74 64 47 52 42 37 47 60 52
75 65 48 53 43 38 47 60 52
76 66 49 54 44 39 47 60 52
77 67 50 55 45 40 47 60 52
78 68 51 56 46 41 47 60 52
79 69 52 57 47 42 47 60 52
>80 270 53 58 48 43 47 60 52
The OIB Richtlinie 5 prescribes required values additionally for business and office buildings.
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Table 21 Minimum values for sound level difference between spaces using the weighted standardised level
difference (Dntw) (See section 3.16.1). Part of the Austrian regulation "OIB Richtlinie 5" (source: OIB Richtlinie 5

2015).
DnT,w [dB] with
and without
‘i
To From connection
thought doors,
windows or
other openings
Living spaces of other units 55/50
L General access areas (e.g. staircases, corridors,
1 Living spaces (e-8 55/50
basements, communal spaces)
Adjoining rooms of other units 55/50
Rooms of the same category 55/50
Hotel rooms, classrooms,
) hospital rooms, rooms in General access areas (e.g. staircases, corridors, 55/38
kindergarten as well as living basements, communal spaces)
rooms in communal homes
Adjoining rooms 50/35
Living spaces of other units 50/35
General access areas (e.g. staircases, corridors
3 Adjoining rooms (e ’ ’ 50/ 35
basements, communal spaces
Adjoining rooms of other units 50/35
Minimum values of sound level difference for walls in between terrace houses is Dnr,w= 60 [dB]

Table 22 Minimum values for sound insulation of doors using the weighted sound reduction index (Rw) (See
section 3.16.1) (source: OIB Richtlinie 5 2015).

corridors)

In between And Rw [dB]
Spaces in living units without acoustic 42
General access areas (e.g isolated vestibules or halls
1 : ) s
staircases, corridors) Spaces in living units without acoustic 33
isolated vestibules or halls
Living spaces of other units 42
2 Living spaces
Adjoining rooms of other units 33
Hotel rooms, hospital rooms Rooms of the same category 42
3 | and living rooms in communal :
h General access areas (e.g. staircases,
omes . 33
corridors)
Rooms of the same category 42
4 classrooms and rooms in
kindergarten General access areas (e.g. staircases, )8
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Table 23 Maximum values for impact sound insulation using the weighted Standardized impact sound pressure
level (L'nT,w) (see section 3.16.3) (source: OIB Richtlinie 5 2015).

from

LlnT,w [d B]

1 Living spaces

Rooms of other units (living units,
schools, kindergartens, hospitals, hotels,
communal homes, businesses and offices

buildings and similar uses)

48

General access terraces, raingardens,
balconies, loggias and roofs

48

General access areas (e.g. staircases,
pergolas)

50

Open to use (living units, schools,
kindergartens, hospitals, hotels,
communal homes, businesses and offices
buildings and similar uses)

53

2 Adjoining rooms

Rooms of other units (living units,
schools, kindergartens, hospitals, hotels,
communal homes, businesses and offices

buildings and similar uses)

53

General access terraces, raingardens,
balconies, loggias and roofs

53

General access areas (e.g. staircases,
pergolas)

55

Open to use (living units, schools,
kindergartens, hospitals, hotels,
communal homes, businesses and offices
buildings and similar uses)

58

Minimum values of sound level difference for walls in between terrace houses is L nrw= 43 [dB]

Table 24 Permissible noise levels from mechanic equipment using A-weighted and Equivalent sound pressure
levels (see section 3.15.1) (source: OIB Richtlinie 5 2015).

Maximum permissible noise levels LaFmax,nt [dBA]
Continuous and intermittent 25
from mechanic equipment of noise
other units
Short terms noise 30

Maximum permissible noise levels

LAeq,nT [d BA]

from ventilation equipment for
within the unit

Units that support sleep (e.g.

spaces in living units except 25
kitchens)
Units that support concentration 30

(e.g. classrooms)
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Table 25 Room acoustic measures for the protection of sound clarity using the reverberation time (see section
0) (source: OIB Richtlinie 5 2015)

Space use T [s] (for the 250 Hz - 2.000 Hz octave bands)

Speech rooms (e.g. lecture rooms) with 30 m* and

10.000 m3 volume T=(037xlgV)-0,14

Communication rooms (e.g. classrooms, meeting
rooms, media rooms) with 30 m® and 10.000 m3 T=(0,32xIgV)-0,17
volume

As part of the room acoustic measures the OIB Richtlinie 5 prescribes additionally minimum values of sound absorbance
for the reduction of noise in spaces such as sports halls, school corridors, kindergarten classrooms etc.

The Austrian federal states encourage developers to pursue high building performance thought the
allocation of financial subsidies. The subsidies concern (among other) energy efficiency, air tightness
as well as ecological issues and the prerequisites include the fulfilment of minimum required values
for EPIs and other similar indicators (Amt der Tiroler Landesregierung 2017, Amt der NO
Landesregierung 2017, Amt der Vorarlberger Landesregierung 2017). The values are typically set lower
in respect to those set by the OIB Richtlinie 6.

4.3 Pls in Green Building rating and certification

Green building certification is a developing trend in the performance-based building sector. Green
building schemes certify the “environmental performance” of a building depending on performance
criteria in multiple performance domains such as resource consumption (e.g. embodied energy,
operation energy, land), environmental loading (e.g. airborne emissions, liquid waste), indoor
environment (e.g. thermal comfort, 1AQ), longevity (adaptability, maintenance of performance),
process (Design and construction, building operation) and contextual factors (e.g. loads on immediate
surrounding) (Crawley et al. 1999). Credits are allocated for fulfilled criteria and each category sum is
weighted accordingly to provide an overall score.

The performance criteria are typically set both in prescriptive and performance steps. For example,
in BREEAM program’s “visual comfort” category the requirements are sets using prescriptive
measures such as the provision of internal and external shading elements to address glare but also
using performance measures such as the Daylight Factor (DF) and the Uniformity ratio (U,) to
address daylight performance (BRE Global, 2016). Different requirements may be set for different
kinds of buildings (e.g. residential, non-residential). Table 26 contains some of the most prevalent
indicators used by the two most prevalent Green building schemes, the BREEAM & LEED programs
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Table 26 Examples of performance indicators involved in the two of the most popular Green Building programs,

BREEAM & LEED. (source: USGBC 2017, BRE Global 2016)

BREEAM!?

LEED?

Energy efficiency and
hygro-thermal
performance

e EPIs (primary energy,
CO2 emissions)®
e Air tightness (e.g. nso)

e EPI (Cost Performance
Index) according to
ASHRAE 90.1

e Air tightness (e.g. nso)

Thermal comfort

e PMV/PPD (for HVAC
operated building)

e winter TOP and
adaptive comfort
(evaluated by CIBSE
(for free-running
buildings))

e PMV/PPD
e PD (local)
e TOP
o SET
e Adaptive

ASHRAE 55 or ISO
7730/EN 15251

Indoor Air Quality (IAQ)

e Ventilation rates

e Ventilation rates

Minimum exhaust rates

e Ventilation
effectiveness (&v)

Visual environment

Indoor lighting

e llluminance levels (Ev)

CIBSE SLL Code for
Lighting 2012

e |lluminance levels (Ev)
o Colour Rendering
Index (CRI)

Daylight performance

e Daylight Factor (DF)

e illuminance ratio (Uo)

e average and minimum
illuminance levels
over operating time

e spatial Daylight
Autonomy (sDA)

e Annual Sun Exposure
(ASE)

e requires glare control

e Luminance levels (of

Acoustic environment

Glare in prescriptive terms luminaires for glare)
(e.g. blinds)
e A-weighted e A-weighted sound
Noise equivalent sound pressure level (dBA)
pressure level e RC Curves
(LAeg,T)
o Weighted e Sound transmission

Building acoustics

standardised level
difference (Dnw)

e Weighted impact
sound pressure level
(LInT,w)

class (STC)

Room acoustics

e Reverberation Time
(T

e Speech Transmission
index (STI)

e Reverberation Time
(T60)

(LEED®)

1 BRE Environmental Assessment Method (BREEAM). 2 Leadership in Energy and Environmental Design
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4.4 Pls in Energy Efficiency rating and certification

Energy performance certification has become a prerequisite for receiving a building permit in many
parts of the world. Such certification may be carried either in prescriptive terms, where minimum
values for the performance of separate building systems and elements are prescribed (e.g. U-values)
or in performance terms, where the performance of the building is evaluated using an overall
performance indicator. Various other hybrid methods used such as the “trade of”, “model building”
and “energy frame” methods lie in between these two approaches (IEA 2008).

The annual energy demand (see section 3.1.1) is the fundamental overall performance indicator used
in performance-based energy rating schemes. The calculation of energy demand must follow an
agreed upon procedure described usually in a dedicated standard (see Table 28). The parameters
defined in such standards include:

e definition load calculation equations (losses and gains, recovery of energy losses)

o definition of the calculation period (typically a year, but interpolations are also possible)

e definition of the system’s boundaries (typically includes HVAC systems, hot water systems,
lighting and plug loads)

e definition of on-site energy production (RES) integration.

Moreover, standards and regulations define a set of minimum indoor environmental quality (and
other performance related) conditions that a building must provide. These may include:

e Thermal Comfort
e Indoor Air Quality
e Air permeability
e Thermal bridges
e Shading devices

Some standards and some regulations set minimum U-value requirements (and other prescriptive
measures) to be fulfilled alongside the performance-based requirements. Local authorities typically
adjust these requirements to better represent the specificities of each area. In example, the European
Union countries have their own implementation of the Energy Performance Certificate (EPC).

Whilst the annual energy demand is the fundamental indicator, most EPIs used are weighted versions
of this indicator. Common weighted EPIs are:

e primary energy (E;)
e greenhouse gas emissions (Emcoz);
e energy costs;

Table 27 shows efficiency categories using the above three EPIs and the energy efficiency factor (fgee)
as they are used for the Austrian Energy Performance Certificate (EPC).

92



Table 27 Scale of efficiency categories used on the Austrian EPC (see sections 3.1.1) (sources: OIB Richtlinie_6
2015)

class HWBRer,SK PEBsE COzst foee
[kWh.m™.a"] [kWh.m™.a"] [kg.m™.a] [-]
A++ 10 60 8 0,55
A+ 15 70 10 0,70
A 25 80 15 0,85
B 50 160 30 1,00
C 100 220 40 1,75
D 150 280 50 2,50
E 200 340 60 3,25
F 250 400 70 4,00
G > 250 > 400 >70 > 4,00
HWBget sk (reference-Heating demand for local climate), PEBsk (Primary energy for local climate), CO2sk (CO, emmisions for
local climate), fgee (energy efficiency factor: heating demand of the building divided to a reference heating demand)

The EPIs may also express the energy balance. The energy balance is the delivered energy minus the
energy exported and is particularly important in the case of energy efficiency programs such as the
nearly Zero Energy Building (NZEB) or the Plus Energy Building where the implementation of
renewable energy resources (on site or nearby) is part of the requirements.

For instance, EN 15217 suggests that the Equations 158 and 159 are be used to express the energy
balance, using the primary energy (E,) and greenhouse gas emissions (Emcoz) respectively:

Ep = Z(Edel,i *fP,del,i) - (Eexp,i *fP,exp,i) (157)
Enmcoz = Z(Edel,i * Kdel,i) - (Eexp,i * Kexp,i) (158)

where Eqeli is the delivered energy for energy carrier i, Ecxp,i is the exported energy for energy carrier i,
fp.del,i is the primary energy factor for the delivered energy carrier i, fp.exp,i is the primary energy factor
for the exported energy carrier i, Kqei, is the CO, emission coefficient for delivered energy carrier i,
Kexp, is the CO; emission coefficient for the exported energy carrier i.

Producing an Energy Performance Certificate (EPC) typically requires some type of energy
benchmarking using the EPI. This rating procedure is typically performed according to the following
methods:

e comparison against a fixed value: e.g. the EPI is compare to an energy performance requirement
set typically as a predefined value (e.g. Austrian energy performance certificate).

e benchmarked against a reference building: the EPI of the evaluated building is compare to the
EPI of a reference building that is simulated using the same conditions (e.g. boundary condition)
and a set of predefined values for the performance of building systems and elements (e.g. U-
vales). This approach is the most common among the European EPCs.

e benchmarked against a stock of buildings: the EPI of the evaluated building is compare to the
performance of a general building stock to indicate the performance of that building in respect
to other buildings.
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Table 28 lists weighted and unweighted EPIs and performance criteria used for Energy Performance
Certificates other energy benchmarking programs such as the NZEB.

Table 28 Energy performance indicators for different categories of energy performance assessment.

Evaluation scope Energy Performance Indicator (EPI)* Performance criteria

meet performance

Un-weighted EPIs - .
requirements in one or

e Annual energy demand [kWh.m2.a%]

Energy Performance . . o multiple EPIs
Heating/Cooling d d [kWwh.m2.a?
Certificates (EPC) * Heating/Cooling demand [ m*~.a]
Weighted EPIs
8. EPBD (EU), E tar (US), , L -~ o
©8 M(gHU)RDn(eCrEi\:\:)ar (US) e Primary energy [kWh.m?.a?] additional prescriptive
e CO; emissions [kg.m2.a-1] measures may be required
e Energy cost [euro.m?2.a!] (e.g. U-values, Air

permeability)

meet performance
requirements in one or
multiple EPIs

Energy performance beyond Weighted EPIs
the codes e Primary energy [kWh.m2.a!]
e CO2 emissions [kgco2.m™2.a!]

Energy balance?
requirements

; 3
e.g. NZEB, Passivhaus (Implementation of RES?)

additional prescriptive
measures may be required
(e.g. Air permeability)

1 EPIs are also referred to as Energy Use Intensity (EUI). 2 Energy imported minus the on-site or nearby produced
renewable energy. 3 Renewable Energy Sources (RES)

Besides the EPC, a new ambitious energy benchmarking system that goes beyond the requirements
of building codes has been developed to help address future environmental challenges. This type of
energy rating is designed to promote buildings that strive to equalise the energy balance (e.g. Nearly
Zero Energy Buildings) or produce a negative sum (e.g. Plus Energy Buildings). The energy balance is
typically expressed using EPIs such as the primary energy (kWh.m2.al) and the CO, emissions
(kgcoz.m—z.a—l).

Various versions of these rating systems exist as different national or international organisations
develop their own versions of energy efficiency programmes. According to an ECOFYS report
(Hermelink et al. 2013) these programmes can be classified in the following categories (according to
the energy balance and the EPI used):

o efficient buildings

e nearly zero-energy buildings

e zero energy buildings

e plus energy buildings

e nearly zero emission buildings
e zero carbon emission buildings
e zero heating demand buildings
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One such pioneering program is the popular “Passivhaus” (Passive house) standard developed by
Professors Bo Adamson and Wolfgang Feist. This standard defines the energy performance of the
building using a set of indicators and criteria as shown in Table 29.

Table 29 Passive House criteria. “The categories Passive House Classic, Plus or Premium can be achieved
depending on the renewable primary energy (PER) demand and generation of renewable energy” (source:
Passive House Institute 2016)

Criteria® Alternative Criteria?
Heating demand [kWh.m2a™?] < 15 -
Heating load? [W.m?] < -- 10
Cooling + R
dehumidification [kWh.m2a™?] < 15+ dehu.mld.|f|c4at|on variable limit value®
contribution
demand
Cooling load® [W.m?] < - 10
Pressurization test bt < 06
result nso
Renewable
Primary Energy Classic Plus Premium
(PER)’
+15 kWh.m”.a™!
PER demand?® [kWh.m2a™] < 60 45 30 deviation from
criteria...
...with
Renewable energy .
g compensation of
generation” (with the above deviation
reference to [kWh.m2a™?] > - 60 120 .
. . by different amount
projected building .
. of generation
footprint)

1 The criteria and alternative criteria apply for all climates worldwide. The reference area for all limit values is the treated
floor area (TFA) calculated according to the latest version of the PHPP Manual (exceptions: generation of renewable
energy with reference to projected building footprint and airtightness with reference to the net air volume). 2 Two
alternative criteria which are enclosed by a double line together may replace both of the adjacent criteria on the left
which are also enclosed by a double line. 3 The steady-state heating load calculated in the PHPP is applicable. Loads for
heating up after temperature setbacks are not taken into account. 4 Variable limit value for the dehumidification fraction
subject to climate data, necessary air change rate and internal moisture loads (calculation in the PHPP). > Variable limit
value for cooling and dehumidification demand subject to climate data, necessary air change rate and internal heat and
moisture loads (calculation in the PHPP). & The steady-state cooling load calculated in the PHPP is applicable. In the case
of internal heat gains greater than 2.1 W/m? the limit value will increase by the difference between the actual internal
heat gains and 2.1 W/m?2. 7 The requirements for the PER demand and generation of renewable energy were first
introduced in 2015. As an alternative to these two criteria, evidence for the Passive House Classic Standard can continue
to be provided in a transitional phase by proving compliance with the previous requirement for the non-renewable
primary energy demand (PE) of QP < 120 kWh/(m?2a). PHI may specify other national values based on national primary
energy factors. The desired verification method can be selected in the PHPP worksheet "Verification". The primary energy
factor profile 1 in the PHPP should be used. 8 Energy for heating, cooling, dehumidification, DHW, lighting, auxiliary
electricity and electrical appliances is included. The limit value applies for residential buildings and typical educational
and administrative buildings. In case of uses deviating from these, if an extremely high electricity demand occurs then the
limit value can also be exceeded after consultation with the Passive House Institute. Evidence of efficient use of electrical
energy for all significant devices and systems is necessary for this with the exception of existing devices which have already
been owned by the user previously and for which an improvement of the electrical efficiency by means of upgrading or
renewal would prove uneconomical over the lifecycle. ® Renewable energy generation plants which are not spatially
connected to the building may also be taken into account (except for biomass use, waste-to-energy plants, and
geothermal energy): only new systems may be included (i.e. systems which did not start operation before the beginning
of construction of the building) which are owned by the building owner or the (long-term) users (first-time acquisition).
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However, perhaps the most popular category at the moment, are the Nearly Zero Energy Buildings
(NZEB). The NZEB rating is adopted by the European Performance of Buildings Directive (EPBD) as part
of the future energy efficiency targets. According to the directive the “/nearly zero-energy building’
means a building that has a very high energy performance, as determined in accordance with Annex
I. The nearly zero or very low amount of energy required should be covered to a very significant extent
by energy from renewable sources, including energy from renewable sources produced on-site or
nearby” (DIRECTIVE 2010/31/EU, p. 18).

In the European Union, every state member adopted its own definition. The various definitions state
minimum performance requirements for overall primary energy or primary energy requirements for
individual building systems (heating, cooling, ventilation, hot water etc.). Balaras et al. (2014)
published an overview of the various definitions (part of it shown in Table 30).

Table 30 Representative NZEB Definitions in European Countries (source: Balaras et al. 2014)

EPI (kWh.m™2) End-uses!
Energy basis
Country Residential for Use of RES
comparison SH SC MV DHW SL | AP
Non-residential
45 Primary . . .
Belgium 9525 ) ) ) ) )
(Brussels) volume/area
envelope) Primary . - . .
40
180
Cyprus Primary . . . . 25%
210
20 . . . .
Denmark Primary 51-56%
25 . . . . .
50 (SFH), 100
(MFH)
Estonia 90 (S), 100 (0), Primary . . . . .
120 (PB), 130
(H), 270 (HC)
50
70 (O no AC), . . . . .
France 110 (O with Primary
AC)
34 (S), 60 (0) . . . . .
1 SH: Space Heating, SC: Space Cooling, MV: Mechanical Ventilation, DHW: Domestic Hot Water, SL: Space
Lighting, AP: Appliances
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However, many energy efficiency assessment programs (voluntary and compulsory) are not restricted
to performance-based assessment methods that use overall performance indicators but may require
additional prescriptive measures. Some prescriptive measures are low level indicators such as the
energy frame indicators, such as heat loss (W.m?) used to assess the performance of the building
enclosure or basic performance metrics such as U-values, g-values, Solar Heat Gain Coefficient (SHGC)
values, Visible Light Transmittance (VLT) values, Shading Coefficient (SC) values and even material
property indicators (e.g. A, Y, ¢). Some programs may include an alternative route of compliance using
exclusively a prescriptive approach (e.g. ASHRAE Standard 90.1.) whilst other programmes might
require the fulfilment of requirements using both performance and prescriptive methods.
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5 Conclusion

5.1 The role of PIs in the educational process

The Pls are typically considered the end-product of a scientific process and, as such, they are
commonly introduced in the latter parts of a typical educational process, following an extensive
explanation of the phenomena involved. However, a direct exposure to a comprehensive record of
these tools, such as the one presented in this thesis, may help students and professionals alike to
explore the field of building science, quickly, effectively and in a structured manner. This catalogue
reveals information on the following subjects:

e The spectrum of the building performance sector: what can be measured; what is meaningful
to measure; what are the priorities of the various stakeholders; where do the scientific and
professional practice intersect; are there any gabs in the current assessment possibilities; what
is the prevalent terminology used in each domain.

e The nature of the performance requirements: which metrics are involved; in what ways and
how much do they influence the overall outcome; which building systems are involved; what
are the nuances between similar performance requirements; what are the prevalent
measurement approaches.

For example, the variety and nature of the Pls in each domain may help the reader apprehend the
spectrum of the performance requirements in that domain:

The performance indicators belonging to the domain of Energy efficiency and hygro-thermal
performance reflect on the following performance requirements:

e Expected services and conditions provided through effective use of energy (consideration of
indoor environmental quality factors).

e Mitigation of the negative effects of energy use on the environment (weighted EPIs).

e Energy autonomy of buildings (energy balance and implementation of RES).

e Structural integrity of building elements and systems (humidity condensation and air leakage).

The performance indicators belonging to the domain of thermal comfort reflect on the following
performance requirements:

e Whole body thermal comfort (calculated for transient and steady-state conditions).

e Avoidance of thermal risks (strain from extreme environments, local thermal discomfort,
summer overheating etc.).

e Thermal comfort provided in a cost effective and environmentally sustainable way (long-term
indices and adaptive models).

e Compensation for unfavourable conditions (increased air speed, dehumidification etc.).

The performance indicators belonging to the domain of Indoor air quality (IAQ) reflect on the following
performance requirements:

e Introduction of adequate clean air, based on pollution load or occupant perception.

e Effective distribution of clean air (and removal of contaminants) through the building and its
zones.

e Effective distribution of heating and cooling energy for thermal comfort and energy efficiency.
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The performance indicators belonging to the domain of the Visual environment reflect on the
following performance requirements:

e Adequate amount of light to support activities and visual tasks.

e Uniformity of light distribution to avoid visual discomfort and strain.

e Adequate and effective utilisation of daylight.

e Avoidance of discomfort (or disability) glare form natural and artificial light sources.
e The ability of artificial light sources to render colours.

The performance indicators belonging to the domain of Acoustical performance reflect on the
following performance requirements:

e Support for preferable subjective listener aspects (e.g. clarity, warmth, intimacy).
e Adequate speech perception.

e Privacy (and elimination of distraction) in open plan offices.

e Mitigation of noise (coming from within or out of the building).

5.2 Trends in the use of performance indicators

Observing the trends in the field of building performance as they are expressed through voluntary and
compulsory compliance programs (e.g. building codes, rating schemes) the following may be
deducted:

e Performance-based assessment methods using overall performance indicators are gaining
ground, but prescriptive measures are not completely abandoned.

e The simpler indicators are more often represented in building performance rating and
certification programs, especially in programs of compulsory compliance.

The first trend is observed in the increasing use of performance-based assessment methods by
building codes (e.g. energy performance certification), as prescribed by new major legislative
frameworks such as the Energy Performance of Buildings Directive (EPBD), and in the increasing
popularity of building performance rating schemes such as the Green Buildings programmes.
However, many compliance programs suggest additional assessment (or alternative assessment
routes) thought the prescription of “low end” performance metrics. This practice is especially common
in the domain of energy efficiency where metrics such as U-values, g-values, Solar Heat Gain
Coefficients (SHGC) and leakage rates are regularly prescribed in the relevant standards and
regulations.

The second trend is observed especially in the case of compulsory programs. For example, in the
Austrian directive OIB Richtlinie 6 (2015), that deals with issues of hygro-thermal performance, the
requirement for thermal comfort is set as a threshold for operative temperature (TOP) to predict
summer overheating. Considering the possibilities of thermal comfort evaluation, this approach is
perhaps the simplest. In another example, Green Building programmes such as BREEAM and LEED, do
not use glare indicators to assess glare but rather reward the provision for glare control measures such
as operable blinds or prescribe values using basic metrics such as luminance values for light sources
within the field of view.
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5.3 Future research for further development of this catalogue

In order to advance and maintain the credibility, usability and relevance of this catalogue, future
research for further development is expected to address the following aspects:

e Integration of additional performance requirements, such as fire protection and ecological
performance (e.g. Life Cycle Analysis indicators).

e Integration of future standards, directives and regulations.

e Integration of further comparative literature (e.g. reviews, rankings, gap analyses).

e Integration of further data to support the use of Pls (applicability context, measurement
methods, Pls in the various software environments, Pls in building monitoring).

e Integration of an ontological analysis to assist better understanding and comparison between
the various similar Pls.
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6.3 List of abbreviations

ANSI
ASHRAE
ASTM
BREEAM
CEN
CIBSE
CIE

ECA
ECI
EPC
EPBD
EPI
EUI
HVAC
IAQ
IEA
IEQ
IES
ISO
KSU
LEED
NZEB
Pl
(0]]:]

RES
RIBA
SPL
WHO

American National Standards Institute

American Society of Heating, Refrigerating And Air-Conditioning Engineers
American Society for Testing and Materials

Building Research Establishment Environmental Assessment Method
European Committee for Standardization

Chartered Institution of Building Services Engineers

Commission Internationale de I’Eclairage (International Commission on
Illumination)

European Collaborative Action

Energy Cost Index

Energy Performance Certificate

European Performance of Buildings Directive

Energy Performance Indicator

Energy Use Intensity

Heating, Ventilation, And Air Conditioning

Indoor Air Quality

International Energy Agency

Indoor Environment Quality

Illuminating Engineering Society (Of North America)

International Organization for Standardization

Kansas State University

Leadership in Energy and Environmental Design

Nearly Zero Energy Buildings

Performance Indicator

Osterreichisches Institut fiir Bautechnik (Austrian Institute of Construction
Engineering)

Renewable Energy Resource

Royal Institute of British Architects

Sound Pressure Level

World Health Organisation
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This section contains the literature referenced in this master thesis. The literature has been classified
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