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Preface

The International Energy Agency

The International Energy Agency (IEA) was established in 1974 within the frame-
work of the Organization for Economic Cooperation and Development (OECD) to
implement an international energy program. A basic aim of the IEA is to foster
international cooperation among the 29 IEA participating countries and to increase
energy security through energy research, development, and demonstration in the
fields of technologies for energy efficiency and renewable energy sources.

The IEA Energy in Buildings and Communities Programme

The IEA coordinates international energy research and development (R&D) activ-
ities through a comprehensive portfolio of Technology Collaboration Programmes.
The mission of the IEA Energy in Buildings and Communities (IEA EBC)
Programme is to develop and facilitate the integration of technologies and processes
for energy efficiency and conservation into healthy, low emission, and sustainable
buildings and communities through innovation and research. (Until March 2013, the
IEA EBC Programme was known as the IEA Energy in Buildings and Community
Systems Programme, ECBCS.)

The R&D strategies of the IEA EBC Programme are derived from research
drivers, national programs within IEA countries, and the IEA Future Buildings
Forum Think Tank Workshops. These R&D strategies aim to exploit technological
opportunities to save energy in the building sector and to remove technical obstacles
to market the penetration of new energy-efficient technologies. The R&D strategies
apply to residential, commercial, office buildings and community systems and will
impact the building industry in five areas of focus for R&D activities:

• Integrated planning and building design
• Building energy systems

vii



• Building envelope
• Community scale methods
• Real building energy use

The Executive Committee

Overall control of the IEA EBC Programme is maintained by an Executive Com-
mittee, which not only monitors existing projects but also identifies new strategic
areas in which collaborative efforts may be beneficial. As the Programme is based on
a contract with the IEA, the projects are legally established as Annexes to the IEA
EBC Implementing Agreement. At the present time, the following projects have
been initiated by the IEA EBC Executive Committee, with completed projects
identified by (�):
Annex 1: Load Energy Determination of Buildings (�)
Annex 2: Ekistics and Advanced Community Energy Systems (�)
Annex 3: Energy Conservation in Residential Buildings (�)
Annex 4: Glasgow Commercial Building Monitoring (�)
Annex 5: Air Infiltration and Ventilation Centre
Annex 6: Energy Systems and Design of Communities (�)
Annex 7: Local Government Energy Planning (�)
Annex 8: Inhabitants Behaviour with Regard to Ventilation (�)
Annex 9: Minimum Ventilation Rates (�)
Annex 10: Building HVAC System Simulation (�)
Annex 11: Energy Auditing (�)
Annex 12: Windows and Fenestration (�)
Annex 13: Energy Management in Hospitals (�)
Annex 14: Condensation and Energy (�)
Annex 15: Energy Efficiency in Schools (�)
Annex 16: BEMS 1 – User Interfaces and System Integration (�)
Annex 17: BEMS 2 – Evaluation and Emulation Techniques (�)
Annex 18: Demand Controlled Ventilation Systems (�)
Annex 19: Low Slope Roof Systems (�)
Annex 20: Air Flow Patterns Within Buildings (�)
Annex 21: Thermal Modelling (�)
Annex 22: Energy Efficient Communities (�)
Annex 23: Multi Zone Air Flow Modelling (COMIS) (�)
Annex 24: Heat, Air and Moisture Transfer in Envelopes (�)
Annex 25: Real Time HVAC Simulation (�)
Annex 26: Energy Efficient Ventilation of Large Enclosures (�)
Annex 27: Evaluation and Demonstration of Domestic Ventilation Systems (�)
Annex 28: Low Energy Cooling Systems (�)
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Annex 29: Daylight in Buildings (�)
Annex 30: Bringing Simulation to Application (�)
Annex 31: Energy-Related Environmental Impact of Buildings (�)
Annex 32: Integral Building Envelope Performance Assessment (�)
Annex 33: Advanced Local Energy Planning (�)
Annex 34: Computer-Aided Evaluation of HVAC System Performance (�)
Annex 35: Design of Energy Efficient Hybrid Ventilation (HYBVENT) (�)
Annex 36: Retrofitting of Educational Buildings (�)
Annex 37: Low Exergy Systems for Heating and Cooling of Buildings (LowEx)

(�)
Annex 38: Solar Sustainable Housing (�)
Annex 39: High Performance Insulation Systems (�)
Annex 40: Building Commissioning to Improve Energy Performance (�)
Annex 41: Whole Building Heat, Air and Moisture Response (MOIST-ENG) (�)
Annex 42: The Simulation of Building-Integrated Fuel Cell and Other

Cogeneration Systems (FC+COGEN-SIM) (�)
Annex 43: Testing and Validation of Building Energy Simulation Tools (�)
Annex 44: Integrating Environmentally Responsive Elements in Buildings (�)
Annex 45: Energy Efficient Electric Lighting for Buildings (�)
Annex 46: Holistic Assessment Tool-Kit on Energy Efficient Retrofit Measures

for Government Buildings (EnERGo) (�)
Annex 47: Cost-Effective Commissioning for Existing and Low Energy

Buildings (�)
Annex 48: Heat Pumping and Reversible Air Conditioning (�)
Annex 49: Low Exergy Systems for High Performance Buildings and

Communities (�)
Annex 50: Prefabricated Systems for Low Energy Renovation of Residential

Buildings (�)
Annex 51: Energy Efficient Communities (�)
Annex 52: Towards Net Zero Energy Solar Buildings (�)
Annex 53: Total Energy Use in Buildings: Analysis and Evaluation Methods (�)
Annex 54: Integration of Micro-Generation and Related Energy Technologies in

Buildings (�)
Annex 55: Reliability of Energy Efficient Building Retrofitting – Probability

Assessment of Performance and Cost (RAP-RETRO) (�)
Annex 56: Cost Effective Energy and CO2 Emissions Optimization in Building

Renovation
Annex 57: Evaluation of Embodied Energy and CO2 Equivalent Emissions for

Building Construction (�)
Annex 58: Reliable Building Energy Performance Characterization Based on Full

Scale Dynamic Measurements (�)
Annex 59: High Temperature Cooling and Low Temperature Heating in

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

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

Annex 62: Ventilative Cooling
Annex 63: Implementation of Energy Strategies in Communities
Annex 64: LowEx Communities – Optimized Performance of Energy Supply

Systems with Exergy Principles
Annex 65: Long-Term Performance of Super-Insulating Materials in Building

Components and Systems
Annex 66: Definition and Simulation of Occupant Behavior in Buildings
Annex 67: Energy Flexible Buildings
Annex 68: Indoor Air Quality Design and Control in Low Energy Residential

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

Buildings
Annex 70: Energy Epidemiology: Analysis of Real Building Energy Use at Scale
Annex 71: Building Energy Performance Assessment Based on In-Situ

Measurements
Annex 72: Assessing Life Cycle Related Environmental Impacts Caused by

Buildings
Annex 73: Towards Net Zero Energy Public Communities
Annex 74: Energy Endeavour
Annex 75: Cost-Effective Building Renovation at District Level Combining

Energy Efficiency and Renewables

Working Group – Energy Efficiency in Educational Buildings (�)
Working Group – Indicators of Energy Efficiency in Cold Climate Buildings (�)
Working Group – Annex 36 Extension: The Energy Concept Adviser (�)
Working Group – HVAC Energy Calculation Methodologies for Non-residential

Buildings

Champaign, IL, USA Alexander Zhivov
Linkenheim-Hochstetten
Baden-Württemberg, Germany

Rüdiger Lohse
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Fig. E.10 Example of old window replacement: (a) old Window opening
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leveled in advance and bears the window’s weight. The window
is then fixed with stainless steel angle brackets. (c) Top and
lateral parts of the window frame are covered with the exterior
wall insulation as far as possible. (d) Schematic of window
installation. (e) Thermal image of window performance
Boundary conditions: Exterior wall U ¼ 0,107 W/(m2K) 300
mm 0,035 W/(mK)
Resulting thermal bridge effect:
Ψfixture (top/lateral) ¼ 0,010 W/(mK)
Ψfixture (bottom) ¼ 0,058 W/(mK)
Mean: Ψfixture ¼ 0,021 W/(m2K)
Overall resulting U-value of window: UW ¼ 0,86 W/(m2K); Tmin
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covered with brick; a and b graphs are provided by Knudsen
Killen A/S; c, d and e – pictures taken by Alexander Zhivov at
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Fig. E.12 Illustration of window installed into EIFS wall . . . . . . . . . . . . . . . . . . . 320
Fig. E.13 Window/wall gap is sealed using mesh glued to the window

frame from the outside using adhesive connector (c, d, e). Plaster
is laid over the mesh and then painted over . . . . . . . . . . . . . . . . . . . . . . . 320

Fig. F.1 Conceptual details of an external air barrier for building with a
brick veneer wall, a pitched shingle roof and a metal roof: brick,
2 in. cavity, continuous insulation, air/vapor barrier, sheathing, a
steel stud backup wall, and a gypsum drywall interior finish. (a)
Roof edge; (b) parapet; (c) floor slab; (d) penetration; (e)
window head; (f) window jamb; (g) window sill; (h) foundation;
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Chapter 1
Introduction

Many governments worldwide are setting more stringent targets for reductions in
energy use in government/public buildings. Buildings constructed more than
10 years ago account for a major share of energy used by the building stock.
However, the funding and “know-how” (applied knowledge) available for owner-
directed energy retrofit projects have not kept pace with new requirements. With
typical retrofit projects, reduction of energy use varies between 10% and 20%, while
experience from executed projects around the globe shows that energy use reduction
can exceed 50%, and renovated buildings can cost-effectively achieve the passive
house standard or even approach net zero-energy status (IEA-EBC 2017; Hermelink
and Müller 2010; NBI 2014; RICS 2013; GreenBuildingAdvisor.com 2013;
Shonder and Nasseri 2015; Miller and Higgins 2015; Emmerich et al. 2011).

Research conducted under the International Energy Agency Energy in Buildings
and Communities Program (IEA-EBC) Annex 46 (2009) identified and analyzed
more than 400 energy efficiency measures (EEMs) that can be used when buildings
are retrofitted. Implementation of some individual measures (such as building
envelope insulation, improved airtightness, and cogeneration) can significantly
reduce building heating and cooling loads or minimize of energy waste, but require
considerable investments with long paybacks.

Research under the IEA EBC Program Annex 61 has been conducted with a goal
of providing a framework, selected tools, and guidelines to significantly reduce
energy use (by more than 50%) in government and public buildings.

One of the Annex 61 deliverables is the book of Deep Energy Retrofit – Case
Studies, which contains 26 well-documented case studies from Europe (Austria,
Denmark, Estonia, Germany, Ireland, Latvia, Montenegro, The Netherlands, the
United Kingdom) and the United States. After these data were collected, the case
studies were analyzed with respect to energy use before and after renovation, reasons
for undertaking the renovation, co-benefits achieved, resulting cost-effectiveness,
and the business models followed. Finally, the lessons learned were compiled and
compared. Lessons learned from case studies and experiences of the team led to the
conclusion that Deep Energy Retrofit (DER) can be achieved with a limited core
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technologies bundle readily available on the market. Characteristics of some of these
core technology measures depend on the technologies available on an individual
nation’s market, on the minimum requirements of national standards, and on eco-
nomics (as determined by a life cycle cost [LCC] analysis). Also, requirements to
building envelope-related technologies (e.g., insulation levels, windows, vapor and
water barriers, and requirements for building airtightness) depend on specific climate
conditions.

When a limited number of core technologies are implemented together (i.e.,
“bundled”), they can often significantly reduce energy use for a smaller investment
and thereby provide a faster payback. The synergistic effect of bundled technologies
strategy proposed for the Deep Energy Retrofit distinguishes it from the more
commonly used energy-saving approach based on an analysis of the financial
payback of individual technologies and measures. For more details on economics
of DER, business models, project structuring and project financing options, direct
cost savings benefits and monetizing of indirect benefits, macro- and microeconomic
barriers for implementation of DER projects in the public building sector, see Annex
61 “Deep Energy Retrofit – Business Guide.”

Deep Energy Retrofit – A Guide to Achieving Significant Energy User Reduction
with Major Renovation Projects contains recommendations for characteristics of
some of the core technologies and measures that are based on studies conducted by
national teams associated with the International Energy Agency Energy Conserva-
tion in Buildings and Communities Program (IEA-EBC) Annex 61 (Lohse et al.
2016; Case et al. 2016a, b; Rose et al. 2016; Yao et al. 2016a, b, c; Dake 2014;
Stankevica et al. 2016; Kiatreungwattana 2014). Results of these studies provided a
base for setting minimum requirements to the building envelope-related technolo-
gies to make Deep Energy Retrofit feasible and, in many situations, cost-effective.
Use of energy efficiency measures (EEMs) in addition to core technologies bundle
and high-efficiency appliances will foster further energy use reduction. This Guide
also provides best practice examples of how to apply these technologies in
different construction situations.

The Guide is focused on public buildings constructed before the 1980s with low
internal loads (e.g., office buildings, dormitories, barracks, public housing, and
educational buildings) undergoing major renovation. This bundle of technologies
allows site (end) energy use reduction of 50% or better (defined as Deep Energy
Retrofit) in most climate conditions and results in significant reduction of carbon
footprint. This task is more difficult in hot climate conditions with significant cooling
needs and may require additional EEMs to be applied (e.g., reduction of plug loads,
water conservation measures, advanced heating, ventilating, and air-conditioning
[HVAC] systems). Deep Energy Retrofit is easier to achieve in heating-dominated
climates and in cases when either by cultural or normative reasons, cooling is not
desired and building users can tolerate temporary increases in indoor air temperature
(e.g., up to 77 �F [25 �C]).

2 1 Introduction



Additional energy efficiency technologies, especially those that result in process
load reduction, are necessary to achieve Deep Energy Retrofit in buildings with
significant ventilation requirements and high internal loads such as dining facilities,
hospitals, or data centers.

High levels of energy use reduction using core technology bundles along with
improvements in indoor climate and thermal comfort can be only achieved when a
Deep Energy Retrofit (DER) adopts a quality assurance (QA) process. In addition to
design, construction, commissioning, and postoccupancy phases of the quality
assurance process, the Guide emphasizes the importance of clearly and concisely
formulating and documenting the owner’s goals, expectations, and requirements for
the renovated building during development of the statement of work (SOW).
Another important component of the quality assurance (QA) process is a procure-
ment phase, during which bidders’ qualifications, their understanding of the SOW
and its requirements, and their previous experience are analyzed.

The target audience for this Guide are technical experts: Energy Service Compa-
nies (ESCOs) and general contractors, design, architectural and engineering pro-
fessionals, and manufacturers of energy-efficient products and systems. It can be
also of interest to building owners and to executive decision-makers and energy
managers of public, governmental, and military organizations.

1 Introduction 3



Chapter 2
What Is Deep Energy Retrofit?

Though the DER concept is currently widely used all over the world, there is no
established global definition of this term. Since the energy crisis of the 1970s, energy
requirements for new construction and building renovation worldwide have signif-
icantly improved. Tables 2.1 and 2.2 list standards and requirements used to design
and construct buildings pre-1980s and today.

Since the 1980s, building energy use requirements in the United States
(Table 2.1) have been reduced by more than 50% (calculated without consideration
of plug loads). Also, buildings and building systems degrade over time. They
develop cracks in the building envelope, and dirty and leaky ducts; HVAC systems
are not regularly commissioned, etc. This results in a reduction of their energy
performance of at least 10%. Therefore, it is theoretically possible to reduce building
energy use by more than 50% simply by using technologies readily available on the
market and by adapting current requirements for new buildings to the refurbishment
of existing building stock.

The recently rewritten European Energy Performance Building Directive (EPBD
2010), which requires buildings to “be refurbished to a nearly zero-energy condi-
tion,” states that “member states should not be required to set minimum energy
performance requirements that are not cost effective over a building’s estimated
economic lifecycle.” By the EPBD definition, a nearly zero-energy building (NZEB)
is “a building that has a very high energy performance.” In the United States, the
“Massachusetts Save Energy Retrofit Builder Guide” refers to DER as the “the
retrofit of the building enclosure and other building systems in a way that results
in a high performance building.” Not many national and international bodies take
their definition beyond this level of specificity except for Austria, Germany, and the
Czech Republic, which decided that a high performance or “nearly zero-energy”
building is a building meeting approximately the Passive House Institute Standard.
Denmark has decided to use a new standard defined in the Danish Building Regu-
lations 2010 referred to as the “2020 definition of NZEB.”

Analysis conducted by the Annex 61 team (Subtask A report) shows that a
significant number of commercial and public buildings have reduced their energy
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Table 2.1 Historical
improvement of the ASHRAE
Standard 90.1 (data are
compared without plug loads)

ASHRAE Standard 90.1 version Energy use index

1975 100

1980 100

1989 86

1999 81.5

2001 82

2004 69.7

2007 65.2

2010 46.7

2013 43.4

Source: Tillou (2014)

Table 2.2 Historical improvement in European National Energy Requirements for Buildings

Country National Standard/Code

Energy Use Intensity (EUI), kWh/m2

Pre-1980 Current

Denmark BR10 (2010) Dwellings: Dwellings: 52.5 kWh/m2y + 1650
kWh/GFA� (16.7 MBtu/sq.
ft-y + 5631 MBtu/GFA)

167.1 kWh/m2y
(53 MBtu/sq. ft-y)

Office: 71.3 kWh/m2 y + 1650
kWh/GFA (22.6 MBtu/sq.
ft-y + 5631 MBtu/GFA)

Germany Pre-1980: Dwellings: Dwellings (new): 50–60
kWh/m2y (15.9–19 MBtu/sq. ft-y)
schools new:

WSVO{ (1977) 150–250 kWh/m2y
(47.6–79.3 MBtu/sq.
ft-y) (IWU 2011)

Heating demand: 80–105
kWh/m2y (25.4–33.3 MBtu/sq.
ft-y),

Electricity: 10–-20 kWh/m2y
(3.2–6.3 MBtu/sq. ft)

Current: Energy-Saving
Ordinance (EnEV
2014) for new buildings

Examples of renovation of other
building types show that much
lower EUIs are achievable office
buildings as well (e.g., <40
kWh/m2y [12,687.6 Btu/sq. ft-y])
(annex 612,015)

Schools:
210 kWh/m2y (66.7
MBtu/sq. ft-y)
(IWU 2011)Refurbishment: EnEV

2009 + <40%

Austria OIB{ (2011) RL 6 Maximum U-values Heating energy demand:

Residential buildings: max. 87.5
kWh/m2y (27.8 MBtu/sq. ft-y)

Nonresidential buildings: max.
30 kWh/m3 (2.9 MBtu/cu ft) y

Source: ASHRAE 2013a, b, c; WSVO 1977; OIB 2011
�Gross Floor Area (GFA)
{Wärmeschutzverordnung (German: Ordinance on Thermal Insulation)
{Österreichisches Institut für Bautechnik (Austrian Institute for Structural Engineering)
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consumption by more than 50% after renovation and that some have met the Passive
House Institute energy efficiency standard or even net zero-energy state. According
to the Global Building Performance Network prognosis (RICS 2013), deep retrofit
that follows the most recent and proposed European Union (EU) guidance can
improve the building energy performance by at least 80%.

Based on experiences described above, the IEA-EBC Annex 61 (Zhivov et al.
2015) team has proposed the following definition of the DER:

Deep Energy Retrofit (DER) is a major building renovation project in which
site energy use intensity (including plug loads) has been reduced by at least
50% from the pre-renovation baseline with a corresponding improvement in
indoor environmental quality and comfort.

Deep Energy Retrofit requires a whole-building analysis approach along with an
integrative design process. A “whole-building analysis” means that the building is
considered as a single, integrated system rather than as a collection of standalone
systems, such as building envelope, HVAC system, renewable energy system,
building operations, etc. The whole-building approach facilitates the identification
of synergistic relationships between the component systems. Analyzing systems in
isolation does not effectively identify synergies between systems. For example,
improving the building envelope, providing solar heat gain control, and improving
lighting systems could substantially reduce a building’s heating and cooling energy
demand. This would in turn reduce the size of duct systems, smaller air-handling
units, boilers, and chillers. Also, replacing an aging air-handling unit with a smaller,
more efficient unit could improve indoor air quality and further reduce energy
demand. Such cascading benefits would not be achievable if the building were not
analyzed as an integrated whole.

The key to whole-building analysis is the use of an integrated design process.
This approach differs from a traditional design process in that it brings all relevant
disciplines together for an initial charrette-based study of the problem as a whole,
based on collaboration and shared information, whereas a more traditional process is
based on a linear flow of information passing from one discipline to another.
Appendix H of ASHRAE 189.1 gives more information on integrative design and
the charrette process.
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Chapter 3
Deep vs. Shallow Energy Retrofit

A literature analysis by Bettgenhäuser et al. (2014) shows that an alternative to deep
renovation allowing for fossil fuel use reduction is a shallow renovation track that
focuses less on energy efficiency and more on renewable energy supply. However,
such “shallow renovation” with very high shares of renewable energy often turns out
to be more expensive.

According to Nock and Wheelock (2010), shallow renovation projects, such as
retro-commissioning, provide savings of 10–20% with an average payback slightly
over 1 year. These projects are low-risk investment opportunities with an average
cost savings over 3–5 years. Energy savings using Energy Performance Companies
focusing primarily on HVAC and lighting systems usually result in 20–40% with a
simple payback in public buildings between 3 and 12 years. Energy audits conducted
by the Pacific Northwest National Laboratory (Baechler et al. 2011) have identified
numerous low-cost and no-cost energy efficiency measures with a simple payback
below 5 years.

Dynamic simulations conducted by Hermelink and Müller (2011) for building
stock scenarios have shown that using available annual budget for many cheaper
shallow renovations saving instead of using fewer, more expansive deep energy
renovations saving may lead to unwanted, irreversible long-term consequences
(Fig. 3.1). Although the return on investment (ROI) ratio of a “shallow renovation”
may look better than that of a DER for meeting short-term goals, the shallow
renovation will fail to achieve long-term energy goals.

However, when funds for building retrofits are not expected in the foreseeable
future, different cost-effective combinations of EEMs that maximize the energy
savings at a building can be implemented with energy projects using operation and
maintenance funds or through energy performance contracting. Real data for US
Federal Facilities collected by the US Department of Energy (USDOE) Federal
Energy Management Program (FEMP) (Fig. 3.2) shows that it is difficult to achieve
long-term energy goals without implementing an aggressive strategy for energy
reduction in existing building stock.
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Shallow renovation path

Deep renovation path
2050 climate target

Today 2020 2050

Fig. 3.1 The speed trap of shallow renovation (from “Economics of Deep Renovation”). (Source:
Hermelink and Müller 2011)
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Chapter 4
Major Renovation and Deep Energy
Retrofit

Typical Energy Efficiency Improvement Projects are planned as:

• A part of major building renovation1

• A part of minor building renovation
• Utilities modernization projects
• Mechanical and electrical equipment/systems replacement
• System retro-commissioning
• Dedicated energy projects using an Energy Savings Performance Contract

(ESPC) or Utility Energy Service Contract (UESC).

Buildings usually undergo major renovations for many reasons, including the
need to reduce energy consumption. Among some of the most common reasons are:

• Extension of the useful life requiring overhaul of its structure, internal partitions,
and systems

• Repurposing of the building (e.g., renovation of old warehouses into luxurious
apartments)

• Bringing the building to new or updated codes
• Remediation of environmental problems (mold and mildew), improvement of the

visual or thermal comfort, or indoor air quality
• Adding to the value with improvements to increase investment (increasing useful

space and/or space attractiveness/quality) resulting in a higher sale or lease price.

The DOE (2010) and EPBD (EU 2010) define a major building renovation as any
renovation with the cost that exceeds 25% of the replacement value of the building.
EPBD also defines building renovation as a major renovation if more than 25% of
the surface of building envelope undergoes renovation. US DOD policy (2013)

1The US Department of Energy (DOE) (DOE 2010) and EPBD (EU 2010) define a major building
renovation as any renovation where the cost exceeds 25% of the replacement value of the building.
EPBD also defines building renovation as a major renovation if more than 25% of the surface of
building envelope undergoes renovation.

© Springer Nature Switzerland AG 2020
A. Zhivov, R. Lohse, Deep Energy Retrofit,
https://doi.org/10.1007/978-3-030-30679-3_4

11

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-30679-3_4&domain=pdf
https://doi.org/10.1007/978-3-030-30679-3_4#DOI


defines major renovation project with renovation cost exceeding 50% of estimated
replacement cost (ERC).

Timing a DER to coincide with a major renovation is best since the building is
typically evacuated and gutted; scaffolding is installed; single pane and damaged
windows are scheduled for replacement; building envelope insulation is replaced
and/or upgraded; and most of mechanical, electrical lighting, and energy conversion
systems (e.g., boiler and chillers) along with connecting ducts, pipes, and wires will
be replaced. A significant sum of money covering the cost of energy-related scope of
the renovation designed to meet minimum energy code is already budgeted anyway.
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Chapter 5
Core Bundles of Technologies to Achieve
Deep Energy Retrofit with Major Building
Renovation Projects

IEA ECBCS Annex 46 (2014) has identified and analyzed numerous energy effi-
ciency measures (EEMs) that can be used when buildings are retrofitted. Measures
include those related to the building envelope, mechanical and lighting systems,
energy generation and distribution, internal processes, etc. Implementation of some
individual measures (such as building envelope insulation, improved airtightness,
cogeneration, etc.) can significantly reduce building heating and cooling loads or
minimize energy waste but require significant investments with long paybacks.
However, when a limited number of “core technologies” are implemented together
(“bundled”), they can significantly reduce energy use for a smaller investment,
thereby providing a faster payback.

A list of core energy efficiency technologies (Table 5.1) was generated from the
results of case studies of DERs conducted in Europe and North America, from
surveys and discussions conducted at the ASHRAE Technical Committee (TC) 7.6
“Public Buildings” working group meetings in 2013 and 2014, and from previous
experience and research conducted by the Annex 61 team members. These technol-
ogies, when applied together (as a bundle), will reduce the total building site energy
use by about 50% (including plug loads). Technical characteristics of these building
envelope-related technologies grouped into a “core technologies bundle” have been
studied through modeling and LCC analysis for representative national climate
conditions. Other characteristics of these technology bundles are based on the
requirements of national standards (Tables A-3 and A-4) or on best international
practices, which have been collected and summarized and presented in this Guide.

When buildings are retrofitted, additional EEMs can be used to gain greater
energy savings than can be achieved by using a “core technologies bundle” alone.
The use of some of these measures may depend on the end-user, rather than on the
contractor (e.g., when purchasing and installing more energy-efficient appliances
and other plug loads or installing separate power lines and timers to turn off some of
the electrical appliances). Other measures might include those that are specific to a
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particular building type (e.g., water-saving showerheads and clothes washers, which
can significantly reduce domestic hot water usage) or measures specific to the project
(e.g., use of such low exergy heating and cooling systems as indirect evaporative
cooling, radiant heating and cooling systems, heating and cooling return water
energy, and other waste streams).

Table 5.1 Core technologies bundles for DER

Category Name Source for characteristics

Building envelope Roof insulation Modeling results

Wall insulation Modeling results

Slab insulation National requirements
(Table A-5)

Windows Modeling results

Doors National requirements
(Table A-5)

Thermal bridges remediation DER guide based on best
practices

Airtightness The most stringent national
requirements

Vapor barrier DER guide based on best
practices

Building envelope QA DER guide based on best
practices

Lighting and electri-
cal systems

Lighting design, technologies, and
controls

DER guide based on best
practices

HVAC High-performance motors, fans, furnaces,
chillers, boilers, etc.

The most stringent national
requirements

Dedicated outdoor air system (DOAS) DER guide based on best
practices

Heat recovery (HR) (dry and wet) The most stringent national
requirements

Duct insulation The most stringent national
requirements

Duct airtightness The most stringent national
requirements

Pipe insulation The most stringent national
requirements

14 5 Core Bundles of Technologies to Achieve Deep Energy Retrofit with Major. . .



Chapter 6
Building Envelope Technologies

Core technologies comprising the DER bundle include insulation of walls, roofs
(attic), and slabs; existing windows and doors replacement with high performance
products (including efficient sun shading systems in climates where the
air-conditioning (A/C) will be turned on in warm periods); mitigation of thermal
bridges; improvement of building airtightness and vapor control through the build-
ing envelope; and implementation of a QA process for the building envelope retrofit.
This section describes these technologies and their characteristics required for DER.

6.1 Thermal Insulation

Many older buildings undergoing major renovation may have inadequate thermal
insulation in the exterior envelope. Existing building insulation types and thermal
performance should be evaluated as part of the initial energy audit. The information
generated during the energy audit will inform the decisions the design and construc-
tion team will need to make in developing the DER strategies and the final DER
plan. Insulation type and location and the options for its installation depend on
whether the building is considered to be historic/listed, local climate, building
structure and its existing fabric, building height, fire code requirements, and a few
other factors.

6.2 Thermal Improvements to Existing Building

The Annex 61 modeling team has optimized building envelope minimum heat
transmission (U-values) for wall and roof assemblies and windows thermal
requirements through computational modeling (described in Appendix A). Based
on the results of these studies, the total U-values for wall and roof assemblies
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required to achieve DER in different climate conditions have been identified and are
summarized in Tables 6.1 and 6.2. These values should be used as starting points for
the energy modeling analysis. The final thermal performance values will be deter-
mined by results of the detailed modeling.

Building envelope insulation requirements depend on the types of walls and roofs
that comprise the building envelope. For example, steel-framed wall constructions
have larger U-values for the same insulation combinations than wood-framed wall
constructions. This is due to the large thermal heat loss through structural elements in
the cavity.

The total thermal resistance RT and the thermal transmittance, UT, of a flat
building assembly component (wall or roof) comprised of parallel layers between
the environments at both sides are given by (ASHRAE Handbook 2013a, b, c):

RT ¼ Ri þ Rassembly þ Ro, UT ¼ 1=RT ð6:1Þ

where:

Ri ¼ combined inner surface film resistance, m2K/W or h�ft2�F/Btu
Rs ¼ resistance of building assembly surface to surface, including thermal resistance

of possible air layers in component, m2K/W or h�ft2�F/Btu.
Ro ¼ combined outer surface film resistance, m2K/W or h�ft2�F/Btu.

Table 6.1 Total wall U-value (“c.z.” ¼ climate zone)

Country
U-value
W/(m2�K) (Btu/[hr�ft2��F])

R-value
(m2�K)/W ([hr�ft2��F]/Btu)

Austria (c.z. 5A) 0.135 (0.024) 7.4 (42)

c.z. 6A 0.24 (0.043) 4.17 (23)

China c.z. 2A 0.96(0.169) 1.0(6)

c.z. 3A 0.96(0.169) 1.0(6)

c.z. 3C 0.60(0.106) 1.7(9)

c.z. 4A 0.48(0.084) 2.1(12)

c.z. 7 0.31(0.054) 3.2(19)

Denmark (c.z. 5A) 0.15 (0.026) 6.7 (38)

Estonia (c.z. 6A) 0.17 (0.03) 5.9 (33)

Germany (c.z. 5A) 0.17 (0.03) 5.9 (33)

Latvia (c.z. 6A) 0.19 (0.033) 5.3 (30)

UK (c.z. 4A) 0.22(0.039) 4.5(26)

5A 0.22(0.039) 4.5(26)

USA c.z. 1 0.76 (0.133) 1.3 (8)

c.z. 2 0.38 (0.067) 2.6. (15)

c.z. 3 0.28 (0.050) 3.6 (20)

c.z. 4 0.23 (0.040) 4.3 (25)

c.z. 5 0.19 (0.033) 5.3. (30)

c.z. 6 0.14 (0.025) 7.1. (40)

c.z. 7 0.11 (0.020) 9.1 (50)

c.z. 8 0.11 (0.020) 9.1 (50)
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Note that Rs can be comprised of external sheathing, one or two layers of
continuous insulation, solid wall layer (concrete or masonry) and/or the layer with
cavities, and the internal layer of the gypsum board (Fig. 6.1) and can be calculated by:

Rassembly ¼ Rext:sheathing þ Rcont insulation,1 þ Rcont insulation,2 þ Reffective cavity

þ Rint gypsum ð6:2Þ

If the thermal conductivity λ of the material of a homogeneous flat layer is known
(e.g., from the insulation layer, the gypsum boards, etc.), the thermal resistance Rlayer

of that layer may be calculated by dividing the thickness of the layer by the thermal
conductivity of the material of that layer:

Rlayer ¼ thicknesslayer=λ ð6:3Þ

and used in Eq. 6.2 as summed on the right-hand side.

Table 6.2 Total roof U-value

Country Climate zone
U-value
W/(m2�K) (Btu/[hr�ft2��F])

R-value
(m2�K)/W ([hr�ft2��F]/Btu)

Austria 5A 0.159 (0.028) 6.3 (36)

6A 0.23 (0.041) 4.4 (25)

China 2A 0.53 (0.093) 1.9(11)

3A 0.53 (0.093) 1.9(11)

3A 0.53 (0.093) 1.9(11)

4A 0.38(0.067) 2.6(15)

7 0.30 (0.053) 3.3(19)

Denmark 5A 0.10 (0.018) 1 (57)

Estonia 6A 0.11 (0.02) 9.1 (52)

Germany 5A 0.14 (0.025) 7.1 (40)

Latvia 6A 0.16 (0.029) 6.3 (35)

UK 4A 0.13(0.023) 7.7 (44)

5A 0.13(0.023) 7.7 (44)

USA 1 0.16 (0.029) 6.3 (35)

2 0.14 (0.025) 7.1 (40)

3 0.12 (0.022) 8.3 (45)

4 0.12 (0.022) 8.3 (45)

5 0.11 (0.020) 9.1 (50)

6 0.09 (0.0167) 11.1 (60)

7 0.09 (0.0154) 11.1 (65)

8 0.08 (0.0133) 12.5 (75)
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Therefore, using the total U-values for walls and roofs listed in Tables 6.1 and 6.2
and the information on existing wall and roof assemblies and their thermal proper-
ties, one can evaluate the required U-value(s) of contiguous insulation.

In many building assemblies (e.g., wood frame, metal frame, concrete frame
construction), components are arranged so that heat flows in parallel paths of
different conductance (Fig. 6.2). If no heat flows through lateral paths, the average
thermal transmittance Uav-value of the wall assembly can be calculated using a
parallel heat flow path method given by:

Uav ¼ aUa þ bUb þ . . . :þ nUn ð6:4Þ

where a, b,. . .n are surface-weighted path fractions for a typical basic assembly
composed of several different paths with transmittances Ua, Ub . . .,Un.

If heat flow through lateral paths is to be taken into account, the average thermal
transmittance Uav-value of the wall assembly can be calculated using a combined
parallel and lateral heat flow path method. The method first calculates a U-value only
with parallel heat flows as above (which is slightly lower than the precise result),
then calculates a U-value with lateral heat flow within the nonhomogeneous layer
(which is slightly higher than the precise result), and then takes the reciprocal
average between the two as average thermal transmittance Uav for the assembly:

Fig. 6.2 Influence of studs on U-value

Fig. 6.1 Simplified schematic of heat transfer through wall (roof) assembly
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Utot,lower ¼ aUa þ bUb þ . . . :þ nUn ð6:5Þ
Utot,upper ¼ 1= Ri þ Relement,nonhomog layers averaged þ Ro

� � ð6:6Þ
1=Uav ¼ 1=Utot,lower þ 1=Utot,upper

� �
=2 ð6:7Þ

The thermal resistance R element, nonhomog layers averaged can then be calculated
according to Eq. 6.2, but for all nonhomogeneous layers (i.e., a layer with insulation
between studs), its thermal resistance is calculated from its thickness divided by an
area-weighted average (areas a, b, . . . n) of the thermal conductivities λa, λb. . . λn of
the n neighboring materials within that layer. For example, if insulation layer 1 is
continuous (e.g., mineral wool matt over the studs) and insulation layer 2 consists of
insulation between the studs:

Rassembly,nonhomog layers averaged ¼ Rext:sheathing þ Rcont insulation,1

þ dnonhomog insulation 2= a studsð Þ λstuds þ b insulationð Þλinsulation
� �� �

þReffective cavity þ Rint gypsum

ð6:8Þ

Note that wooden studs or beams in a thermal insulation layer may be calculated
with these formulas (6.3 or 6.7), which give an average U-value for walls or roofs
with nonhomogeneous material composition. Use of these equations to calculate the
influence of metal studs or the metal-framed assembly is not recommended because
thermal conductivity of steel is too high. The effect of metal penetrations through
insulation layers has to be calculated using 2D or 3D thermal flux calculations
resulting in explicit psi- or chi-values. Please note that in countries where ISO
6946 has been introduced, lateral heat flows are to be taken into account in Uav;
therefore, Eqs. 6.5, 6.6, 6.7 and 6.8 should be used (according to ISO 6946).

Parallel heat flows can occur in wall assemblies with wooden, metal, or concrete
frames where the insulation is installed in a cavity. Another example of parallel
heat flows is the situation when highly conductive materials like steel or concrete
are passing through insulation layers, creating “thermal bridges,” resulting in
building envelopes with higher overall thermal transmittance (Section 8, “Thermal
Bridges,” p 51).

When the existing wall or roof assembly composition is known, the level of
continuous (internal and/or external) insulation and/or cavity insulation can be
calculated based on the total U-values listed in Tables 6.1 and 6.2 and on the thermal
properties of the existing assembly, for example:

Rcont:insulation ¼ RT � Ri � Rexiting assembly � Ro ð6:9Þ

In this equation, R existing assembly represents the effectiveness of the wall assembly
before renovation, which accounts for existing insulation and framing with associ-
ated thermal bridges.
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Therefore, using the total U-values for walls and roofs listed in Tables 6.1 and 6.2
and the information on existing wall and roof assemblies and their thermal proper-
ties, one can evaluate the required U-value(s) of continuous insulation.

This analysis can be done, e.g., using the ASHRAE Standard 90.1, Tables A3.3
and A3.4 for “Assembly U-Factors for Steel Frame Walls” and “Assembly
U-Factors for Wood Frame Walls,” or through calculation using a series path for
heat flow, or a parallel heat flow path method or the “modified zone method.” The
data listed in Table 6.3 illustrate how the overall U-value resulting in a given amount
of continuous insulation with R-13 installed in a cavity of an 88.9-mm (3.5-in.) thick
steel-framed wall can differ from the overall U-value in a wood-framed wall with the
same amount of insulation.

Adding to the existing wall assembly with R-8.05, as illustrated in the example
above, continuous insulation with R-10 (preferably on the outside of the cavity
layer) results in the new total R-value ¼ 18.05 and the Uassembly ¼ 1/18.05 ¼ 0.055.
This value can be found in Table A3.3 of the ASHRAE 90.1 Standard.

The following examples show calculations for the above-grade walls using
requirements for the U-values from Table 6.4. We are going to take three specifica-
tions to explore the process from Table 6.4:

• China c.z. 3A U ¼ 0.106 and R ¼ 9.
• Germany c.z. 5A U ¼ 0.030 and R ¼ 33.
• USA c.z. 7 U ¼ 0.020 and R ¼ 50.

6.3 Masonry or Concrete Walls

For this example, it is assumed that the base masonry wall or concrete wall will have
a continuous insulation installed on the interior, exterior, or within the wall. It is
assumed that the U-factors for a masonry block wall with a base wall are: R-0.17 for
exterior air film; R-0.68 for interior air film and for vertical surfaces; and R-0.45 for
0.5-in. gypsum board; and that the rated R-value is for continuous insulation
uninterrupted by framing:

Table 6.3 U-values for the wood and steel wall type calculation

Element
R-Steel Framing
(m2�K)/W (h�ft2��F)/Btu

R-Wood Framing
(m2�K)/W ([h�ft2��F]/Btu)

Outdoor air film 0.03 (0.17) 0.03 (0.17)

Stucco 0.01 (0.08) 0.01 (0.08)

Exterior sheathing board 0.1 (0.56) 0.10 (0.56)

R13 effective cavity insulation 1.06 (6.0) 1.62 (9.185)

Interior gypsum board 0.10 (0.56) 0.10 (0.56)

Interior air film 0.12 (0.68) 0.12 (0.68)

Total R-value 1.42 (8.05) 1.98 (11.235)

Total U ¼ 1/R-total 0.02 (0.124) 0.016 (0.089)

Overall U assembly – Base wall 0.02 (0.124) 0.016 (0.089)
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Rassembly ¼ Rair film þ Rmasonry block wall partially grouted cores þ Rint gypsum þ Rair film

Rbase assembly ¼ 0:17þ 1:23þ 0:56þ 0:68 ¼ 2:64

The data listed in Table 6.4 indicate that the U-factor would not be affected by the
placement of the continuous insulation although the reactivity of the capacitance
would be. These examples and insulation specifications only consider the U-factor
specification for the energy retrofits. Adding continuous insulation and determining
the U-factor is a straightforward 1D calculation.

6.4 Wood-Framed Wall

The wood-framed wall is more complex. This example assumes a wood-framed wall
in which the framing cavity is filled first, after which continuous insulation is applied
to meet the specified value for each climate zone (Tables 6.5 and 6.6).

Calculations for the wood-framed base wall can be done using the parallel path
method. The base assembly is a wall in which the insulation is installed between
2-in. nominal wood framing, cavity insulation is full depth, and headers are double
2-in. nominal wood framing. The U-factors include R-0.17 for exterior air film,
R-0.08 for stucco, R-0.56 for 15.88-mm (0.625-in.) exterior sheathing board on the
exterior, R-0.56 for 15.87-mm (0.625-in.) gypsum board on the interior, and R-0.68
for interior air film, vertical surfaces. Standard framing: wood framing at 406-mm
(16-in.) on center with cavities filled with 368-mm (14.5-in.) wide insulation for both
89-mm (3.5-in.) deep and 140-mm (5.5-in.) deep wall cavities. Double headers leave
no cavity. Weighting factors are 75% insulated cavity, 21% studs, plates, and sills,
and 4% headers. Based on this input data:

U assembly ¼ 0:75 � 0:066ð Þ þ 0:25 � 0:156ð Þ ¼ 0:089 for the base wood‐framed wall:

Reffective cavity ¼ Cavity Insulationþ wood framing ¼ 9:19

Rassembly ¼ Rair film þ Rstucco þ Rext:sheathing þ Rcont insulation þ Reffective cavity þ Rint gypsum þ Rair film

Rassembly ¼ 0:17þ 0:08þ 0:56þ 0þ 9:19þ 0:56þ 0:68 ¼ 11:24

Table 6.4 Overall U-values for the base masonry or concrete wall types

Element

China c.z. 3A
R min ¼ 9
(m2�K)/W
([h�ft2��F]/Btu)

Germany c.z. 5A
R min ¼ 33
(m2�K)/W
([h�ft2��F]/Btu)

USA c.z. 7
R min ¼ 50
(m2�K)/W
([h�ft2��F]/Btu)

R min continuous insulation 6.36 ¼ 9–2.64 30.36 ¼ 33–2.64 47.36 ¼ 50–2.64

Extruded polystyrene (XPS) foam
insulation thickness

R-7.5 ¼ 1 ½ in. R-30 ¼ 6 in. R-50 ¼ 10 in.

Total R-value 1.79 (10.14) 5.75 (32.64) 9.27 (52.64)

Overall U assembly = 1/R tot 0.098 0.0306 0.019

6.4 Wood-Framed Wall 21



This example shows the methodology that is used to calculate the values that can
be obtained from ASHRAE Standard 90.1 appendices for low conductance wood
framing.

For steel stud framing with insulation, the modified zone method is used to
account for the thermal anomalies around a metal stud. All of the methods are
described.

6.5 Steel-Framed Wall

The steel-framed wall is even more complex. The calculation of R effective uses the
modified zone method (described in detail in the ASHRAE 2013 Fundamentals in
Chapter 27 in the Two-Dimensional Assembly U-Factor Calculation section). It is
assumed that the steel-framed wall cavity will be insulated first and then continuous
insulation will be applied to meet the specified value for each climate zone.

Table 6.5 Overall U-values for the wood-framed wall

Element

R (insulated cavity
(m2�K)/W ([h�ft2��F]/Btu at
75%

R (studs, plates, headers)
(m2�K)/W ([h�ft2��F]/Btu at
25%

Outdoor air film 0.030 (0.17) 0.030 (0.17)

Stucco 0.014 (0.08) 0.014 (0.08)

Exterior sheathing board 0.099 (0.56) 0.099 (0.56)

Cavity insulation 2.290 (13) —

Wood stud – 0.772 (4.38)

Interior gypsum board 0.099 (0.56) 0.099 (0.56)

Interior air film 0.120 (0.68) 0.120 (0.68)

Total 2.652 (15.05) 1.133 (6.43)

Total U 0.012 (0.066) 0.027 (0.156)

Overall U assembly – Base
wall

0.016 (0.089)

Table 6.6 Amount of continuous insulation required for each location and climate zone

Element

China c.z. 3A
R min ¼ 9
(m2�K)/W
([h�ft2��F]/Btu)

Germany c.z. 5A
R min ¼ 33
(m2�K)/W
([h�ft2��F]/Btu)

USA c.z. 7
R min ¼ 50
(m2�K)/W
([h�ft2��F]/Btu)

R min continuous
insulation

Base wall meets
specification

21.76 ¼ 33–11.24 38.76 ¼ 50–11.24

XPS foam insulation
thickness

R-0 ¼ 0-in. ci R-22.5 ¼ 45-in. ci R-40 ¼ 8-in. ci

Total R-value 1.980 (11.24) 5.945 (33.74) 9.028 (51.24)

Overall U assem-
bly = 1/R tot

0.016 (0.089) 0.005 (0.0296) 0.003 (0.0195)
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The base wall assembly has the insulation installed within the cavity of the steel
stud framing. The steel stud framing is a minimum uncoated thickness of 0.043 in.
for 18 gage or 0.054 in. for 16 gage. The U-factors include R-0.17 for exterior air
film, R-0.08 for stucco, R-0.56 for 0.625-in. gypsum board on the exterior, R-0.56
for 0.625-in. gypsum board on the interior, and R-0.68 for interior vertical surfaces
air film. The performance of the insulation/framing layer is determined using the
values from Table A9.2–2 in ASHRAE Standard 90.1.

The R-13 steel wall with the studs at 16 in. on center has a U overall ¼ 0.124 or R
overall ¼ 8.05, which takes into account the framing factor and the metal studs in the
cavity. The entire base wall is R overall ¼ 8.05, although the effective R for the cavity
with the installed insulation is R ¼ 6:

Reffective cavity ¼ Cavity Insulationþ steel framing ¼ 6:0

Rassembly ¼ Rair film þ Rstucco þ Rext:sheathing þ Rcont insulation þ Reffective cavity þ Rint gypsum þ Rair film

Rassembly ¼ 0:17þ 0:08þ 0:56þ 0þ 6:0þ 0:56þ 0:68 ¼ 8:05

Compared to the wood-framed existing wall, R-values have changed from
R-11.24 to R-8.05 with the base wall and the cavity insulated. Table 6.7 lists the
requirements to continuous insulation to meet the specifications for each climate
zone.

These examples demonstrate how the base wall construction type information
provided in the ASHRAE Standard 90.1 can be used to obtain the required contin-
uous insulation levels. More complex scenarios can be evaluated by programs like
THERM, a two-dimensional conduction heat transfer analysis program based on the
finite-element method, which can model the complicated geometries of building
constructions. This program and others like it can provide the overall U-value to see
if it complies with a given specification.

6.6 Thermal Insulation Materials

An insulating material layer’s resistance to conductive heat flow is rated in terms of
its thermal resistance or R-value – the higher the R-value, the greater the insulating
effectiveness of the layer. The R-value depends on the type of insulation, its
thickness, and its density. When calculating the R-value of a multilayered installa-
tion, add the R-values of the individual layers. The effectiveness of an insulation
material’s resistance to heat flow also depends on how and where the insulation is
installed. For example, insulation that is compressed will not provide its full rated
R-value. The overall R-value of a wall or ceiling will be somewhat different from the
R-value of the insulation itself because heat flows more readily through studs, joists,
and other building materials, creating “thermal bridging.” Thermal insulation that
fills building cavities reduces air circulation in these cavities and therefore minimizes
convective heat loss.
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6.6.1 How Much Insulation Is Required?

This section discusses how to calculate the thickness of insulation given the prop-
erties and location of existing wall insulation (which will be different for continuous
insulation placed outside, cavity insulation with studs creating thermal bridges,
internal insulation that has some thermal bridging with uninsulated slabs, etc.).
The thickness of continuous insulation layer(s) depends on the insulation strategy
selected and on the thermal conductivity of selected insulation materials. Recom-
mendations on insulation strategies and different insulation materials are based on
their thermal properties (Appendix B), on required assembly U-values described in
the previous section, on space availability, and on costs.

6.6.2 Location of Insulation

The required U-value of the wall can be achieved by adding:

• Internal insulation.
• Cavity insulation.
• External insulation.
• A combination of insulation strategies listed above.

6.6.2.1 Internal Insulation

The major advantage using internal insulation is that it does not change the appear-
ance of the building and that it is relatively cheap to install (compared to external
insulation). For historic buildings with protected façades (listed buildings, etc.),
internal insulation is the only possibility.

Table 6.7 Requirements to continuous insulation to meet the specifications for several climate
zones

Element

China c.z. 3A
R min ¼ 9
(m2�K)/W
([h�ft2��F]/Btu)

Germany c.z. 5A
R min ¼ 33
(m2�K)/W
([h�ft2��F]/Btu)

USA c.z. 7
R min ¼ 50
(m2�K)/W
([h�ft2��F]/Btu)

R min continuous
insulation

0.95 ¼ 9–8.05 24.95 ¼ 33–8.05 41.95 ¼ 50–8.05

XPS foam insulation
thickness

R-2.5 ¼ 0.5 in ci R-25 ¼ 5 in ci R-42.5 ¼ 8.5 in ci

Total R-value 1.859 (10.55) 5.823 (33.05) 8.906 (50.55)

Overall U assembly¼ 1/
R tot

0.017 (0.095) 0.005 (0.030) 0.003 (0.0198)
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Internal insulation is often added with a stud wall that is placed close to the
original wall that does not touch it to avoid forming cold bridges. Insulation behind
the studs is necessary to avoid forming a cold bridge if profiled steel studs are used
(unless the studs are designed for the purpose). This type of internal insulation was
already studied in detail in the late 1970s, e.g., in a project reported in Christensen
et al. (1978).

Other solutions for internal insulation are available (Figs. 6.3 and 6.4). Instead of
a stud wall, a wall of lightweight concrete, e.g., aerated concrete blocks, may be
placed in front of the existing wall with a suitable cavity filled with insulation
material between the existing wall and the new one. This type of construction is
especially well suited in locations where there is a special need to avoid moisture
problems and where internal relative humidity (RH) is anticipated to be high, e.g., in
bathrooms.

A tight vapor barrier is used to prevent water vapor from entering the construc-
tion. This work is often difficult, and good detailing and high-quality workmanship
is crucial to achieve tightness, especially at adjoining building elements.

Sometimes, special insulation material is glued to a gypsum board with a built-in
vapor barrier. This material is normally only 20–50-mm thick and is either glued or
mechanically attached to the interior surface of the existing wall. This method is
especially well suited where the space is limited, for example to reduce cold bridges
on solid walls in staircases, where it is not possible to use thicker insulation.
However, depending on situation, climate, wall material, room usage, insulation
material, etc., larger thicknesses of insulation material and/or omission of the built-in
vapor barrier may be possible.

Over the last decade, new types of materials have come on the market, e.g.,
special calcium silicate boards that have a great capacity to alleviate moisture
problems by capillary action. When there is condensation or high RH, the moisture
is drawn through capillaries back to the surface where it evaporates. These materials
have shown good performance although experience with these relatively new prod-
ucts is still limited to about 10 years of use. It is a prerequisite that the surface is only
treated with the prescribed kind of paint (very open to diffusion). The insulation

Fig. 6.3 Detail of internally insulated façade around adjoining partition (perpendicular to façade)
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properties of the materials are not as good as for traditional insulation materials.
These materials are especially suited to eliminate cold bridges where the space is
limited or to be used on damp walls.

The major drawbacks for internal insulation are:

• Moisture problems/mold growth. As the temperature on the old surface becomes
low, there is a considerable risk for high RH or even condensation on the old
surface if the vapor barrier is not sufficiently tight. Similar problems occur if the
façade is not watertight from the outside. In both cases, the conditions are
conducive to mold growth.

• Cold bridges cannot be avoided, i.e., the effect of the insulation is reduced.
• Some rooms, e.g., bathrooms and kitchens, are often not insulated due to high

costs.
• Occupants can be greatly inconvenienced during the installation.
• Usable space of the dwelling is reduced; even a small reduction may be important

if the space is already limited, for example, if a bed cannot fit in after
rehabilitation.

Some building spaces less likely to be insulated internally include bathrooms and
kitchens because expenses for new tiling and/or repositioning (or may be even
change of) furniture and equipment are high compared to the energy savings
(payback time is too long). Staircases are another problem as requirements regarding
free space cannot always be maintained if a thick insulation is used. Finally, the size
of small rooms may be unacceptably reduced if they are internally insulated.

Fig. 6.4 Additional insulation placed behind new opening reveal linings to reduce cold bridges
around windows
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6.6.2.2 Problems During Construction

Internal insulation can cause great inconvenience to occupants who are often forced
to live in a building site for 1–2 months. It is almost impossible to avoid problems
with dust, noise, and reduced space during the work.

6.6.2.3 Reduced Area

Internal insulation will always reduce the usable area. For smaller dwellings, the area
is reduced by 3–5% dependent on the dwelling – especially dwellings with a gable
wall will experience a significant loss in area.

6.6.2.4 Cavity Insulation

Insulating the cavity in brick walls has become popular. For example, in Denmark and
in northern regions of Germany it is normally seen as a fast and relatively cheap retrofit
that causes no changes to the inside or the outside of the building, and that causes little
inconvenience to the occupants. In existing buildings with cavity walls, the only way
to add insulation in the cavity is to fill it with a loose material; in these cases, special
machines are needed to blow the insulation into place (Fig. 6.5). Of course, the
possible insulation thickness is then limited to the thickness of the existing cavity.

The effectiveness of the cavity insulation depends to a large extent on the geometry
of the cavity. Normally, for Danish brick walls, about 75-mm space is available, but
the available area may be reduced due to headers (rather than wall ties of steel) and
solid brickwork around window and door openings. In some buildings, only the upper
part of the outer wall has a cavity. The use of headers was the standard until the late
1930s, and cold bridge insulation in cavity walls was first introduced in the 1990s.

6.6.2.5 External Insulation

The advantages of exterior insulation are that it is relatively sensitive to workman-
ship and that it reduces cold bridges significantly for the entire façade, except where
there are cantilevered beams, etc. (which is normally a minor problem). Also, the
application of exterior insulation carries almost no risk of moisture problems. The
work can be done with little inconvenience to the occupants, and it will protect the
structure of the building from temperature fluctuations.

In Denmark, external insulation is most often done using mineral wool insulation
mechanically fastened to the existing façade and rendered with a resin mortar
(Fig. 6.6). In most cases, this functions well even though some problems have
been reported mainly due to bad workmanship, e.g., to thin layers of mortar or
poor detail design, e.g., around windows.
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Fig. 6.5 An example of a wall insulation, where insulation in the form of loose mineral wool is
blown into the cavity. The experience with this kind of additional insulation is very good with low
cost and almost no nuisance

Fig. 6.6 An example of
partial replacement of a
cornice with prefabricated
elements made from glass-
fiber reinforced polyester
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Also, it is very common to use a ventilated, insulated skeleton structure mounted
to the external façade and finished, e.g., with flat boards as external cladding. Such
solutions normally perform well.

However, many different systems are used (and many more have been used over
the years) including paneling of hard mineral wool, special 10-mm thick brick facing
(like tiles) to be glued on the insulation material, prefabricated and painted blocks of
mineral wool, and prefabricated elements made especially for gable walls (and other
rather large “simple” areas).

The major drawbacks for external insulation are:

• It changes the appearance of the building.
• It requires space around the building.
• It normally requires rather extensive work.

6.6.2.6 Changed Appearance

External insulation will inevitably change the appearance of the building, finer
details in old façades especially cannot be reproduced in the new façade. An early
(1980s) study by the SBi emphasized preserving the appearance as far as possible
(Nørregaard et al. 1981). In this case, the geometry of the façade and the appearance
of the windows (even if windows were changed) were especially considered. Some
details may be reproduced although somewhat more roughly than the original
appearance (Fig. 6.7).

Similar elements may also be made of high-density mineral wool (Rockwool).
However, as this example shows, the finest details are normally lost.

In other cases, external insulation is applied quite differently, in ways that change
the building’s appearance radically. In some cases, a new brick facing is applied to
an old concrete building (Figs. 6.7 and 6.8). In such cases, it is normally necessary to

Fig. 6.7 Old concrete walls
are used as internal leave in
a new construction. Note
that the new windows are
placed in plane with the
additional insulation to
reduce cold bridges
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change the foundation to accommodate the additional load. Experience suggests that
these methods are no more costly than other types of external insulation.

For façades made from stud walls, external insulation is very simple to apply as
furrings and insulation material can be easily added to the original skeleton
construction.

6.6.2.7 Requires Space Around the Building

External insulation requires space around the building. In most cases, this is not a
problem for single-family dwellings although it might be a problem for blocks of
apartments that face a sidewalk or that have entries placed between buildings. In
such cases, the addition of external insulation could cause the sidewalk or the
entrance to become too narrow to meet building code requirements, or to allow
passage of vehicles.

6.6.2.8 Extensive Works Are Often Needed

To insulate externally, it is normally necessary to change details, e.g., around the
roof, doors, and windows, and to move drainpipes, external lamps, etc. For win-
dows, it is recommended to change the position of the window so the thermal glazing
is flush with the insulation (Figs. 6.8 and 6.9). The detailing of the façade is crucial to
achieve a good technical and aesthetic result. Figure 6.10 shows an example of
detailing around roofs from Nørregaard et al. (1984).

Fig. 6.8 Example on how a window may be positioned in an externally insulated wall. Cold
bridges are reduced by use of a thin insulation layer behind reveal linings and positioning the
thermal glazing in plane with the additional insulation. To the right, the window is changed to a
slightly larger one allowing more daylight. The arrows in the figure indicate the (reduced) energy
loss at cold bridges. (Source: Nørregaard et al. 1984)
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Fig. 6.9 Example of window installation within exterior finish insulation system (EFIS)
(reproduced with permission from PHI)

Fig. 6.10 Example on
detail at roof for a ventilated
wall construction. In other
cases, it might be necessary
to extend the roof to make
room for the additional
insulation
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The isothermal graph shown in Fig. 6.9 illustrates the effect of window frame
installation within the external insulation layer.

6.6.3 Comparison of Internal and External Insulation

Both interior and exterior insulations have their advantages and disadvantages
(Table 6.8).

Some of the benefits of internal and external insulation include the fact that they
reduce energy consumption and also increase occupant comfort as the temperature of
internal surfaces rises. Investigations show (Lohse 1992) that apparently both types
of insulation have satisfying service life (provided that they are correctly applied).

The primary advantages of the internal insulation are that it is relatively cheap and
that it does not change the appearance of the building. It does, however, have some
serious drawbacks:

Table 6.8 Internal and external insulation methods

Factor Interior insulation Exterior insulation

Design exterior No changes Normally big changes to
appearance

Design interior Usable area is reduced. The reveal lining
becomes broader (window niche deeper)

Window reveal lining becomes
deeper

Windows Position of windows can be maintained
best if supplemented with an inner sash
and if insulation is added under the
reveal lining to reduce the cold bridge

Windows are best moved out in
the façade (flush with the addi-
tional insulation) to reduce cold
bridges

Roof
construction

No change It might be necessary to modify
the overhang, flashings, etc.

Cold bridges A large number of cold bridges where
partitions and floors are jointed to the
façade and where cavity walls are made
with headers rather than wall ties

Cold bridges from the interior are
reduced significantly. Cold brid-
ges from cantilevered beams, e.g.,
in balconies, are increased

Sensitivity to
moisture and
workmanship

Very sensitive to moisture-related dam-
ages and consequently extreme care is
required

Sensitivity to failures is modest

Nuisance during
construction

Possible to progress step-by-step, but the
work causes many inconveniences for
the occupiers

Scaffolding and possibly cover is
needed. Work may be rather
noisy, but rehousing is hardly
needed

Other refurbish-
ment works

Can be done together with other interior
refurbishment

Especially profitable if combined
with necessary external refur-
bishment of façades

Radiators and
other interior
installations

Must be repositioned when placed on an
outer wall

No change
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1. It brings a considerable risk of moisture damages, e.g., mold (depending on the
climate zone).

2. It leaves a lot of cold bridges that can only be avoided to a certain extent.
3. It will most likely leave some spaces uninsulated.
4. The work causes an inconvenience to occupants.

The primary advantages of external insulation are that it to a large extent
eliminates cold bridges and that it is relatively robust as regards workmanship.
The most serious drawbacks are the changed appearance of the building and the
price. If a changed appearance can be tolerated – or even is considered a chance to
make something new/better – the external insulation is the safest solution with regard
to moisture. The price is normally so high that it is hardly ever feasible to make
external insulation unless the façade for other reasons needs refurbishment. (A major
share of the price goes to scaffolding and surface work.) However, the necessary
extent of refurbishment may be reduced as the original façade is being protected by
the insulation.

6.7 Roofs: General

Existing roof types covered by the Guide include:

• Flat reinforced concrete slabs.
• Flat roofs in timber with decking and bitumen-based felt.
• Lightweight trusses in timber and steel, supporting a flat concrete slab.
• Pitched roofs of profiled metal sheet panels or concrete or clay interlocking tiles.

While most of the aforementioned (Sect. 6.6) also hold true for flat roofs, pitched
roofs require some special considerations. A pitched roof is a complex system
composed of several functional layers, each of which performs a specific function.
The main functional layers are:

• Tiles.
• Under-tile ventilation.
• Waterproofing underlay.
• Thermal insulation.

The roofing tiles provide the primary waterproofing if you have correct batten
gage, correct overlap, etc.

For a good under-tile ventilation, it is recommended to use either:

• Eaves line:

– Use a first raised row of tiles to allow air flow while preventing leaves and bird
intrusion.

– Batten and counter-batten system (or use preformed insulating boards, which
act as substitute for counter battens and allow air flow).
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• Ridge line:

– The use of a ventilated ridge roll effectively protects from infiltration of
rainwater and allows air to escape from the ridge.

– Vent tiles in the roof can increase the under-tile ventilation. Remember: it is
not advisable to use cement mortar or polyurethane foam to fix eaves and ridge
line as they would prevent air flow.

The waterproofing underlay plays an important role as additional protection
element against water infiltration that may cause serious damage to the building.
The use of a waterproofing membrane is indicated when the roof pitch is less than
30% and in any geographical area where climatic conditions are adverse. Even under
normal conditions, a waterproofing layer is always recommended for better security
and airtightness.

The thermal insulation is the main contributor to the overall thermal resistance of
the roof and provides resistance to the heat flux to reduce energy loss and/or inflow.
The effect of insulation changes with the season:

• Winter: to limit the escape of heat from the heated rooms ! energy savings
(heating).

• Summer: to limit the entry of heat due to sensible heat and solar radiation !
energy savings (air-conditioning), improvement of living comfort.

Depending on the type of thermal insulation, the waterproofing underlay may also
be installed underneath the insulation (e.g., with rigid polyurethane (PUR)/
polyisocyanurate (PIR) and some expanded polystyrene [EPS] boards) with or
without a second waterproofing layer on top of the insulation.

To further decrease energy inflow in hot and sunny weather (in addition to the use
of very good thermal insulation, which is the first important step), there are water-
proofing membranes available with an infrared-reflective lining on the outside. When
placed on top of the thermal insulation, they reflect the radiative part of the energy
inflow back upward to the roofing tiles. Also available are insulation boards with an
IR-reflective surface lining on the upper side and/or with steel battens already installed
(or with board protrusions) to directly fix the roofing tiles (Fig. 6.11).

6.8 Roofs – Possible Solution to Condensation Risk in Attic
Insulation of Pitched Roofs

The renovation of buildings that are 30–40 years old (or even older) usually requires
roof renovation including upgrades to their thermal insulation. The building’s use,
the roof type, and conditions will determine the approach to be used in roof
renovation. Two typical situations with pitched roof renovation are:

34 6 Building Envelope Technologies



• Unused roof attic with horizontal insulation of the attic floor and cold attic roof.
Increasing the insulation of the attic floor creates cold bridges and the risk of
condensation at the area of the outer wall, where the eaves purlin leave not
enough space for sufficient insulation. The installation of a new vapor barrier is
also difficult. If the attic space is to be transferred into additional thermally
controlled living/working space or a storage, the rafter height is typically not
enough to meet modern requirements for insulation thickness. Additional insula-
tion below the rafter reduces the height of usable space. Note that the installation
of a vapor control membrane (mainly the airtight connection to the outer walls) is
very difficult.

• Roof over the thermally controlled attic space, which can be used as a living/
working space or as storage. Such roofs typically have insulation installed
between the rafters. The rafter height is usually between 100 and 120 mm,
which is not sufficient to meet modern requirements to insulation thickness.
Removing the inside plaster board or wooden cladding is a huge cost factor,
and as the room height is already fixed, there is no room for insulation below the
rafters.

In both situations described above, it would be possible to install all insulation
over rafters, which will increase the thickness of the roof system by more than
160 mm. A common currently used approach is to combine between-rafter and over-
rafter insulation. Such combination of insulation is essential to avoid condensation
risks and thermal bridges.

An important additional benefit resulting from installation of modern pitched roof
insulation systems and creating thermally controlled attics is the increase of valuable
usable space, which can contribute to cost-effectiveness of the DER project. Exam-
ples of such roof renovations are shown in Figs. 6.12, 6.13, and 6.14. Technical
details with best practices of roof insulation are presented in Appendix A.

Fig. 6.11 Under-tile
ventilation. Roof layout
with (top to bottom) roofing
tiles, battens, counter
battens for under-tile
ventilation space, secondary
waterproofing (breather
membrane), thermal
insulation, waterproofing
underlay (vapor control
membrane)
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Fig. 6.13 Example of attic renovation at the Klosterhagen Hotel in Bergen. The hotel building has
been renovated in 2010. The roof and walls have been insulated and high performance windows
been installed in walls and in the roof. That allowed to increase the number of rentable rooms to 15.
Windows provide sufficient daylighting during the day and are equipped with shades to be used
during nights (when there is almost no dark time throughout nights.)

Fig. 6.12 Roof renovation
with creating additional
working space (Example
provided by Braas Monier)
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Fig. 6.14 Example of attic renovation of the building at Rock Island Arsenal. Building has been
constructed between 1866 and 1872 and used as a combination of administration and technological
shop building. The building had uninsulated roof and walls and single pane windows; the attic has
not been used. In 2006, the building has been upgraded to become a landscape office space. As part
of the renovation, walls have been insulated using blow-in cellulose insulation, windows have been
replaced and the gaps between windows and walls sealed, the roof has been insulated using spray
foam insulation and a new reflecting ambient lighting system has been installed, new air heating and
ventilation systems have been installed to meet IAQ and thermal comfort needs. Source: Library of
Congress (top left, top right); Alexander Zhivov (middle-left, middle right, bottom left, bottom
right)

6.8 Roofs – Possible Solution to Condensation Risk in Attic Insulation of Pitched. . . 37



Chapter 7
Windows

7.1 Introduction

Fenestration products have a considerable impact on the total amount of building
energy usage since windows typically constitute a large percentage of the area of
contemporary building facades. This significant amount of fenestration area com-
bined with much higher U-factors than typical opaque wall areas make them
disproportionate contributors to building heating loads. Additionally, fenestration
decisions made without due consideration for the management of solar gain often
result in these same fenestration systems driving the building air-conditioning load.
Therefore, any DER project must pay particular attention to window replacement,
including area, U-factors, and Solar Heat Gain Coefficients (SHGCs).

Windows also allow daylight into the building and provide occupants visual
contact with their surroundings. As such, the optical properties of the selected
window replacements can play a key role in defining interior light loads and visual
comfort. The local climate of a project and its existing building design constraints
(orientation, overhangs, etc.) may further influence proper fenestration decisions.
Some climates might imply benefits from transmitted solar energy to offset heating
loads, but only if the building design specifically accommodates such beneficial
solar gains. However, most existing buildings are not designed to benefit from
simple fenestration solar gain, and improperly selected fenestration can easily result
in perimeter space overheating, as well as visual and thermal discomfort.

Whether used in new construction or provided as part of a building’s DER
rehabilitation, windows can represent a sizeable portion of the project cost while
having a large impact on facility energy efficiency, operating costs (energy costs and
peak power demand charges), and occupant productivity.

Older windows are commonly single- or double-pane and are likely to have
highly conductive metal frames or possibly rotten or damaged wood frames. Older
windows can also have cracked glass, locks that do not work, operators and balances
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that no longer function, significant leaks of outside air (both summer and winter) due
to missing weatherstripping or badly fitting operable sashes.

When older windows are to be replaced, whether for aesthetic, operational, or for
other-than-energy-savings reasons, it is always the proper choice and an economi-
cally sound investment to install high-efficiency window systems.

7.2 Diverse Functional Attributes of Fenestration Systems

The energy and daylighting characteristics of windows and fenestration products are
a small subset of the diverse functional requirements that must considered for
successful product specification, selection, and installation. Each climate and build-
ing type may have dramatically different functional requirements for fenestration.
For example, some buildings plan for and effectively use their fenestration products
to supplement or support natural ventilation systems. For others, particularly those in
very severe climates, operable fenestration products that have very durable weather
seals may be the priority.

Often, it is a combination of fenestration performance attributes that define the
right product for a particular new construction or retrofit project. These combination
attributes may include, but are not limited to thermal protection (winter and sum-
mer), water shedding, ventilation support, daylighting support, thermal comfort, air
sealing, acoustic performance (noise suppression), and other attributes.

Figure 7.1 shows some typical manufacturing and functional characteristics of a
window or fenestration systems. In general, these include the frame, glazing, spacer,
installation aids, air sealing components, gas fills, coatings, and anchoring.

Figure 7.2 shows schematics of different types of unitized windows commonly
used in both residential and commercial applications. Often called “punched win-
dows,” these configurations are intended to fill an opening in a wall system.

Note: In general, all sliding windows and doors suffer from poor airtightness if
only brush seals are used.

Acceptable airtightness of the closed window can only be achieved, when the
movable part of window is pressed actively against rubber seal by the window’s
metal mounts. Thus, metal mounts must be specially designed. A few other fenes-
tration systems commonly used in commercial applications include storefront,
curtain walls, roof windows, and others. These systems may contain both fixed
and operable elements.

7.3 Energy Performance

The energy performance of windows and fenestration systems is complex. Windows
and fenestration systems have multiple heat transfer mechanisms, each of which
impacts different building loads, sometimes simultaneously. To select the proper
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fenestration product for any given project, one must have a clear understanding of
these different heat transfer mechanisms. The principal energy performance param-
eters of any fenestration product or system include:

• Thermal transmittance.
• Solar heat gain coefficient.

Additional performance indices that may also impact total building energy
savings and long-term operations success include:

• Air leakage.
• Optical properties (spectral properties that define visible transmittance, solar

reflectance, and other wavelength-dependent characteristics of the glazing
system).

Low-E and / or
solar control coating

Gas fill

Double panes

Spacer Stop

Stool

Backer rod

Weatherstripping

Apron/flange

jamb

Sash

Sill

Fig. 7.1 Typical window and fenestration components. (Not shown are anchoring, wall integra-
tion, and other common characteristics.) For a more complete listing of components and definitions,
see ANSI/AAMA/WDMA I.S.2
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Building design parameters and constraints can also impact proper fenestration
product selection. Some of these variables include, but are not limited to:

• Building orientation.
• Window-to-wall ratio (whole building and space-by-space).
• Window-to-floor area ratio (space-specific).
• Quality and integrity of the overall thermal envelope (defining loads, equipment

sizing, occupant comfort, and more).

Fixed glazing window – cannot be opened.

Casement window - open outwards from hinges 
mounted at the window left or right vertical side. These 
are common in locations where egress from fire is 
required.

Awning window - operate by a crank and open 
outwards from the bottom, hinged at the sash top. This 
window can sometimes be hinged on the bottom with 
the vent opening to the top, but only when protected 
overhead.

Sliding sash window - move on top and bottom tracks. 
These are another type of egress window.

Single-hung sashed windows. Only one of the two 
sashes, usually the lower unit, can be moved. The 
other window sash is fixed in place. When installed, the 
opening on the bottom must meet egress 
requirements.

Double hung consists of two sashes that move up and 
down. In some configurations only half of the window 
can be open at one time.

Dual function (tilt and turn) window.

Fig. 7.2 Different types of unitized windows commonly used in both residential and commercial
applications
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• Depth of perimeter zone (impacting daylight utilization potential, HVAC distri-
bution decisions, and occupant comfort and productivity).

• Fenestration operability (opening force, egress implications, natural ventilation,
etc.)

The following sections of this chapter describe each of the fenestration energy
performance parameters in more detail and give examples of how each of these
indices can impact whole building energy performance.

7.3.1 Thermal Transmittance

U-factor is a measure of a fenestration product’s heat transfer due to a temperature
difference between inside and outside. U-factor is expressed in units of W/(m2�K)
(SI) or Btu/(hr�ft2�F) (IP). The U-factor is the primary performance index of
consideration when focused solely on heating loads. U-factors range from 1.23
(1.2 Btu/hr.�ft2�F]) for an aluminum-framed, single-glazed product or system
(such as one likely being replaced) to 0.41 (0.25 Btu/[hr�ft2�F]) for a high perfor-
mance, double-glazed system in low-conductivity frames common today to 0.28
(0.18 Btu/[hr�ft2�F]) for a high performance triple- or quad-glazed system that
might be selected for climates with extreme heating loads. Maximum U-factors are
often prescribed by building and energy codes and vary with climate severity.

7.3.2 Solar Heat Gain Coefficient

SHGC is a measure of a fenestration product or system’s ability to transmit or reject
incident solar radiation. SHGC is the primary performance index of consideration
when the project includes air-conditioning. It is especially important when signifi-
cant glazing areas are involved. SHGC values range from 0.9 for an aluminum-
framed, single-glazed product or system (such as one likely being replaced) to 0.30
for a high performance, double-glazed system in low-conductivity frames common
today to 0.20 or less for systems where significant solar control is a priority, such as
for projects with significant fenestration area and especially in climates implying
extremely high cooling loads. Maximum SHGC values are often prescribed by
building and energy codes and vary with climate severity.

7.3.3 Air Leakage

Air leakage is a measure of a window or fenestration system’s resistance to air flow
from wind and environmental driving forces. Air leakage is typically evaluated by
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measuring the air flow of a standard-sized window under specific environmental
conditions (temperature, wind speed, wind direction, etc.) The pressure difference
and air flow through the window or assembly are measured and reported. Standard-
ized air leakage performance of windows has been a key component of window
performance certification for decades. Air leakage is usually expressed as
L/(min�m2) in SI units or ft3/(min�ft2) in IP units, both under a fixed pressure
difference. This is one of the most common window performance indices required
by building and energy codes and does not typically vary with climate. Windows
that leak a large amount of air can lead to a higher demand on building HVAC
systems as well as higher operating costs.

7.3.4 Optical Properties

Today’s typical glazing systems can embody an array of different optical properties
that can impact many of the other functional objectives of a given project. Different
optical properties result from substrates, substrate coatings (or both) that impact
particular wavelengths of solar energy. Highly prioritized among optical properties
is “visible transmittance” – a measure of how well the fenestration system transmits
solar energy in the visible portion of the solar spectrum. If a given project plans or
hopes to use daylighting to offset electric lighting expenses, then a high visible
transmittance is desired. Conversely, if daylighting and visible clarity are not as
important as shedding additional potential solar gain, then products are available that
have a very low SHGC and that sacrifice some of the visible clarity. These often have
some color or tint in addition to low-e coating designed for reducing heat gain.

Figure 7.3 shows the relationship between energy transmission and optical
properties for several different double-pane glazing systems common today. Note
that all of the glazing systems illustrated include “low-e” coatings, yet all have
dramatically different impacts on heating and cooling loads. Figure 7.4 shows how
each of these factors can affect the comfort within in a space, sometimes simulta-
neously. These simultaneous impacts can exist in both residential and commercial
building applications.

7.3.5 Windows and Climate

Proper selection of window and fenestration systems is a function of many variables,
but all of the decisions start with climate. The climate conditions (combined with
building design, type, and occupancy patterns) define peak heating and cooling loads
and also the window energy performance variables to be prioritized.

The window required for subarctic climate (DOE c.z. Zone 8) will certainly be
different than that required for very hot and humid climate (DOE c.z. Zone 1)
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Fig. 7.3 Optical property variations in typical low-e glazing systems

Fig. 7.4 Primary window energy performance elements at work
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(Table 7.1). For example, in a Climate Zone 8, a window’s ability to retain heat
inside the building is most important, so an extremely low U-factor will likely be
prioritized. For Climate Zones 1 or 2, the capacity to block heat gain from the sun
will likely be a higher priority.

Table 7.1 lists window characteristic determined in modeling studies (Appendix
A). These characteristics are minimum requirements that are better than current
minimum national standards. They are based on the specific national market condi-
tions and climate-specific considerations, and assume that windows are installed
without creating thermal bridges between the frame and the wall. U-values represent
average values for the assembly (frame and glazing) and do not reflect variations due
to different window sizes and therefore frame-to-glazing area ratio. Projects seeking
a higher level of energy performance should select windows with lower U-values
than those listed in Table 7.1.

Table 7.1 Minimum window requirements

Country

U-value
W/(m2�K)
(Btu/(hr�ft2��F))

R-value
(m2�K)/W
(hr�ft2��F)/Btu SHGC

Austria

c.z. 5A 1.09 (0.19) 0.92 (5.3) 0.60

c.z.6A 1.09 (0.19) 0.92 (5.3) 0.60

China

c.z. 2A 2.55(0.45) 0.39 (2.2) 0.48

c.z. 3A 2.55(0.45) 0.39 (2.2) 0.48

c.z. 3C 2.70(0.48) 0.37 (2.1) 0.48

c.z. 4A 1.79(0.32) 0.56 (3.1) 0.68

c.z. 7 1.79(0.32) 0.56 (3.1) 0.68

Denmark (c.z. 5A) 1.2 (0.21) 0.83 (4.8) 0.63

Estonia (c.z. 6A) 1.1 (0.19) 0.91 (5.3) 0.56

Germany (c.z. 5A) 1.3 (0.23) 0.77 (4.3) 0.55

Latvia (c.z. 6A) 1.2 (0.21) 0.83 (4.8) 0.43

UK

(c.z. 4A) 1.32 (0.23) 0.76 (4.3) 0.48

c.z. 5A 1.79 (0.32) 0.56 (3.1) 0.68

USA

c.z. 1 < 2.15 (< 0.38) > 0.46 (2.6) < 0.22

c.z. 2 < 1.98 (< 0.35) > 0.51 (2.9) < 0.25

c.z. 3 < 1.81 (< 0.32) > 0.55 (3.1) < 0.32

c.z. 4 < 1.70 (< 0.30) > 0.59 (3.3) < 0.35

c.z. 5 < 1.53 (< 0.27) > 0.65 (3.7) < 0.40

c.z. 6 < 1.36 (< 0.24) > 0.74 (4.2) < 0.45

c.z. 7 < 1.25 (< 0.22) > 0.80 (4.5) 0.40–0.50

c.z. 8 < 1.02 (< 0.18 > 0.98 (5.6) NR
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7.3.6 Window Materials

7.3.6.1 Window Materials and Other Performance Attributes

While window and fenestration performance are the priorities focused on in this
Guide, it is helpful to understand some of the various material properties that can
influence these performance indices. This material discussion is intended to be
informative, with the understanding that it is the ultimate suite of energy perfor-
mance parameters (U-factor, SHGC, air leakage, etc.) that remain the priority in
product selection.

When specifying windows, the energy performance parameters described above
are key. However, many other window aspects can affect product specifications.
Additional material and product attributes that may figure into specification include,
but are not limited to:

• Aesthetics – How does it look or fit with other building envelope elements?
• Type of hardware and operators – What types of handles, levers, balances, etc.
• Operating force – How easy or difficult is it to open and close?
• Compatibility with existing materials – Consider coefficients of expansion,

dissimilar metals, etc.
• Maintenance and durability characteristics – Do I have to paint or clean it? How

easy is it to clean?
• Ease of Installation.
• Water shedding characteristics – High exposure? Low? Frequency of severe

storms, etc.
• Forced entry resistance.
• Cost – First costs, operating costs, maintenance costs, and life cycle costs.

Almost all manufacturers of windows and fenestration system today offer prod-
ucts of many materials. Different combinations of materials can often deliver some
or all of the performance attributes described above.

Existing buildings undergoing DERs often present difficult, sometimes
conflicting, product specification objectives. For example, a given building in a
cold climate might imply specifying a product with low U-factor as a priority. Are
these punched openings or curtain wall retrofits? One might imply an operable
window solution while the other a fixed system solution. Is this building in a high
wind zone? If so, the structural requirements needed for the window may be a higher
priority. Are the building occupants going to be able to open and close windows? If
so, the operating force for the window may be a priority in specification.
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7.3.6.2 Frame Materials

Wood Frames

Wood windows are the earliest and most prevalent window type used in construction
in the United States. The primary market for all-wood windows today is in residen-
tial construction. A few major manufacturers are also equipped to provide wood
windows for some commercial projects. Wood windows, when properly maintained,
can have a very long service life. They offer a high degree of thermal comfort and
have a warm, natural appearance. However, they require a high level of mainte-
nance, and their operation is affected by climatological changes. Many wood
windows today are actually composite windows, incorporating aluminum, vinyl,
or other materials into frame elements to reduce maintenance costs.

Aluminum Frames

Aluminum windows were introduced into the construction market in the 1930s and
represent the largest share of the commercial window industry. The principal
advantage of aluminum windows is the ability to make fairly strong, yet thin
frame profiles that have low maintenance requirements. Today’s advanced finishes
can help provide aluminum systems that can stand up to the exterior environment for
a very long time. These advanced finishes come in a wide array of colors as well,
making aluminum systems attractive to architects and designers. However, alumi-
num is highly conductive. Until the advent of good thermal break technologies that
break the path of heat conduction, aluminum frames were unable to achieve the low
U-factors desired by most markets today. When specifying aluminum-framed win-
dow systems, be sure to specify whole product U-factors that more accurately
capture the effectiveness of the thermal break technology employed.

Steel Frames

Historically, steel windows were ubiquitous in commercial construction. Today,
however, the use of steel windows has almost entirely been replaced by aluminum
windows or windows made from modern composites. The inevitable corrosion of the
metal is a major concern with steel windows. Manufacturers have addressed this
issue with high performance paint and coatings. In some applications, the thin
elegant sight lines of steel windows are a requirement to achieve aesthetic goals.
Steel windows do not incorporate thermal breaks and therefore have absolute limits
in their ability to achieve the desired the thermal performance.
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Vinyl Frames

Window frames made of polyvinyl chloride (PVC) have come to dominate the
residential window market in the United States over the past 20 years. PVC frames
are primarily used in residential construction due to typically small sizes and loads.
PVC is a low-conductivity material like wood that can achieve the low U-factors
desired in most marketplaces. Among the advantages of PVC window frames are
lower initial cost, availability of colors, and low maintenance. Early PVC frames
experienced premature failures in extreme hot and extreme cold climates. New
chemistry formulations incorporating ultraviolet (UV) stabilizers and other additives
have increased the durability of these systems. As window sizes increase, PVC often
must be reinforced with aluminum, steel, or other strengtheners, which can nega-
tively impact the overall product thermal performance. Highly thermal conductive
materials are allowed to be used as window claddings and surface materials, e.g., to
protect against the effects of extreme weather. Still, any penetration through the
window frame insulation layer should be avoided as much as possible to prevent
severe thermal bridge effects. Figure 7.5 shows examples of window frames made
out of different materials.

7.3.6.3 Glazing Technology and Materials

Glass

Glass typically makes up the largest portion of the window or fenestration system.
As such, it can be responsible for the biggest energy penalty or the greatest energy
savings, depending on proper product specification, selection, and installation.

Fig. 7.5 Examples of high performance windows with frames made from different materials: (a)
aluminum frame with full thermal separation; (b) plastic PVC frame with additional cladding
including insulation layer
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Fortunately, the glass industry has been at the forefront of fenestration energy
performance innovation, addressing every aspect of heat transfer with advances in
coatings, spacer systems, and gas fills. Additional glazing industry innovations that
can influence product specification include: lamination (to increase strength, safety,
impact and blast resistance, and acoustic performance); tints and colors (aesthetics
and solar control); friable coatings (for ease of cleaning and maintenance); protective
packaging (for improved handling); and other innovations. Some glazing innova-
tions include electro-chromic and other “switchable” types of glazing that yield
optical properties that can be changed with electrical charge.

Critical specification decisions concerning glass and glazing usually begin with
strength characteristics. Specifiers need to know what wind speed, temperature,
building-specific pressures, and other local climate forces will be at play that
influence the ultimate glass structural properties needed for any given project.
While many of these properties are well defined by the local building code, it
never hurts the designer or specifier to revisit specification fundamentals regarding
proper glass selection such as:

• 3 mm or 6 mm?
• Annealed, heat-treated, or tempered?
• Laminated or monolithic?
• Building corners or midwall?
• High wind zone or protected location?
• Ground floor or tenth story?

These are just a few of the types of fundamental structural questions that are
embodied in basic fenestration product specification.

Because lower window U-factor was one of the earliest energy improvement
targets, insulating glass (IG) technology was one of the first energy improvement
innovations. Until the oil embargo of the early 1970s, most windows contained a
single pane of glass. IG window units employ multiple layers of glass sandwiching
an enclosed air space, which improved the insulating capability of the window. Early
innovators tried windows with three and four panes of glass, attempting to achieve
ever lower U-factors. The problem with this approach is that glass is heavy, such that
each subsequent layer places increased design constraints on frame systems and on
the job site installer.

By far, the greatest energy efficiency innovation in the glass industry is the
low-emissivity (low-e) coating. These coatings, usually made from microscopic
layers of silver and various protective layers, were initially designed to address
long wave heat transfer in window systems that reflect heat back into the space,
much like an invisible mirror. These coatings gave new life to double-glazed IG
units, making their U-factors approach triple and quad-glazed systems with only two
panes of glass. Early examples of this technology commonly had some colored tints
and off-angle distortion. As the technology evolved, it became more optically clear.
Today, near wavelength-specific coatings are available, improving window energy
performance for both heating and cooling savings. Today’s advanced low-e coatings
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can be near optically clear, have U-factors akin to quad-glazing for heating savings,
and also block 70% of the unwanted solar gain to reduce building cooling loads.

Since the radiative heat transfer had been so effectively addressed by low-e
coatings, the window and glazing industry turned to other areas of performance
improvement. Conduction through the edge of the IG units was the next big target.
Early IG units had highly conductive aluminum spacers used to keep the glass panes
apart, and that were sealed to prevent air flow between the panes. Innovations in
low-conductivity spacers – from materials to physical designs and both – resulted in
further improvements to system U-factors.

Conduction and convection of the molecules of air between the panes was the
next arena for innovation. Numerous gas mixtures were analyzed and investigated to
further suppress the heat transfer due to a temperature difference between inside and
outside. Gases such as argon, krypton, and others have been investigated and used in
the space between the glass panes. The advantage these gases have is that they are
heavier than air so they reduce convection and conduction through the air space.
Critical to this innovation was the integrity of the seal between the panes of glass to
retain whatever gas mixture used. Today, these systems are called “sealed insulation
glass units,” in which the seal not only holds in the gas mixtures but also serves to
protect the invisible metallic low-e coatings. The integrity of this seal is crucial to the
longevity of the performance claims. IG warranties can be a good surrogate for seal
durability expectations.

Sealed IG units today typically incorporate all of these innovations. Low-E
coatings are applied to one or more of the glass surfaces of the IG unit. Gas mixtures
fill the space between the panes; low-conductivity spacers maintain the air space; and
advanced sealant technologies protect the coatings and fills. These glazing innova-
tions reduce the overall heat transfer of the fenestration system in both summer and
winter while maximizing visible light transmission for views and daylighting.

Tables 7.2, 7.3 and 7.4 list examples of U-factors for single-, double-, triple-, and
quad-glazed window systems, in a variety of frame materials, and have a variety of
low-e coatings and gas fills. Table 7.2 includes U-values and SHGCs for a subset of
fenestration products from the ASHRAE Handbook of Fundamentals (ASHRAE
2013a, b, c). Table 7.3 provides a small subset of examples of how various frame
materials and glazing combinations can impact whole product U-values. Note that
examples listed in Table 7.3 are all for a window of the same size. Table 7.4 lists
representative window characteristics in Germany. Table 7.4 lists examples of the
Passive House-certified windows for different climates. Figure 7.6 shows example of
the high performance window with a low-conductivity closed-cell foam insulated
fiberglass frame, lightweight-suspended coated film incorporated into the insulated
glazing unit with argon- and krypton-filled cavities and low-e glass coatings with
U-value, which, according to NFRC (National Fenestration Rating Council), can be
as low as 0.625 W/(m2�K), 0.11 (Btu/[hr�ft2��F]), R ¼ 1.6. (m2�K)/W, (9.1
[hr�ft2��F]/Btu).

Please note that U-values illustrated in Fig. 7.6 and listed in Tables 7.2, 7.3 and
7.4 are intended only to illustrate the effect of window type, number of glazing
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panes, frame materials, and design on the window U-value. When using information
from such tables, it is important to remember that the total heat flow is a function of
many variables, including product size, that affect the ratio of the glazing area and
the frame area and the type of frame (operable or nonoperable windows). Most of
these tables and typical product certification programs provide U-factors, SHGC,
and Tvis (visible light transmittance) values for a standard size. When selecting the
product and conducting whole building energy analyses for systems that are dra-
matically different from these typical sizes listed, one should always refer to the
manufacturer’s catalogues to verify and consider the performance values (U, SHGC)
for the actual fenestration sizes. This is especially true when conducting peak load
analyses to size heating and cooling systems.

Table 7.2 U-factors for fenestration products in Btu/h • ft2 • �F (SI)

Glazing type
Wood or
vinyl frame

Aluminum frame
with thermal break

Aluminum frame
without thermal break

Single glazing
1=
8
in. Glass

0.91 (5.17) 1.07 (6.08) 1.23 (6.98)

Double glazing
½ in. Air space

0.50 (2.84) 0.58 (3.29) 0.76 (4.32)

Double glazing, e ¼ 0.20
½ in. Air space

0.41 (2.33) 0.48 (2.73) 0.65 (3.69)

Double glazing, e ¼ 0.10
½ in. Air space

0.39 (2.21) 0.46 (2.61) 0.63 (3.58)

Double glazing, e ¼ 0.10
½ in. Argon space

0.36 (2.044) 0.42 (2.385) 0.59 (3.35)

Double glazing, e ¼ 0.05
½ in. Air space

0.38 (2.16) 0.45 (2.56) 0.61 (3.46)

Double glazing, e ¼ 0.05
½ in. Argon spaces

0.34 (1.93) 0.41 (2.33) 0.57 (3.24)

Triple glazing, e ¼ 0.10
½ in. Air space

0.28 (1.59) 0.34 (1.93) 0.50 (2.84)

Triple glazing, e ¼ 0.10
½ in. Argon spaces

0.26 (1.48) 0.30 (1.70) 0.47 (2.67)

Quadruple glazing, e ¼ 0.10
½ in. Air space

0.26 (1.48) 0.31 (1.76) 0.48 (2.73)

Quadruple glazing, e ¼ 0.10
½ in. Argon spaces

0.24 (1.36) 0.29 (1.65) 0.45 (2.56)

Source: ASHRAE Handbook of Fundamentals (2009)

Table 7.3 Representative U-factors for windows in Germany

Construction Properties

Construction year category

1979–1994 EnEV 2014 Passive house

Wooden or synthetic windows Uw (W/[m2�K]) 2.8 1.3 0.85

Glass Double Double Triple

g-value 0.75 0.65 0.55
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Current high performing windows can have U-values as low as 0.35 W/(m2 �C)
(0.06 Btu/[hrft2�F]) (Table 7.2). However, to get to that level, the window must
incorporate a quadruple pane IG unit with argon-filled, multiple low-e coatings or
vacuum constructed IG units with a warm edge spacer, and multilevel thermal breaks
in the framing. For certain projects, this type of window may be desirable if the
budget allows, but for Arctic climates, it can be a necessity to ensure comfort and to
eliminate condensation, mold, and structural damage.

Modern window technologies are mature and ready for use. Assuming a 10-year
payback threshold, it is generally justifiable in all climate zones to replace existing

Table 7.4 Examples of Passive House-certified frames and glass assembly available on the
market for different climate conditions. For more information, see www.passiv.de

Type/Region Arctic Cold Cool,template
Warm,

temperature
Hot

Glazing,
Glass assembly,
Glazing U-value

quadruple
4/12/3/12/3/12/4
0.35 W/(m2k)

triple
6/18/2/18/6
0.52 W/(m2K)

triple
6/16/6/16/6
0.70 w(m2K)

triple
6/16/6/16/6
0.70 w(m2K)

double
6/16/6
1.20 W/(m2K)

Wood/aluminium
integral

Wood/aluminium

Uf[W/(m2K)]

Uf[W/(m2K)]

Uf[W/(m2K)]

Uf[W/(m2K)]

Uf[W/(m2K)]

Wood

PVC

Aluminium

0.48 0.62 0.73 0.87 1.03

0.54 0.57 0.75 0.97 1.19

0.51 0.53 0.78 0.86 0.99

0.70 0.75 0.82 1.02 1.16

0.60 0.61 0.71 0.73 1.17
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windows with currently available advanced windows. For major building renovation
projects or projects initiated to replace failed or failing windows, the cost of base
case replacement windows and the labor to install them can be considered as a
budgeted “regular maintenance” cost. In such cases, premium quality replacement
windows options are available for each climate zone that satisfies the 10-year
payback criteria (Table 7.4).

7.3.6.4 Other Performance Attributes

As mentioned, many different performance parameters can affect proper window
selection. The following sections list and discuss a few of these performance
attributes that may be considered for any particular DER project.

Water Penetration Resistance

Resistance to water penetration may be critical for projects in high rainfall areas or in
areas where wind-driven rain is common. Most windows are tested and certified to
meet certain levels of water penetration resistance. The amount of resistance is
usually expressed as a percentage of the design load (the structural performance
expectations for the window). For more information on water resistance, see ANSI/

Fig. 7.6 525 Series high
performance window with
closed-cell foam-insulated
fiberglass frame, lightweight
suspended coated film
incorporated into the
insulated glazing unit with
argon- and krypton-filled
cavities and low-e glass
coatings (Picture provided
by Alpen HPP Windows
and Doors)
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AAMA/WDMA I.S.2. It is important to note that there are two important aspects of
resistance to water penetration: the resistance of the window itself (through sash,
frames, operators, hardware, etc.) and the resistance of the installed window systems
(how well it is attached to, and properly integrated with, the rest of the building’s
water management plan). Proper window installation is critical to achieving the
energy and durability expectation embodied in proper performance specification.

Condensation Resistance

Cold window surfaces can result in condensation on the windows in colder climates.
While not an energy performance attribute specifically, unwanted condensation can
be an indicator of other performance issues (high interior RH, air leakage at the
window, poor performing windows, failed IG units, etc.). Condensation can also
result in water damage to interior surfaces and materials.

Operating Force

If the windows are to be a component of building ventilation or fire egress, then
specifiers may want to consider windows that have a specific threshold of operating
force. Typically measured in Newtons or pounds of force, the seals within the
window system and the sealant between the window system and the surrounding
substrate are key factors when considering window performance. They have a direct
impact on air and water infiltration into the window system itself and into the
building.

Impact Resistance

High wind speed areas – such as hurricane-prone, tornado-prone, high mountain
locations, or other likely high wind speed areas – may require or benefit from
windows specifically designed to resist wind-borne debris. Building codes in the
United States have identified certain areas where window resistance to wind-borne
debris is now mandatory. Manufacturers may use laminated glazing or other glazing
technologies to increase a window system’s resistance to such events. Impact-
resistant glazing systems are typically designed to hold the glass in place even if it
breaks – as is common for car windshields. Some systems are designed for even
greater impact protection – such as blast- or bullet-resistant systems.

Acoustic Performance

Often retrofit projects have improved acoustic environment as an objective. Older
buildings and windows typically leaked significant amounts of air, resulting in easy
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transmission of unwanted noise. Many products today are rated for their Sound
Transmission Coefficients (STCs) or Sound Transmission Ratings (STRs). Some
products are specifically designed for superior resistance to sound transmission –

such as might be needed near an airport, school, or busy highway. Specifiers should
consider these acoustic ratings when project objectives demand them.

7.3.6.5 Design Parameters for Window Selection

As mentioned above, key building design parameters and constraints play a signif-
icant role in proper fenestration product specification and selection. Some DER
projects offer extensive opportunities for new product options, sizes, and
configurations – such as with an entirely new façade or curtain wall system. Other
projects may be more constrained, such as with historic structures or façades that are
to remain essentially unchanged in their outward appearance.

While this Guide is not meant to serve as a detailed design guide, the following
sections list some of the most critical design parameters that should be considered
before window performance specification and selection. A few, more detailed
websites and design resources are listed at the end of this section.

Building Orientation

Most retrofit projects do not include reorienting a building. As such, owners,
designers, and others seeking to achieve effective DERs must play the “orientation
cards” they are dealt. DER constraints such as building orientation need not be an
impediment to proper specification and selection of fenestration products. They
merely require the specifier to place more emphasis on performance indices that
resist heat flows for both heating and cooling. In fact, because most buildings are not
constructed with “heat flow specific” orientation in mind, low U-factors and low
SHGC are likely to be the norm for almost any DER project. Rarely are buildings
designed to effectively capture, store, and distribute “free” solar gains. Usually, the
opposite is true. Solar gains are often coincident with peak cooling loads, which
demand that fenestration and solar heat gain be minimized where possible (see
V. Olgay Design With Climate, and www.efficientwindows.org).

Window-to-Wall Ratio

Existing building energy performance is almost always directly proportional to how
much of the thermal envelope is opaque, insulated wall area, and to how much is
window and glazing. Again, most buildings are not designed to maximize beneficial
solar gains nor are they particularly sensitive to occupant comfort. As window-to-
wall ratio increases, the challenges of peak power for cooling, occupant discomfort,
and high energy bills increase. A balance must be achieved between the heat transfer
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management objectives (U-factor, SHGC) and daylighting and electric load man-
agement objectives (Tvis, kW, etc.). Generally speaking, minimizing U and SHGC
while maximizing Tvis is appropriate for most buildings. However, when window-
to-wall ratios are greater than 30%, one should expect a significant energy penalty
even without greater emphasis on lowering U-factors and SHGC values. Buildings
having significant window-to-wall ratios have the added complication of
maintaining occupant comfort near that window area. Improper window and glazing
selection can easily result in substantially larger and more expensive HVAC systems
than anticipated.

Window-to-Floor Area Ratio (Space-Specific)

This is a not-so-subtle variation on the concerns raised regarding window-to-wall
area. Perimeter zones of both commercial and residential buildings can vary in depth
and in the occupant’s proximity to the fenestration system. Additionally, depending
on occupancy type, the room aspect ratios have a different set of comfort and energy
impacts during the daytime versus at night. Again, designers in new construction are
(one would hope) sensitive to these space-specific constraints and design challenges.
However, for existing buildings undergoing DER, there may be no option to change
these spatial geometries. Specifiers should be careful to consider occupant needs
during peak cooling periods as well as peak heating periods. Room aspect ratios
combined with how much glazing area the occupant is exposed to in those spaces
can dramatically impact comfort and occupant response at the thermostat. Addition-
ally, these spatial geometries (ceiling height, room depth, window-to-floor area ratio)
have a direct influence on the effectiveness of planned daylighting strategies.

Access to Daylight and View

Many studies have shown that access to daylight and view yields enormous benefits.
In schools, children with access to broad-spectrum, natural light miss fewer days of
school and do better on standardized tests. Office workers with access to natural light
and views demonstrate dramatically higher levels of productivity and worker hap-
piness. Such benefits can easily exceed the costs of proper window and glazing
systems (see Heschong-Mahone, PNNL).

7.4 Window Selection

In addition to the many design and performance considerations described above,
there are often specific legal requirements that must be met in fenestration specifi-
cation and selection. These are often defined by local, state, or national building and
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energy codes. Specifiers should be very familiar with the minimum performance,
certification, and energy requirements of the local codes governing their project.

Caution: Most building codes are in a near constant state of change and update.
Specifiers should regularly consult with their governing code agencies to be sure to
have the latest updates on fenestration product requirements.

DER teams should have a shared understanding that codes establish minimum
performance attributes. DER projects will almost certainly require substantially
better performing products and systems than those defined in the local/national
codes.

Table 7.5 lists the primary energy codes addressing construction in Europe and
North America.

7.5 Performance Certification

Most code bodies require that certain fenestration performance attributes be “certi-
fied,” i.e., verified by a third party and appropriately labeled and listed. Common
performance attributes required to be certified in the United States include structural
performance ratings, water resistance, air leakage, U-factor, SHGC, optical proper-
ties, and others. Specific projects, such as those for governmental buildings, police
stations, and hospitals, may have certification requirements for acoustics, impact
resistance, operating force, and many other attributes.

For DER projects, certified energy performance attributes provide a level of
protection to the specifier and the project that the energy performance targets for
the project might actually be met. In the United States, the energy performance
attributes of windows and fenestration systems are required by code to be certified in
accordance with the procedures of the National Fenestration Rating Council

Table 7.5 Current energy codes and sections by country

Country Codes governing building envelope elements

Austria OIB RL 6, 2011

China GB 50198-2005

GB/T 7016-2008

Denmark Danish Building Regulations 2010

Estonia EVS-EN ISO 10077, EVS-EN 1026, EVS-EN 12207, EVS-EN 12208

Germany EnEV 2014, DIN 18361, DIN 18355, DIN V 18599/2, DIN 4102, DIN 4108, DIN EN
13162, DIN EN 13163, DIN EN 13165

UK Building regulations-conservation of fuel and power in new buildings other than
dwelling: Part L2A

Ireland National standards authority of Ireland (NSAI)

USA ASHRAE standard 90.1–2013 (commercial and residential over three stories)

International energy conservation code (IECC) 2015 (low-rise residential)
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(NFRC). Unitized (punched opening) products typically carry a certification label
(Figs. 7.7 and 7.8). Custom and site-assembled systems such as curtain walls must
also be certified and their performance provided to the code official and specifier by
use of a label certificate showing each fenestration component used (printed or
accessed online).

7.6 Blast-Resistant Windows

In certain cases, blast-resistant fenestration may be required when considering a
window replacement. Typically, the primary objective of blast-resistant windows is
to reduce the risk posed by flying glass and debris produced as window systems fail
under explosively induced blast loads. The highest goal is to reduce the risk to
building occupants and visitors. A secondary goal is to reduce the damage to and loss
of property and facilities. This can still be achieved in a window replacement project
by installing the required glazing. This typically entails the use of laminated glass to
limit the amount of glass fragments that are projected into the room. Laminated glass
can be incorporated in IG units to maintain the thermal performance of the glass
package. The laminating layer can also have the added benefit of nearly eliminating
ultraviolet light from passing through the glass. However, depending on the blast
performance required, the window framing may need to be structurally reinforced
with steel elements that can reduce the thermal performance of the frame. This is a
trade-off that needs to be considered when specifying blast-resistant systems. Gyp-
sum products with high density are very useful for both fire and blast resistance
window frame cases.

Fig. 7.7 Example of National Fenestration Rating Council (NFRC) label certifying a window’s
energy performance attributes

7.6 Blast-Resistant Windows 59



7.7 Historic Windows

In some instances, window replacement may not be feasible or possible. This is the
case with windows in historic buildings. The windows are considered an integral
part of the historic fabric of the façade and therefore need to remain in place.
However, these windows can be renovated to improve energy performance.
Weatherstripping can be added or replaced to reduce air infiltration and, depending
on the window size and configuration, IG units may be installed in place of the
existing single pane glass. In projects where it is not possible to perform this type of
renovation, either from aesthetic or technical standpoint, an interior storm window
may be a viable option (Fig. 7.9). This can have a similar impact on energy
performance as a window renovation without the disruption of removing and
reinstalling windows. Storm windows can include low-E glazing and can also
provide enhanced acoustic performance if outside noise reduction is desired. In
some cases, storm windows can even provide some blast resistance if laminated or
filmed glass is installed.

Fig. 7.8 European window energy performance label
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Other factors to be considered when selecting windows include:

• Building Code Requirements.
The new windows will have to meet the requirements of the local building code
including air infiltration, water penetration, and structural capacity.

• Aesthetics.
Exterior finish, sightlines, and profiles should be considered when choosing a
window. Will the new windows match the existing, or will they provide a new
look for the building?

• Operability.
Determine if the new windows will be operable or fixed. This may depend on
code requirements as well as occupancy. If the windows will be operable, will
they be hung, sliders, casements, or a combination of various window types?

• Maintenance.
Exterior perimeter sealants will still need to be maintained on a regular basis.
Also, depending on the exterior finish, regular painting may be necessary as well.

• Initial Costs and Life Cycle Costs.

Fig. 7.9 View of interior
storm window
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The initial cost of the window replacement, including all labor and materials,
should be evaluated not only as a separate item but also in the light of life cycle
costs including maintenance, cleaning, etc.

7.8 Window Installation

When installing retrofit/replacement window into an existing building, the installer
should clearly understand the existing wall and roof conditions where the replace-
ment fenestration is to be installed. The installer must be well aware of the existing
and planned bulk water management and air leakage management of the wall
system, and of the planned thermal barrier system to eliminate/reduce thermal
bridges. The installer must exercise caution to ensure that the retrofit/replacement
installation does not impair the existing/planned building wall system from working
properly, or that it does not destroy the weather resistance of the existing/planned
system. Anchoring of window or door products should always be done according to
the manufacturer’s instructions, the approved construction documents, and the
recommendations of a qualified structural engineer.

For more information on windows installation, see Appendix D.
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Chapter 8
Thermal Bridges

A thermal bridge is an area in an insulated construction that has a significantly poorer
degree of insulation than the construction as an average. Thermal bridges are
characterized by multidimensional heat flows. Figure 8.1 shows pictures and ther-
mographic images that reveal thermal bridges.

The magnitude of thermal bridges depends on many aspects. Typically, the more
insulation a construction has, the greater the relative importance of the thermal
bridges. Previous studies show that thermal bridges can increase the total transmis-
sion loss from buildings by 14–50%, depending on the extent of the thermal bridges
and insulation level of the building envelope in general. This means that thermal
bridges are most important to address in new buildings with high insulation levels or
existing buildings undergoing DER where insulation levels are increased
significantly.

In addition to increasing the transmission of heat loss, thermal bridges also lead to
lower internal surface temperatures for constructions, which can lead to:

• Poor indoor climate (drafts)
• Contamination of surfaces (dust condensation)
• Moisture damage (mold growth, fungi, etc.).

Thermal bridges typically occur in building joints where different constructions
are joined together, i.e., windows or doors in walls. Figure 8.2 shows some typical
examples of locations where thermal bridges occur in buildings.

Thermal bridges can be divided into four subgroups:

1. Geometrical thermal bridges
2. Convective thermal bridges
3. Constructive thermal bridges
4. Systematic thermal bridges

The following sections briefly describe each thermal bridge subgroup.

© Springer Nature Switzerland AG 2020
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8.1 Geometrical Thermal Bridges

Geometrical thermal bridges are thermal bridges that occur due to the geometry of
the construction. All constructions where there is a difference between internal and
external dimensions will contain geometric thermal bridges. Building corners are
one typical example of this type of thermal bridge. Figure 8.3 shows typical
geometrical thermal bridges.

8.2 Convective Thermal Bridges

As the name suggests, convective thermal bridges are thermal bridges caused by
unintentional air flows in a construction. For example, convective thermal bridges
can occur where there is a possibility of air flowing through the insulation layer from
the warm to the cold side of the construction either because the insulation does not
fill the gap entirely or because air can flow through the insulation material itself.
Convective thermal bridges will also occur where the room air is allowed to flow out

Fig. 8.1 Examples of thermal bridges: parapets, doors, slabs
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into the construction (i.e., where the construction is not airtight). Note that, per
International Standards Organization (ISO) building energy code, air gaps within the
building envelope (room air flowing throughout the building component to the
outside) are not considered to be thermal bridges; they are addressed in the context
of building envelope airtightness. ISO building energy codes only address geomet-
rical, constructive, and systematic thermal bridges.

Occurrence (examples):
1. Joint between the 

basement floor and 
wall

2. Foundations
3. Windows and doors
4. Building corners
5. Joints between floor 

slabs and wall
6. Joint between the 

inner and outer walls
7. Balconies
8. Joint between the roof 

and the exterior wall
9. Installations that 

penetrate the building 
envelope

Fig. 8.2 Typical occurrence of thermal bridges in a building. (Source: Olsen and Johannesson
1996)

Fig. 8.3 Geometrical thermal bridges. Arrows indicate heat flows. (Source: Olsen and Johannesson
1996)
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Convective thermal bridges and convection in insulation material are to some
extent taken into account in the thermal conductivity of the insulation materials.
Furthermore, there are good opportunities for minimizing this type of thermal
bridges in constructions by appropriate design and workmanship. Figure 8.4
shows an example of a convective thermal bridge.

8.3 Constructive Thermal Bridges

Constructive thermal bridges occur where there are penetrations of the insulation
material in the building envelope, e.g., to transfer the structural forces in a mean-
ingful way to a second portion of a structure. These types of thermal bridges can
cause substantial heat losses. Constructive thermal bridges also occur at joints
between exterior walls and doors/windows and penetrations of the envelope by
electrical installations, water pipes, etc. Penetrations of the building envelope can
occur both as full penetrations and partial penetrations of the insulation material. Full
penetrations will naturally cause the greatest thermal bridges. Figure 8.5 shows
examples of constructive thermal bridges.

Fig. 8.4 Convective thermal bridge in a cavity wall where the insulation does not fill the cavity
completely and in a wall/roof joint where the wind can blow through part of the insulation. Arrows
indicate air flows. (Source: Olsen and Johannesson 1996)
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8.4 Systematic Thermal Bridges

Systematic thermal bridges could actually be attributed to the group of constructive
thermal bridges, but are typically attributed to a separate group. These thermal
bridges often represent a relatively small additional contribution to heat loss. For
example, systematic thermal bridges could be wall binders or wood studs in walls,
i.e., thermal bridges that occur repetitively. Typically, the heat loss of systematic
thermal bridges is included in the overall U-value of the construction in which they
are present. Figure 8.6 shows examples of typical systematic thermal bridges.

The most significant thermal bridges tend to occur at interfaces between building
enclosure assemblies (Fig. 8.2). The significance of the heat loss depends on the
transmission rates and the quantity of thermal bridges. Some of the most significant
heat losses occur at:

• Places where slabs or structure penetrate the insulation
• Roof wall intersections such as parapets or roof truss extensions
• Window/wall connections
• At grade assemblies
• Interior wall/exterior connections that penetrate insulation
• Curbs or pedestals that penetrate roof insulation

In many buildings, the heat loss through these thermal bridges can exceed the heat
loss through the opaque walls and roofs. Figure 8.7 shows examples of thermal
bridges.

There are, of course, many other smaller thermal bridges at penetrations (e.g.,
corners, door thresholds, ducts, wire, and pipes), which individually add only small
heat losses, but which together contribute a significant heat loss to the building as a
whole (Figs. 8.8 and 8.9).

Fig. 8.5 Constructive thermal bridges. Arrows indicate heat flows. (Source: Olsen and
Johannesson 1996)
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8.5 National Requirements to Thermal Bridges
with Renovation Projects

Issues related to thermal bridges in European countries are discussed in (Citterio
et al. 2008). Most of the Northern and Central European countries are dealing with
the problem as far as new construction is concerned. This is not the case for
renovation projects. Specific attention has been given to collecting information on
simplified approaches: a simplified approach is most used in Northern and Southern
Europe. Only Finland applies special assessment methods (dependent on the λ ratio).

Different countries use many different methods to deal with the maximum value
for thermal bridges in regulations: in Germany, the dimensionless temperature factor
fRsi is used; in Denmark and the Czech Republic, a ψmax value is set depending on
the type of join; in France, the ψmax depends on the type of building; in Austria, there
are no specific requirements on linear thermal transmittance Ψ and point thermal
transmittance χ, but there are requirements related to thermal bridges in the Austrian
standard ÖNORm2 B 8110-2 to internal surface temperature factor concerning
moisture safety and condensation prevention.

In Germany and the Netherlands, every effort is made to minimize the influence
of thermal bridges with economically justifiable measures. In building modeling,
they are accounted for using default values provided by NEN 1068 (2001), DIN
4108 (2003), and DIN V 18599 (2007) standards or by accurate analysis of thermal
bridges done in accordance with calculation standards (e.g., DIN EN ISO 10211-1/2
[1995, 2002]). The default value is the increase in building envelope element overall

Fig. 8.6 Typical systematic thermal bridges. (Source: Olsen and Johannesson 1996)
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Roof/Wall ConnectionSlab/wall connection

External insulation gives a nearly gap-free 
envelope around the building, effectively 
reducing thermal bridges e.g., at the joint 

between ceiling and wall
(source: Kalksandstein-Wärmebrückenkatalog 

www.kalksandstein.de)

At grade assembly: example of slab/wall 
connection with reduced heat loss (i.e., 

reduced thermal bridge) and low risk of mold 
growth at the joint. (source: Kalksandstein-

Wärmebrückenkatalog www.kalksandstein.de)

Window/wall connection Clear wall with periodic high thermally
conductive components  

Existing Sill

5500 ISOWEB Window
Plywood

Brick Sill

Flashing

Brick
Air Cavity

CMU Block
Insulation

Gypsum Board

Brick
Air Cavity
Exterior Sheathing
55/8’’ Steel stud
Brick Ties
Gypsum Board

External Stucco

CMU Block

Interior Plaster
Insulation Bay with steel stud

Gypsum Board

Reinforced 30MPa Concrete
Crushed Stone
Vapor Barrier
Existing XPS Insulation

Reinforced 30MPa concrete

35/8’’x15/8’’ Steel Studs with
Top and Bottom Tracks

Gypsum Board

Fiberglass Batt Insulation

Exterior Sheathing
Masonry Ties @ 16’’ o.c.
Exterior Insulation
Concrete Topping
Flashing Steel

Steel Beam W14X26

At grade assemblies: Localized Structural Component Penetrations

Fig. 8.7 Examples of thermal bridges
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heat transfer coefficient ΔUTB due to the effect of the thermal bridge by
ΔUTB ¼ 0.10 W/m2K (0.57 Btu/hr-sq ft �F) for new construction and major
renovation with external insulation and by ΔUTB ¼ 0.15 W/m2K [0.85 Btu/hr-sq
ft �F]) for existing buildings with internal insulation (DIN V 18599-2 [2007]).

Fig. 8.8 Examples of smaller penetrations: mounting devices to be integrated in insulation layer to
give support to railings, shading devices, small roofs, etc., to be mounted outside of insulation layer

worst: fixing of hot pipe remains 
not insulated!
χ = 0,06 W/K

better: fixing of pipe covered 
outside 

χ = 0,03 W/K

best: fixing of pipe by thermal 
insulating material 

χ = 0,005 W/K no thermal bridge!

Fig. 8.9 Fixings of hot pipes are worthwhile to be well insulated (example: 20-mm pipe with
insulation 1�DN): large heat losses because of high temperatures of pipes. Source (AKKP 49)
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Germany provides a catalogue of principles of thermal bridge avoidance measures
for various building element connections, which can be applied both to new and
existing (retrofit) buildings.

In North America, there are no legal requirements governing thermal bridges.
However, several guides based on recent research have been produced that address
the impact of thermal bridges on the building envelope performance and that provide
guidance for mitigation of thermal bridges (Pagan-Vazquez et al. 2015a, b; Lawton
et al. 2014; Schild 2010).

8.6 Calculation Methods Accounting for Thermal Bridges

Calculation of heat losses including thermal bridge effects is done by dividing the
transmission heat losses into one-, two-, and three-dimensional losses. Figure 8.10
shows the principle in the division of heat losses.

The transmission heat losses are divided into one-dimensional losses (face ele-
ments, U-value, W/m2K), two-dimensional losses (line elements, ψ-values, W/mK),
and three-dimensional losses (point elements, χ-values, W/K). The total heat loss can
be determined by:

Fig. 8.10 Principle in the
division of transmission heat
losses in one-, two-, and
three-dimensional losses.
(Source: Olsen and
Johannesson 1996)
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Φ ¼
X

U � Að Þ þ
X

ψ � lð Þ þ
X

χð Þ
� �

� θi � θuð Þ ð8:1Þ

It is useful to classify thermal bridges into three types (Fig. 8.11):

• When you have multiple, evenly distributed thermal bridges such as metal
studs, brick ties, or cladding attachments, it is usual to calculate their impact and
add it to the thermal transmission or U-value of the wall or roof type.

• Linear thermal bridges are details that occur along a length. For these, one can
determine that the linear thermal transmission or Psi value (Ψ) would be multi-
plied by the length over which it occurs to get the heat loss per degree Fahrenheit
and then add this to the building heat losses.

• Point thermal bridges are those that occur, for example, when a steel beam
penetrates a wall/roof/floor.

Another way of looking at the basic concept of linear transmittance is by
superimposing the heat flows from the full assembly (Fig. 8.12) with an interface
detail, over the clear field assembly without the interface detail. Figure 8.12 shows
the lateral heat flows to the path of least resistance through the interface detail
assembly (i.e., through the slab). This results in a higher heat flow through the
slab compared to heat flow through the clear field. At a certain distance from the slab,
the heat flow through the slab reaches the same level as through the clear field.
Subtracting the heat flow through clear field from the total interface detail assembly
leaves the additional heat flow from just the slab, from which one can derive the
linear transmittance.

Figure 8.13 shows linear thermal bridge using an example of a balcony or
concrete overhang in an old building with a massive concrete slab penetrating the
wall. The slab and balcony are directly connected and form a severe thermal bridge.
Without any thermal insulation (graphs on left), inside surface temperatures at

Fig. 8.11 Types of transmittances
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Heat flow
through clear
Field

Additional
Heat flow
from slab 

Total Heat
Flow

Fig. 8.12 Superimposing
heat flows

UAW = 1.37 W/m2K 
(7.78 Btu/hr-ft2 °F) 

UAW = 0.41 W/m2K
(2.33 Btu/hr-ft2 °F) 

UAW = 0.16 W/m2K
(0.91 Btu/hr-ft2 °F) 

ΨBP = 0.41 W/m2K
(2.33 Btu/hr-ft2 °F) 

ΨBP = 0.57 W/m2K
(3.24 Btu/hr-ft2 °F) 

ΨBP = 0.50 W/m2K
(2.84 Btu/hr-ft2 °F) 

υmin = 9.3 °C-W/m2K (2.9363 °F-
Btu/ft2°F) 

υmin = 13.1 °C-W/m2K 
(4.1361 °F-Btu/ft2°F) 

υmin = 15.1 °C-W/m2K
(4.7675 °F-Btu/ft2°F) 

Fig. 8.13 Example of thermal bridge created by a balcony. Left: prerenovation situation; middle:
conventional insulation thickness; right: well-insulated wall with �20 cm of insulation

8.6 Calculation Methods Accounting for Thermal Bridges 73



Table 8.1 Summary of calculation, for example, building opaque wall

Transmittance type Quantity
Detail
ref. Transmittance

Heat flow
W/K
(Btu/hr �F)

% of
total
heat
flow

Concrete
wall

Clear
field

2987 m2

(32,140.12 ft2)
6.2.2 0.42 W/m2K

(2.39 Btu/hr-
ft2 �F)

1254 (20.4) 16%

Parapet 27 m (88.56 ft) 6.5.3 0.78 W/mK
(0.4131 Btu/
hr-ft �F)

21 (0.34) <1%

Exposed
floor slab

1090 m
(3,575.20 ft)

6.2.5 1.00 W/mK
(0.5296 Btu/
hr-ft �F)

1085
(17.68)

14%

At grade
transition

27 m (88.56 ft) ISO/IEC
14863

0.75 W/mK
(0.3972 Btu/
hr-ft �F)

20 (0.33) <1%

Partition
wall

1315 m
(4,313.20 ft)

6.2.2 0.67 W/mK
(0.3548 Btu/
hr-ft �F)

876 (14.27) 11%

Overall concrete wall U-value, Btu/hr ft2 �F (W/m2K) 0.192 (1.09)
Overall concrete wall R-value, hr ft2 �F/ Btu (m2K/W) 5.2 (0.92)
Window-
wall
spandrel

Clear
field

1792 m2

(19,281.92 ft2)
1.1.1 1.07 W/m2K

(6.08 Btu/hr-
ft2 �F)

1917
(31.25)

24%

Parapet 82 m
(268.96 ft)

1.3.2 0.72 W/mK
(0.3813 Btu/
hr-ft �F)

59 (0.96) <1%

Slab
bypass

1635 m
(5,362.80 ft)

1.2.1 0.58 W/mK
(0.3072 Btu/
hr-ft �F)

945 (15.4) 12%

Balcony
slab

1635 m
(5,362.80 ft)

8.1.9 1.11 W/mK
(0.5879 Btu/
hr-ft �F)

1815
(29.58)

23%

At grade
transition

82 m
(268.96 ft)

2.5.1
(est.)

0.86 W/mK
(0.4555 Btu/
hr-ft �F)

70 (1.14) <1%

Overall spandrel wall U-value, Btu/hr ft2 �F (W/m2K) 0.472 (2.68)
Overall spandrel wall R-value, hr ft2 �F/ Btu (m2K/W) 2.11 (0.37)
Total (W/K) 8063 100%
Overall opaque wall U-value, Btu/hr ft2 �F (W/m2K) 0.297 (1.68)
Overall opaque wall R-value, hr ft2 �F/ Btu (m2K/W) 3.4 (0.59)
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critical points are quite low. When the wall is covered from outside with a 20-cm
(7.86-in.) thermal insulation layer, the U-value of wall will be significantly reduced.
In addition, the inside surface temperatures at concrete ceiling increase will increase
to a comfortable level and the issues causing condensation on cold surfaces and mold
will be solved (graphs in the center and right). Note that the thermal bridge effect and
thus ψ-value at this point will remain high, so this is not recommended for new
construction. However, for old house renovation, this is a good compromise; it is not
necessary to cover and “wrap” all the concrete overhangs with insulation.

There are now a number of sources of data of linear and point heat transmission
rates (Tables 8.1 and 8.2) (ISO 2007, ASHRAE 2011, Pagan-Vazquez et al.
2015a, b, BC Hydro 2016) that allow the impact of thermal bridges to be calculated
by superimposing the heat loss from the thermal bridges onto the heat loss over the
clear field area of the enclosure assemblies. Calculating the overall heat transmission
rate of any specific part of the enclosure is simply a matter of summing the heat
transmission from each element. This is easy to do in a spreadsheet. Figure 8.14
shows an example.

Appendix D gives more information on thermal bridges and their mitigation with
DER projects, including examples of how a DER can mitigate thermal bridges.
Appendix F includes a catalogue of typical architectural details. The QA process will
require IR thermography testing to identify whether the DER has mitigated project
thermal bridges (see Appendix H, Annex H-4).

Table 8.2 Summary of calculation, for example, building opaque roof

Transmittance type Quantity
Detail
ref. Transmittance

Heat flow
(W/K)

% of
total heat
flow

Roof Clear field 743 m2

(7,994.68 ft2)
9.2.2 0.27 W/m2K

(1.53 Btu/hr-ft2
�F)

200 W/K
(3.2600 Btu/
hr �F)

82%

Curbs 20 m
(65.60 ft)

9.2.2 0.93 W/mK
(0.4925 Btu/hr-
ft �F)

19 W/K
(0.3097 Btu/
hr �F)

8%

Beam
penetrations

#20 Modeled 1.2 W/K
(0.0196 Btu/hr
�F)

24 W/K
(0.3912 Btu/
hr �F)

10%

Overall roof U-value, W/m2K (Btu/hr ft2 �F) 0.33 (0.058)
Overall roof R-value, (m2�K)/W ([hr�ft2��F]/Btu) 3.05 (17.31)
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Fig. 8.14 Example of calculation of the overall heat transmission rate of any specific part of the
enclosure by summing the heat transmission from each element
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Chapter 9
Improved Building Airtightness

Uncontrolled air transfer through enclosures markedly increases the energy required
to heat, cool, control humidity, and regulate indoor climate conditions in buildings.
Investigations into building enclosure problems indicate that air leakage is a leading
cause of moisture problems (Anis 2001; Zhivov et al. 2014). These include problems
of mold, moisture penetration, and durability, especially in intersections between
exterior walls, roofs, and windows, excessive rain penetration into wall cavities,
unstable indoor temperature, and humidity profiles. In many cases, buildings with
insufficient airtightness may suffer from moisture-related construction failures and
losses of equity values. In colder climates, air leakage problems can cause such
problems as ice damming in roof eaves, icicles on exterior facades, spalling of
masonry, efflorescence, premature corrosion of metal parts in exterior walls, high
wood moisture content, and rot. In hot humid climates, infiltrating air in combination
with insufficient construction thermal bridges causes mold due to condensation on
cold air-conditioned surfaces. Some of nonenergy-related and building sustainability
issues related to uncontrolled air transfer through the building envelope include
migration of bugs, insects, rodents, and outside pollutants entering into the condi-
tioned space. Sealing penetrations and reducing the chimney effect of interior
ventilation can address these concerns. Application of air barrier theory in a building
design requires the selection of a component or layer in an assembly to serve as the
airtight layer. It is important to clearly identify all air barrier components of each
envelope assembly on construction documents and detail the joints, interconnec-
tions, and penetrations of the air barrier components (Anis 2001).

In exiting building airtightness is often poor, mainly due to imperfect joints
between the panels, blocks, building components (especially around windows),
and services penetrating the wall. It is important to address building airtightness
with all major and even some minor building renovation projects. If the scope of
work of the major renovation projects includes gutting the building, the air barrier
concept can be similar to the one used with new construction. Increasing building
airtightness can easily account for 10–40% of the total energy savings, depending on
climate.
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Table 9.1 lists requirements for building airtightness, which differ in different
countries (IEA ECBCS 2014) and which are included into the DER core technolo-
gies bundle. Existing buildings undergoing major renovations, especially those
located in cold or hot and humid climates, should be sealed to the same standard
as new construction if construction details allow for this. The QA of that process will
require a “blower door” test.

9.1 Minor Renovations, Energy-Focused Projects,
and Major Renovation Projects

The level of airtightness that can be achieved during the building renovation and
approaches to be used depend on the overall scope of work of the project. Buildings
undergoing major renovations are typically evacuated and gutted; scaffolding is

Table 9.1 Airtightness best practice requirements

Country Source Requirementa
cfm/ft2

@ 75Paa

Estonia Ordinance No. 58. RT I, 09.06.2015, 21, 2015 �6 m3/(h�m2) @
50 Pa for renovation
�3 m3/(h�m2) @
50 Pa for new
construction

0.42 cfm/
ft2

0.21 cfm/
ft2

Austria OIB RL 6, 2011 for buildings with mechanical
ventilation

1.5 1/h at 50 Pa 0.28 cfm/
ft2

Denmark Danish Building Regulations BR10 (2010) 1.5 1/h at 50 Pa 0.28 cfm/
ft2

Germany DIN 4108-2 1.5 1/h at 50 Pa 0.28 cfm/
ft2

USA USACE ECB for all buildings (HQUSACE
2010), ASHRAE Standard 189.1-2011, 2013
Supplement, ASHRAE Standard 189.1.–2013
Supplement, ASHRAE Standard 90.1 – 2013

0.25 cfm/
ft2

USACE HP Buildings and DER proposed
requirement

0.15 cfm/
ft2

Latvia Latvian Construction Standard LBN 002-01 for
buildings with mechanical ventilation

2 m3/(m2h) at 50 Pa 0.14 cfm/
ft2

UK ATTMA-TSL2 2 m3/h/m2 at 50 Pa 0.14 cfm/
ft2

CAN R-2000 1 sq in. EqLA @10
Pa/100 ft2

0.13 cfm/
ft2

Germany Passive House Std 0.6 1/h at 50 Pa 0.11 cfm/
ft2

Sweden FEBY 12 Std 1.08 m3/h/m2 at 50 Pa 0.08 cfm/
ft2

aBased on example for four-story building, 120� 110 ft, n¼ 0.65. Note that values are expressed in
the units used in the subject country’s national standards
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installed; windows are scheduled for replacement; building envelope insulation is
replaced and/or upgraded; and in many cases, roofs are replaced or repaired; most of
mechanical, electrical lighting, and energy conversion systems along with
connecting ducts, pipes, and wires will be replaced, which requires opening of
vertical chases. Therefore, with regard to the air barrier, many of major renovation
projects can be treated similarly to new construction.

In projects with a limited scope of work that does not include gutting of the whole
building, there may be only a limited opportunity to improve the building envelope
and vertical chases.

Before starting a minor renovation or energy-focused project, a building enclo-
sure assessment may be performed to determine the existing paths of air leakage.
This is performed in the predesign or planning phase to establish if the scope and
overall goals of the project would benefit from envelope improvements to mitigate
airflow and reduce energy loss through the envelope. The results must be
documented on drawings of the building and by photographs of existing conditions.
Open louvers, conduit penetrations, and elevator or lift machine room vents service
shafts or like features should be identified and inspected, or tested to establish an
overall condition of the envelope. A full envelope airtightness test and infrared or
smoke tests are often a good starting point to locate major air leakages in the
envelope structures and to establish a scope for a renovation project.

This test can be performed in accordance with national standards, e.g., ASTM E
779, Standard Method of Determining Air Leakage Rate by Fan Pressurization, and
ASTM C 1060, Standard Practice for Thermographic Inspection of Insulation
Installations in Envelope Cavities of Frame Buildings in the USA. Other diagnostics
such as the use of a smoke tracer, with either handheld or theatrical smoke fog
machine, can help to locate and determine the magnitude of leakage in a particular
location. Air leakage testing around openings can also be done using ASTM E 1886,
Standard Practices for Air Leakage Site Detection in Building Envelopes and Air
Barrier Systems.

The strategy to increase airtightness depends on different factors, including
building type, building system of walls and roof, window assembly, facade pene-
trations and their locations, condition and the level of existing insulation, and air and
vapor barriers. Appendix F summarizes measures to improve airtightness in reno-
vation projects.

The following aspects of building renovation with regard to the air barrier should
be considered:

• What materials will best meet the needs or scope of the project?
• How will they be best applied or installed to achieve design expectations?
• Are windows and doors in the scope of the project?
• What is the intended use for the building after the project is complete?
• Compartmentalization of vented rooms, i.e., high-voltage rooms, shipping

docks, etc.
• Incorporating an air barrier and additional insulation into an older building may

have an effect on how the building behaves hygrothermally.
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• Moisture analysis and possibly an investigation should be performed to assess
and establish the expected moisture conditions.

• What are current mechanical systems and their components, and which new
systems are included in the scope of the project?

Historical building renovations will also include these same considerations, along
with a few more unique aspects. Historical preservation requirements and limitations
may significantly restrict the approaches used to incorporate an air barrier into a wall
system. It is possible that the walls of the building or their construction may have
specific historical significance; in such cases, the proper authorities should be
approached to make exception to the air barrier requirements. It is also possible
that the wall and roof construction may be such that only minor areas of the building
need to be addressed for significant envelope improvements.

9.2 What Is an Air Barrier?

Air barriers are systems of materials designed and constructed to control airflow
between the conditioned and unconditioned spaces. Air barrier design is a 3D task
that requires one airtight layer all around the whole conditioned (heated, cooled, and
humidity controlled) volume. This concept may be illustrated using the “rule of
drawing pencil” (Fig. 9.1). Figure 9.2 shows an example of the air barrier concept
implementation on the building drawings.

The air barrier material, which must be structurally supported to withstand the
maximum positive and negative air pressures to which it will be exposed, may have
only a limited air permeance. An air barrier material is specifically defined as a
material that has an air permeance less than or equal to 0.004 cfm/ft2 at 1.57 lb/ft2

(0.02 [L/s]/m2 at 75 Pa) per ASTM E 2178. Air barriers can use vapor retarders
and/or water-resistant barriers, or other appropriate materials, e.g., a liquid-applied
material applied to the exterior wall sheathing.

9.3 Design Documents and the Air Barrier System

Air barrier drawing details are critical to a successful project. In the design-build
project, the architect/engineer (AE) firm and the contractor shall be engaged as soon
as possible in the design phase. For design-bid-build, the designing entity should be
fully aware of the scope of the project and whether an air barrier is to be incorporated
into the building envelope. At the point of submittal to the request for proposal
(RFP) for a design-build project, it is important to ensure that a building science/air
barrier narrative and, at a minimum, that the air barrier are called out in the drawings.
If these two items are not present, then the submittal should be considered
nonresponsive in this aspect. Although this may seem like a “hard line” approach,
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these elements must be addressed at this point to avoid significant problems down
the road. Drawings, specifications, and design analysis should be reviewed fully
through the various phases of the design process. If the 65 or 95% submittal design
drawings of the air barrier and specifications of its materials are still not present, the
fix for a poorly designed air barrier will be costly and may possibly delay the project.
Appendix F provides examples of typical drawing details for major renovation
projects.

9.4 Air Barrier Material Selection

Air barrier material selection depends on the wall type, building use, building shape,
or even on the range of materials that are locally available. Other factors that might
influence the selection may include material compatibility, climactic conditions, or
local contractor experience with specific materials. Designers commonly exercise a
good deal of flexibility in choosing materials for the air barrier system. Among the
mostly used materials are:

• Mechanically Attached Flexible Sheets (Fig. 9.3):

– Come from different manufacturers and are widely available
– Are flexible and can be cut to fit odd or difficult spaces
– May be applied in most weather conditions

Used courtesy of PHI.

Fig. 9.1 Air barrier concept
illustrated using the “rule of
the drawing pencil” that
ensures a continuous air
barrier boundary in the
contract drawings for a
project
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– Have ancillary products that form a full system such as tapes, flashings,
window and door treatments, fasteners, etc.

– Are simple to work with and are easy to repair
– Are usually familiar to contractors and installers who can be manufacturer-

trained in their installation

• Spray-Applied Polyurethane Foams (Fig. 9.4):

– Come in different densities and are either open or closed cell
– When applied, create a continuous barrier with proper application and can fill

or cover difficult to address areas
– Provide added thermal value to a wall system
– Are widely available with many manufactures to choose from
– Tend to need specialty contractors with experience to properly apply

Fig. 9.2 Air barrier boundaries shown on a building section (a) and a plan (b)
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– Are restricted to specific application temperatures, which are a factor for both
interior and exterior applications

– Are restricted to application thickness, which is a factor, particularly for air
barrier purposes

– Are messy and do off-gas compounds after application
– Are susceptible to sunlight exposure

• Self-Adhered Sheet Materials (Fig. 9.5):

– Come from a variety of manufactures and are widely available
– Come in various sizes
– Can be cut to fit and are flexible
– Use adhesives that generally stick to most surfaces

Fig. 9.3 Mechanically
attached flexible sheets

Fig. 9.4 Spray-applied
polyurethane foam
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– Are somewhat temperature sensitive when applied in cold temperatures
– Will self-heal to a degree when a fastener is put through it
– Can be used in a variety of assemblies including wall and roofs
– Are used as flashings and for other purposes
– Are used with other materials to form a complete system
– Are easy to apply and do not typically need any specialty training for

application

• Fluid-Applied Membranes (Fig. 9.6):

– Come from a variety of manufactures and are widely available
– Are generally restricted by application temperatures, which are a concern for

this material. Some manufacturers make low-temperature application products
– Need to be stored properly

Fig. 9.5 Self-adhered sheet materials

Fig. 9.6 Fluid-applied membrane
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– Are generally restricted by application thickness, which is also a concern for
this material. Must be applied per manufacturer’s recommendations for air
permeance

– Must be applied by an experienced individual or company
– Are typically applied by specialty contractors
– Typically come as a system with other components and materials for windows

doors and penetrations
– Can be applied to most substrates
– Create a high-quality continuous barrier when applied properly

9.5 Other Materials

Materials that are used to complete the air barrier system: tapes, gaskets, flashings,
sill seal materials, specialty gasketed fasteners, brick ties furring systems, a variety
of caulks, and sealants are available (Fig. 9.7).

9.6 Precast or Tilt-Up Concrete Panels for an Air Barrier

Other materials and wall types can be used as an air barrier system, e.g., tilt-up or
precast concrete (Fig. 9.8). Because the concrete in both of these systems acts to
block the air from entering the envelope, these materials are an excellent option as a

Fig. 9.7 Examples of other materials used to complete the air barrier system
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wall system with an inherent air barrier. The use of these wall types greatly reduces
the complexity of the interface between air barrier components in which the primary
interfaces are between panels, penetrations, and fenestrations and roof-to-wall and
wall-to-foundation spaces. In a renovation or retrofit situation, panels may be
reinstalled after a building envelope is fully deconstructed and secured to the original
structure as the new building envelope.

In precast construction, the typical areas of concern for leakage are:

• Panel joints between the interior and exterior
• Joints between interior and exterior panels
• Door and window openings
• Top of wall to roof or ceiling connection
• Mechanical or plumbing or other through-wall penetrations

9.7 Wood Sheathing, CMU, or Gypsum Board Air Barriers

In addition to concrete, other materials such as wood, concrete masonry units
(CMU), gypsum board, and fire-rated assemblies can be used as an effective air
barrier. Though these materials are not tested to a specific material standard, they
effectively perform by creating air barriers when applied and constructed properly.

• Gypsum board can be used as an air barrier when applied throughout the interior
of a building. This is sometimes necessary when the exterior cladding cannot be
removed, such as in a historic renovation.

• Joints need to be treated properly and penetrations need to be sealed, including
electrical outlets, switches, wall-mounted equipment, lights, fire alarm devices,
and controls. Anything that penetrates through the wall plane must be sealed.

Fig. 9.8 The two pictures above are of new construction; however, if a select project was found to
be feasible to incorporate a precast or tilt-up panel system as the new envelope for a DER, these
same aspects of the material use and areas of concern would still be applicable
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• Slip tracks, roof deflection (if the wall goes to the roof), and control joints need to
be considered when using gypsum board as an air barrier.

• Ceiling types may need to be considered when using gypsum board as an air
barrier.

• Air barrier continuity will require a continuous wall/ceiling/floor barrier.

Figure 9.9 shows an example of a gypsum air barrier partition wall used to
compartmentalize an interior space (rear wall in picture on the left), an example
both CMU and OSB sheathing used as an air barrier assembly (picture on the right).
The application of joint treatments between sheets and the transition locations is
critical for the OSB sheathing.

CMU can be used as an effective air barrier assembly provided that the walls are
fully grouted and the joints are complete, without any voids or deficiencies. In some
instances, it may be necessary to treat joints and corners in CMU assemblies to
ensure that the air barrier plane is continuous as required. Wood sheathing can also
be used as an air barrier. If wood sheathing is used, the joints must be treated to
properly ensure there is no leakage around or between the sheets. Fire-rated assem-
blies are also often used as interior air barrier planes due to the fact that all of these
assemblies must be sealed to meet a required fire rating. In many situations, interior
walls of an air barrier system can employ features such as fire-rated slip tracks or
assembly configurations to achieve airtightness.

Overall, all of these materials can be used to improve envelope airtightness
whether in a DER, in which, effectively, a new envelope is constructed, or in a
minor or major renovation in which these materials are selectively used to improve
the envelope in targeted locations. The overall QA process involved for each
material is the same with regard to the materials, to the specific attention directed
toward the applications, and to the scope that is specific to each project.

Fig. 9.9 Gypsum air barrier partition wall used to compartmentalize an interior space: Left, see rear
wall; Right, CMU and OSB sheathing is used as an air barrier assembly. (Photo courtesy of
Nicholas Alexander, USACE)
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9.8 Construction Quality Assurance, Quality Control
for the Air Barrier System

In a DER or any project that includes a renovation or new construction, high-quality
construction is vital to ensure the building’s proper function and performance.

The responsibility for QA and quality control (QC) falls to the Government or
Owners Quality Representative and the contractor, respectively. Ultimately, the
contractor is responsible for quality construction of the project; however, both the
QA and QC representative(s) must be thoroughly knowledgeable in quality instal-
lation and application of these aspects of the construction for the constructed product
to be successful.

General points for inspection:

• Several critical points for inspection of the air barrier system or the control layers
of a building envelope are:

– Roof-to-wall transition
– Wall-to-foundation transition
– Penetrations
– Fenestrations
– Material transitions
– Substrate transitions
– Access hatches
– Soffits
– Building corners
– Expansion joints
– Structural penetrations
– Wall type and control or air barrier installation

• Also, particular inspection points and aspects of material storage or application
for each type of material, in brief, are:

– Material storage temperatures
– Application temperatures
– Substrate temperatures
– Material compatibility
– Fasteners
– Substrate conditions
– Internal or external environments

Appendix H provides more extensive detail and information on the QA aspects
throughout the construction process for control layers, air barrier systems, and air
barrier testing (Annex H-5).

88 9 Improved Building Airtightness



Chapter 10
Water Vapor Control

10.1 Introduction

There are flows of heat, air, and water (liquid, capillary, and vapor) through building
envelope assemblies. We seek to reduce heat flow and airflow through assemblies
for energy savings. These are discussed in Sects. 7, 8, and 9 of this document. Liquid
water flow depends on proper detailing for the exposure. Capillary water flow occurs
in all sorptive materials, and its impact is minimal except in materials with ground
contact.

Building materials are installed in assemblies for all of the reasons above, as well
as for structure and aesthetics. They all have an impact on vapor flow, and that
impact depends on their permeance or their openness to the flow of water vapor
under diffusion or the flow driven by vapor pressure differences. Water vapor control
consists of ensuring that the permeances of the materials or components in an
assembly are such that they do not lead to an unsafe accumulation of water within
the building assembly.

10.2 Above-Grade Walls and Roofs

The discussion in this subsection is limited to above-grade walls and roofs.

• Windows are treated in Sect. 8 of this document.
• Water vapor control pertains to foundations only when those foundations can be

shown to exclude both liquid and capillary water available to the foundation from
ground contact. This requirement is rarely met in actual foundations. Liquid and
capillary controls are beyond the scope of this section. In addition:

– Water leakage through the envelope cannot be assumed never to occur if the
foundation space is below grade.
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– Two- and three-dimensional effects of water leakage and capillary transport
are very important.

– Liquid water loads are difficult to quantify. They are changing with changes to
climate and sea level rise.

– Conditions surrounding foundation assemblies are nonuniform.

It is assumed that:

• The walls and roofs comply with the thermal requirements found in the
document.

• The walls and roofs are designed and constructed to be sufficiently airtight that
the building can meet the airtightness requirements found elsewhere in this
document. For that reason, water vapor transport due to air movement through
the building envelope assembly is ignored.

– If water vapor transport due to air movement is to be included, the flows shall
be calculated using the parallel permeance methods described in ASHRAE
Handbook (ASHRAE 2009).

• There is no leakage of liquid water into the assembly.
• The only damage to components in the building assembly that is considered in

this section is mold growth on surfaces other than the exposed interior and
exterior surfaces of the assembly.

– Table 10.1 below lists all common forms of damage to wall and roof assem-
blies and explains why and how the form of damage is included or excluded
from consideration in this section.

– With the adoption of Addendum E, ASHRAE 160 has become a satisfactory
method for estimating damage to assemblies due to mold growth on interior
surfaces.

• The analysis used is one-dimensional. Two- and three-dimensional effects are
ignored.

Given the scope and the assumptions, the requirements for vapor control can be
stated simply: “Above-grade walls and roofs shall comply with ASHRAE Standard
160.”

ASHRAE Standard 160 (and the comparable ISO document 13,788) was devel-
oped precisely to estimate the wetness within building envelope assemblies given the
various inputs: components, material properties, boundary conditions, surface films,
etc. With the adoption of Addendum E, Standard 160 is capable of estimating the
extent and severity of mold growth, which is the focus of this section.

It is not necessary for all building assemblies to run a compliance check against
Standard 160. In fact, almost all common assemblies in nonextreme conditions and
climates will be expected to comply. We may develop tables for various assemblies
under different conditions of temperature difference and vapor pressure difference
and show the safe ranges for these assemblies, in “deemed to comply” tables. By
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Table 10.1 Wall and roof performance problems

Addressed? Explain

Mold on inside of wall
sheathing

Yes. Standard 160 Standard 160 was designed specifically for
this purpose

Mold on interior surface No, not vapor control Will be associated with thermal bridges,
diffuser throw, HVAC design/operation, or a
combination, not with arrangement of
permeances

Freeze-thaw in masonry No, not vapor control Freeze-thaw effects are associated with out-
door exposure, as possibly worsened by
temperature of exterior materials. Insulation
requirements that exterior elements will be
cold in cold weather. No arrangement of
permeances at the interior will impact
freeze-thaw

Exterior or interior coat-
ing failure

Vapor control plays
minor and
undefinable role

Industry must specify coatings, substrates,
and appropriate substrate preparation using
baseline (mothball) conditions, i.e., condi-
tions with no indoor climate conditioning

Mold on back of vinyl
wallcovering

No Occurs under conditions of airflow in the
assembly, precluded under the airtightness
requirement

Foundation walls
(leaking spotting, mold
growth, etc.)

No. Outside of scope Usually damaged by water leakage, thus
outside this specification

Corrosion No Corrosion resistance of metal elements must
be specified for design conditions

Construction moisture
effects

Yes Accounted for in Standard 160 and WUFI

Loss of shingle service
life

No Product quality issue

Full attic sheathing dark-
ening, winter

No, with
qualifications

With relatively airtight ceiling, the full range
of ventilation ratios is permissible
(to discuss: ratio of ceiling airtightness to
roof plane airtightness)

Full attic sheathing dark-
ening, summer

No. Not a vapor con-
trol issue

Associated with powered ventilation and
cooling loss into the attic

Water spotting at flash-
ing and details

No. Not a vapor con-
trol issue

Water penetration exclusion

Mold in “vented” cathe-
dral ceiling

Yes It is impossible to estimate or anticipate air-
flow in cathedral vents. Therefore, the
assembly should be modeled using the roof
assumptions in the specification

Spalling or coating fail-
ure in protruding
elements

No. 2- or 3-D effects Protruding elements have highest exposure
and are least likely to be affected by flows
from the interior
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using highly at-risk assemblies in the tables, it can be shown that less risky
assemblies will comply within the more at-risk assembly “deemed to comply” range.

Further work is necessary to develop those tables. A recent check was conducted
on three wood frame OSB-sheathed assemblies, R-30, R-40, and R-50, in which one
third of the total insulation resistance was provided by highly impermeable insula-
tion (XPS). The assembly was tested against Standard 160 for four climates,
Anchorage, Minneapolis, Chicago, and Seattle, and for four different indoor climate
classes (defined in ISO 13788) 1, 2, 3, and 4 (driest to wettest). The assembly was
shown to comply for all outdoor climates and all indoor climate classes. A second
assembly, using only fiberglass insulation, delivered results in which the coldest and
wettest conditions led to failure and the mildest and driest conditions led to success,
with the opportunity to define a limited range for such an at-risk assembly.

Can the use of Standard 160, which is shown to be capable only of determining
the likelihood (or not) of mold growth within an assembly, be used as the basis for
this standard? It can be shown by listing the types of damage to envelope assemblies,
and how they are or are not addressed in this section.

“Condensation” is not listed as form of moisture damage to walls and roofs. This
is because:

1. The building assemblies shown here are opaque assemblies. The formation of
water droplets on a surface is of concern in transparent (glazed) assemblies, which
are out of the scope of this document.

2. The building materials considered here (almost entirely) are sorptive. That is, the
building materials here do not show the formation of droplets condensed from
adjacent air cavities containing water vapor.

(a) Instead, sorptive materials will absorb or adsorb water, they will become
heavier or lighter with daily and other cycling, and this weight change or
moisture uptake is natural, not a cause for concern.

(b) Moisture uptake in sorptive materials becomes a concern when the wetness of
the materials, together with the temperature of the surface, permits mold to
grow. Mold growth is precisely the focus of ASHRAE 160, which serves as
the basis for this section.

10.3 Attic Ventilation

In sloped roof construction, the insulation may be placed at the ceiling plane or at the
roof plane. In either case, the air barrier should be located contingent to or integral
with the thermal barrier.

1. For ceiling-insulated thermal barriers, with high levels of insulation and with
low-airflow ceilings, the presence or absence of attic ventilation makes little
difference in water vapor control. Attic ventilation carries an energy penalty
and a resilience (wind and firestorm resistance) penalty.
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2. Low slope roofs that comply with Standard 160 typically use high moisture-
resistance materials in the assembly. They are not vented.

3. Sloped roofs with the thermal barrier placed within the roof assembly should be
designed to comply with Standard 160 without reliance on ventilation. Achieving
useful ventilation is difficult in simple roofs and is practically impossible in roofs
with other than simple geometry: hips, valleys, sloped and low slope adjacencies,
and long lengths.

10.4 Foundations

Water management in building envelope assemblies consists of managing liquid
water flow, capillary flow, and vapor flow (diffusion). In above-grade assemblies,
liquid water flow control is a matter of good design and detailing, for loads that are
small, and can be easily anticipated. Capillary control is a minor matter where there
are no liquid sources.

Water management in foundations consists almost entirely of liquid water man-
agement and capillary water management. Vapor management plays a minor role.
Liquid water management rarely relies on a single element, but instead it includes
several elements in series, each of which may be expected to be less than perfect.
Liquid water management may occur at several levels:

1. Gutter and downspout configuration to keep water away from the foundation.
2. Sloping of soil surface away from the building.
3. “Flashing” the building into the soil so that surface water close to the building is

directed away from the soil in contact with the foundation
4. Drainage of surface water downward so that it cannot apply a head of liquid

water to the foundation walls.
5. Collection tiles at the base of the building, leading to daylight, to storm drains or

to sump pumps.
6. Waterproofing (membrane, coating, expansive clays) applied to walls.
7. Coatings to resist capillary flow applied to the footing/wall joint, or to the

insides of foundation materials.
8. Collection methods for rising ground water, together with discharge of collected

water.
9. Ground covers (ideally sealed against water leakage and evaporation) in crawl

spaces.
10. Low permeance membranes beneath slabs.
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Chapter 11
Lighting Systems

Lighting accounts for almost 32% of the energy used in commercial buildings.
Related energy codes are becoming more rigorous as the need to reduce energy
consumption increases. Since reduction in lighting energy consumption can signif-
icantly affect a building’s energy performance, lighting is a practical target. Many
lighting solutions are simple and easy-to-implement, others more complex; many
can yield substantial results. Advanced lighting systems should be considered in all
renovation projects of federal and public facilities. Table 11.1 lists current minimum
national standards for lighting systems.

A number of lighting technologies have been available for decades, but were not
often implemented in federal and public facilities due to either budgetary constraints,
lack of guidance, undocumented results, or other application issues. Other technol-
ogies in the lighting field are emerging with potential for even greater energy savings
if used in the right applications.

When considering energy retrofits, the following basic principles should be
considered:

• Cornerstone design strategies:

– Provide appropriate illuminance levels without overlighting.
– Use efficient lamps, ballasts, and luminaires.
– Reduce electric lighting usage with controls.

• Energy-saving lighting design tactics that help create visually comfortable, effec-
tive, and efficient lighted environments:

– Optimize architecture to provide daylight in frequently occupied spaces.
– Apply light-colored (high-reflectance) surface finishes.
– Cluster similar tasks to improve lighting system energy efficiency.
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– Locate luminaires close to tasks that require higher illuminance.
– Use linear fluorescent and light-emitting diode (LED) luminaires

predominately.
– Use high-efficiency ballasts with appropriate ballast factors.
– Use high-efficacy versions of lamps (e.g., 3100 lumen fluorescent T8).
– Illuminate walls and ceilings to increase perception of brightness.
– Use task lighting in general office areas and locations where additional

illumination is needed for detailed tasks.
– Use daylight responsive lighting controls in frequently occupied spaces with

daylight access.
– Use occupancy sensors in spaces without daylight access.
– Control lighting with astronomic time clocks for building-wide energy

conservation.

There are numerous international guidelines for lighting systems retrofits (e.g.,
CIBSE 1993; USACE 2013; DS/EN 12464–1:2011; ZVEI 2005). The USACE
Lighting Design Guide (USACE 2013) that has been adopted by the Annex 61 pro-
vides best practice guidance for lighting strategies in different building types and
spaces along with illumination levels and maximum lighting power density (LPD)
(Table 11.2).

Table 11.1 International requirements and standards for lighting systems

Country Standards and requirements

Austria ÖNORM EN 12464–1 and 12,464–2 for working spaces (1 ¼ indoor, 2 outdoor
spaces)

ÖNORM EN 15193 – energy performance of buildings – energy requirements for
lighting

China GB 50034–2013, GB 50189–2015

Denmark DS/EN ISO 12464-1 (Tables 5.1–5.53)

Estonia Requirements for building service systems. Ministry of Economic Affairs and Com-
munications’ Ordinance No. 70. RT I, 09.11.2012, 12

Germany DIN 18599–4, DIN 5035 T 1–14

Latvia LVS-EN 12464–1:2011

LVS-EN 12464–2:2014

LVS-EN 15193:2009

UK British Standard (BS) EN 12464–1:2011, Non-Domestic Building Services Compli-
ance Guide:2013, Non-Domestic Building Services Compliance Guide for
Scotland:2015

USA ASHRAE Std 90.1 + Illuminating Engineering Society of North America (IESNA)
recommended practices, tenth edition 2010
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Table 11.2 Illuminance and LPD targets for some building spaces

Space type

Target luminance Target LPD

fc Lux W/ft2 W/m2

Common spaces
Conference room 40 430 0.80 8.90

Corridor 10 108 0.50 5.56

Living quarters 5–30 54–323 0.60 6.67

Mechanical/electrical 30 323 0.70 7.78

Reception/waiting 15–30 161–323 0.50 5.56

Restroom/shower 20 215 0.80 8.90

Stair 10 108 0.50 5.56

Storage (general) 10 108 0.50 5.56

Telecom/SIPRnet 50 538 1.20 13.33

Vault 40 430 0.70 7.78

Restaurants/cafeteria dining area 20 215 0.60 6.67

Dishwashing/tray return 50 538 0.65 7.22

Kitchen/food prep/drive thru 50 538 0.65 7.22

Storage (dry food) 10 108 0.70 7.78

Training
Readiness bay 40 430 0.75 8.33

Educational/training room (small) 15–30 161–323 0.70 W 7.78

Education and sport facilities
Kindergarten classroom 15–30 161–323 0.70 7.78

High school classroom 15–30 161–323 0.70 7.78

Active play room 30–50 323 0.50 5.56

Staff lounge 15–30 161–323 0.50 5.56

Athletic – gym 40–50 430–538 0.70 W/ft2 7.78

Gym with jogging track 50–60 538 0.80 W/ft2 8.90

Racquetball 50 538 1.10 W/ft2 12.22

Combative 50 538 0.90 W/ft2 10.00

Health
Resident work area 30–45 323 0.40 W/ft2 4.44

Nurses station 15–30 161–323 0.80 W/ft2 8.90

Exam room 30–50 323–538 0.60 W/ft2 6.67

Source: USACE (2013)
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Chapter 12
HVAC Equipment and Systems

12.1 Introduction

Mechanical HVAC systems are designed to provide thermal comfort and indoor air
quality. The type of system, its efficiency, and its components and control strategies
should be selected and designed to minimize energy consumption and to maximize
comfort throughout the range of operating conditions.

When building heating, cooling, and electrical loads are significantly
reduced, the importance of selecting one type of heating and cooling system
over another diminishes.

However, a few aspects must addressed to achieve DER:

• When replacing HVAC systems with new ones, use high-performance motors,
fans, furnaces, chillers, boilers, etc. according to the most stringent current
national standard and requirements to energy systems.

• Separating systems for ventilation, make-up air, humidity control, and building
pressurization from systems providing temperature control can be an effective
means of reducing energy use, downsizing mechanical equipment, and improving
systems controllability. Use DOASs.

• Use well-sealed and insulated ducts and insulated hot water and chilled water
pipes.

• Use energy recovery from exhaust air to preheat and precool outdoor air supplied
by the DOAS.
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12.2 Requirements for Mechanical Equipment

Mechanical equipment should be properly sized and meet the efficiency require-
ments specified in national standards listed in Table 12.1 or better. Equipment
efficiency should be sized based on optimal performance at part load versus peak
its performance. The most important efficiency aspect of HVAC performance is the
overall efficiency of the whole system, not just the efficiencies of its components.

One common misconception is that making a building’s airtight will result in
inferior indoor air quality. Including a DOAS (Fig. 12.1) into a “core technologies
bundle” ensures that building spaces receive sufficient outside air in amounts that are
not affected by the building temperature control strategies. A DOAS delivers 100%
outside air (OA) to each individual space in the building via its own duct system
(PIER 2009) for ventilation, make-up air, humidity control, and building

Table 12.1 National standards for HVAC systems

Country HVAC

Austria EN 1507, EN 12237, ÖNORM H 5057, OIB RL 6, 2011

China GB 50736-2012, GB 50189-2015

Denmark Standard 447, Standard 452

Estonia EVS-EN 13779, EN 12237, Ordinance No. 70. RT I, 09.11.2012, 12

Germany EnEV 2014, DIN V 18599, DIN 1946-6, DIN EN 13779

DIN 24192 II/III/IV, DIN 4108-6, DIN 4701-10

Latvia Latvian Construction Standard LBN 231-03

Latvian Construction Standard LBN 003-01

UK Non-Domestic Building Services Compliance Guide: 2013

Non-Domestic Building Services Compliance Guide for Scotland: 2015

BS EN 15727:2010, BS 5422:2009

USA ASHRAE Std 90.1, ASHRAE Std 189

Fig. 12.1 DOAS schematic
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pressurization. Heating and cooling of building spaces is provided by a separately
controlled system (Ministry of Economics of the Republic of Latvia 2013).

As a general rule, a DOAS operates at constant volume. For most applications,
the DOAS cannot meet all of the thermal loads in the space by itself; it requires a
parallel system to accommodate any sensible and latent loads the DOAS cannot
accommodate.

DOAS airflow rates generally are dictated by:

• Indoor air quality needs (based on national standards)
• Latent load (humidity control needs)
• Make-up air for bathroom and kitchen exhausts (when needed)
• Building pressurization to prevent infiltration, which helps to reduce heating/

cooling and moisture loads

12.3 Energy Recovery

Energy recovery is an important component of the DOAS that recycles energy
contained in the air normally exhausted from the building to preheat or precool the
incoming ventilation air. In many existing buildings, heating and cooling the
ventilation air accounts for up to 50% of the total HVAC system load. In such
older designs, the ventilation air is treated with conventional components such as an
oil or gas burner, hot and chilled water coils, and DX coils. A typical energy
recovery process is three to six times more efficient at treating ventilation air
compared to a conventional component. Figure 12.2 shows schematics of typical
heat recovery components.

To characterize component efficiency, a value called “recovery efficiency ratio”
(RER) has been developed. RER is the rate of energy recovered relative to the power
supplied to perform that work. Similar to “energy efficiency ratio” used in chillers
and unitary equipment, RER allows designers to model efficiency gains in whole
systems.

The performance of the energy recovery component is typically measured by its
effectiveness and pressure drop. Energy transfer effectiveness is defined as the actual
energy or moisture recovered to the maximum possible between the exhaust and
supply air streams. The energy transfer effectiveness can vary between 15% and
85% with a typical value of 75% for cross-flow energy wheel arrangement (Harvey
2006). Energy recovery effectiveness using the synthetic counterflow heat
exchanger (Brink International 2016) can be up to 95%. Table 12.2 lists minimum
legal standards in several countries for energy recovery equipment, and Table 12.3
lists typical total effectiveness and limitations for energy recovery components.

Figure 12.3 shows an example of a cross-counterflow heat exchanger with an HR
effectiveness of 85%.

It is important to consider the reduced ventilation load and its impact on the
primary heating and cooling requirements of the DOAS. Oversizing the system may
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(a)

(c)

(b)

Fig. 12.2 Typical heat recovery components: (a) rotary air-to-air energy exchanger, (b) heat pipe
heat exchanger, and (c) fixed plate cross-flow heat exchanger

Table 12.2 Minimum legal national standards and requirements for heat recovery from return air

Country Standard for HR equipment

Energy type
recovered (total,
sensible, latent) Efficiency, %

Austria ÖNORM EN 13141-7 Total 70

China GB 50189-2015 Total and
sensible

60

Denmark Danish Building Regulations BR10
(2010)

Sensible 70

Estonia Ministry of Economic Affairs and
Communications Ordinance No. 70.
Rt I, 09.11.2012, 12

Sensible 70

Germany DIN 4108-6, DIN 4701-10, DIN EN
13053, EnEV 2014

Total 50% in average
(depending on m3/h and
h/a the range is 0.4–0.65)

Latvia Latvian Construction Standard LBN
231-15 of 16 June 2015

Not defined Not defined

UK Non-Domestic Building Services
Compliance Guide: 2013

Sensible Heat pipe – 60

Non-Domestic Building Services
Compliance Guide for Scotland:
2015

Heat wheel – 65

Runaround coil – 45

USA ASHRAE Standard 90.1-2013. Total >50%
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result in excess energy consumption and may compromise the device’s ability to
maintain space conditions. Proper system sizing will result in optimized comfort
control, energy savings, and minimized capital expense. For ventilated-only (not
air-conditioned) buildings, energy recovery is generally more cost-effective in cold
and moderate climates with a payback ~2 years. For air-conditioned buildings, this
technology is applicable to all climates.

Life cycle energy savings and operational performance will vary by component.
Furthermore, equipment availability, capital cost, maintenance cost, and technology
advantages and disadvantages should be considered when selecting a component.
Certified performance ratings such as effectiveness, leakage parameters, and pres-
sure drop should be used when comparing energy savings. To maximize energy
savings, it is important to select a device that can be adequately maintained.

Table 12.3 Energy effectiveness and limitation of typical energy recovery components

Energy wheels Fixed plate Heat pipe

Typical total
effectiveness 65–85% 35–70% 15–35%

Advantages Highest total effectiveness No moving parts No moving
parts

Low pressure drop Low pressure drop No air leakage

Scales in size easily Low pressure
dropWidely available in standard ven-

tilation equipment

Limitations Requires a motor and belt to
operate

Large sizes at
higher airflows

Minimal
effectiveness

Some air leakage Some air leakage Requires sea-
sonal reset

Few suppliers

Fig. 12.3 State-of-the-art
cross-counterflow heat
exchanger with HR
effectiveness of 85%.
(Source: www.passipedia.
org)
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Components that are easy to access and to properly clean will provide greater energy
savings over the life cycle of the device.

Heat recovery can be combined with any air-conditioning system and will then
support both heating in winter and cooling in summer. Ventilation heat recovery
reduces energy losses resulting from exchange of cold air in winter and hot and
humid air in summer for ventilation purpose.

Heat recovery combined with humidity recovery in a heat exchanger with a
water-permeable membrane can additionally support dehumidification of air in hot
and humid climates.

In general, heat recovery can be combined with split heat pump units for
air-conditioning (AC) systems and also with any other heat pump system.

12.4 Heat Recovery Combined with Indirect Evaporative
Cooling

In some instances, when an old building with ventilation and heating systems is
renovated, cooling and dehumidification capabilities are added, which results in a
significant increase in the building’s energy use. Mechanical cooling provided by
direct expansion (DX) units or chilled water systems is one of the major electric
loads in buildings, particularly in southern climates. In many climate zones, the
cooling load for many buildings could be satisfied most of the year without mechan-
ical refrigeration by cooling the buildings’ ventilation air using indirect and direct
evaporative cooling (IDEC). This would result in much lower operating costs,
especially during peak electrical demand periods. In buildings with significant
cooling loads, indirect evaporative cooling can be used in combination with DX
units or chilled water coils to reduce the size (first cost) and the load (operating costs)
of mechanical cooling and humidity control systems by up to 65% (USACE 2016).
The primary advantage of the IDEC in relation to the other evaporative cooling units
is that it cools without adding any moisture to the conditioned space. This advantage
comes at a price, though, and not just in terms of initial cost. The heat and mass
exchange modules have a very high resistance to flow, which results in decreased
delivered airflow and higher power consumption than other evaporative cooler
systems (Dean et al. 2012). However, this system still uses considerably less
power than a conventional air conditioner and will likely keep a space more
comfortable than other evaporative coolers for most of the cooling season.

To implement this concept, a DOAS should be equipped with the IDEC heat
exchanger installed in the return air duct to provide energy recovery ventilation. In
most situations, the return air in the cooling season has a temperature around 22 �C
(72 �F) and RH around 50% in most climate conditions and applications. In cooling
mode, the return air is used on the working side of the IDEC heat exchanger and
provides indirect cooling of the outdoor air passing on the other side of the heat
exchanger. During the heating mode, there is no water supply to the IDEC unit.
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Return air has a temperature higher than the OA flow such that the IDEC heat
exchanger acts like a (dry) heat recovery device. During the entire year, an IDEC is
used for OA preheating and precooling/cooling. Figure 12.4 shows the configuration
of an IDEC unit to be connected to supply and return air ducts.

12.5 HVAC System Air Leakage Requirements

12.5.1 Introduction

When a building undergoes deep energy retrofits (DERs) that are conducted as part
of a major renovation project, the duct system is usually replaced. Replacing it with a
well-insulated and airtight system is one of the most cost-effective energy efficiency
measures available. One reason is that the airflows through air-handling units
(AHUs) connected to ducts must be sufficient to compensate for air leakage involv-
ing ducts and duct-mounted components (HVAC system air leakage). These AHU
airflows account for a large fraction of the energy use in buildings. For example, in
the United States, HVAC system air leakage is ranked as the primary source of
energy inefficiency in commercial buildings; it wasted an estimated $2.9 billion in
2005 (Mills 2009). Based on research results and experience from the United States
and around the world (especially in Scandinavia), this section of the Guide provides
recommendations on cost-effective targets for ductwork air tightness and a quality
assurance process for achieving these targets.

For the purposes of this Guide, ductwork includes straight duct, flexible duct, sheet
metal and rigid fiberglass plenums, and fittings (e.g., elbows, transitions, tees, wyes)
for distribution and extraction of air. It does not include duct-mounted components
(e.g., terminal units, access doors/panels, attenuators, coils, fire/smoke dampers,
balancing, and control dampers). A system consists of all ductwork that connects
the air handler to the conditioned space and includes duct-mounted components
where leaks through joints or penetrations can also occur (ASHRAE 2016b).

Fig. 12.4 Hybrid DOAS using indirect evaporative cooling and heating with energy recovery
ventilation (ERV) (USACE 2016)
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Duct air leakage classifications. In Europe, air leakage limits for round and
rectangular ducts, respectively, are defined in CEN Standards EN 12237 (CEN
2003) and EN 1507 (CEN 2006). The corresponding air tightness classes
(Table 12.4), in order of increasing air tightness, are A, B, C, and D. In countries
with leakage-related regulations such as Sweden, these classes are generally applied to
newly constructed ductwork as follows (Guyot and Carrié 2010; Andersson 2013):

• Class A (greatest leakage allowed) applies to visible ductwork in the space being
served. Although supply duct leakage and supply air are entering the same space,
air leakage will negatively affect the ventilation and heating/cooling effective-
ness, which depend on the location of air supply and type of diffusers used. Also,
balancing the system so that the correct amount of air is supplied at the diffusers
will result in increased airflow and energy use at the supply fan.

• Class B (three times tighter than A) applies to ductwork with surface area�20 m2

(�215 ft2). This class generally applies to small houses.
• Class C (three times tighter than B) applies to ductwork with surface areas >20 m2

(>215 ft2). This class applies to most other buildings. Class C ductwork typically
results in about 30% less fan power than Class A ductwork.

• Class D (three times tighter than C) is not a standard requirement, but can
optionally be specified for ductwork for which air tightness is essential (e.g., in
hospitals).

In the United States, ASHRAE originally developed “Leakage Class (CL)” to
predict air leakage from round, rectangular, flexible, and fibrous glass ducts, based
on air leakage versus seam, joint, and sealant type test data from ASHRAE research
project RP-308 (ASHRAE 1985). Today, energy standards such as ANSI/ASHRAE/
IES Standard 90.1 (ASHRAE 2016a) use air leakage classes as a function of duct
surface area in a manner similar to the way standards in European countries use those
classes. Figure 12.5 (SI) and Fig. 12.6 (IP) show the relationship of European air
tightness classes and ASHRAE leakage classes. The equivalency between European
and ASHRAE leakage classes is noted in these figures as A (CL¼ 19), B (CL¼ 6.4),
C (CL ¼ 2.1), and D (CL ¼ 0.7).

How to achieve quality ductwork? Apart from Scandinavia (Denmark, Finland,
Norway, and Sweden), many countries in Europe generally have very leaky duct
systems. Air leakage is typically three times higher than Class A, which is up to
30 times higher than the leakage observed in Sweden (Schild and Railio 2009).

Table 12.4 HVAC ductwork air leakage classifications

Air tightness classa,b Air leakage limit, L/s per m2 (cfm per 100 ft2)

A 0.027 19:2ð Þ p0:65test

B 0.009 6:4ð Þ p0:65test

C 0.003 2:1ð Þ p0:65test

D 0.001 0:7ð Þ p0:65test

Note: ptest ¼ test pressure, Pa (in. of water)
aCEN Standard EN 12237-2003 (circular ducts)
bCEN Standard EN 1507-2006 (rectangular ducts)
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Nearly all Swedish buildings and their installations meet the voluntary AMA1 series
of quality guidelines (e.g., Svensk Byggtjänst 2015) that are referenced in building
contracts between the owner and contractors (Andersson 2015). These guidelines in
part address ductwork air tightness. According to Schild and Railio, the three
ingredients for success in achieving airtight duct systems in Scandinavia are:

• Increased awareness of the benefits for quality ductwork and duct-mounted
components

• Guidelines and requirements with incentives provided in building contracts
• Verification of guidelines and requirements provided in each project with

predefined penalties

High-performance airtight duct systems can be achieved in many ways. One
example is through the installation of circular spiral ductwork and low-leakage
system components. In particular, some manufacturers of spiral ducts offer duct
and duct fittings with factory-fitted integrated rubber gaskets (Figs. 12.7 and 12.8)
that enhance the air tightness of HVAC systems. The ducts are made of continuous
strips of sheet metal formed into continuous spiral tubes with spiral lockseams that
also serve as continuous reinforcing. These construction and installation features

Fig. 12.5 Relationship between European air tightness classes (dashed lines) and ASHRAE
leakage classes (solid lines) in SI units

11AMA: Allmän Material och Arbetsbeskrivning; Swedish for “General Material and Workman-
ship Specifications”
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require fewer supporting components (connectors, stiffeners, hangers) and less field
sealing, thus using less material and incurring lower installation costs. It is estimated
that as much as 95% of ductwork installed in Scandinavia uses this technology
(Schild and Railio 2009).

Fig. 12.6 Relationship between ASHRAE leakage classes (solid lines) and European air tightness
classes (dashed lines) in IP units

Double lipped gasket Spiral Duck

End of fitting

Fig. 12.7 Double-lipped gasket connection of round ducts (unassembled and assembled)
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Although some buildings with limited ceiling space may indeed require that
rectangular or flat oval ducts be used instead of circular ducts, it is important to
recognize that round ducts often need less installation space than rectangular ducts
with the same pressure drop. Furthermore, using tighter duct systems can also result
in smaller ducts, because system airflows are reduced. Another alternative when
space is limited is to use multiple parallel round ducts.

Other technologies can also achieve tight ducts, but they involve more labor-
intensive field sealing instead of using gasketed joints. They should always be used
when joints do not have gaskets. In these cases, clamps, tapes, brushed- or spray-on
coatings, or aerosol-based sealants as may be appropriate to the application can be
used during or after the system is constructed. An example of an “airtight” rectan-
gular duct system with brushed-on sealants is described by Diamond et al. (2003).
Supply air leakage from this system while it was operating at “maximum” flow2 was
about 4% of the supply fan flow. Equivalent leakage classes were not determined for
ductwork sections in this system.

12.5.2 Economics

To better understand the economics of the various construction technologies, con-
sider the following. Tests carried out by BSRIA (2002) of circular spiral ductwork
that meets air tightness Class C or tighter requirements have demonstrated a 39%
saving on installation time compared to traditional ungasketed circular spiral duct-
work, which requires the application of an external tape, mastic, or rolled sealant to
seal each joint; the total installation costs (materials and labor) can be reduced as
much as 12%. Results of TÜV’s3 (2008) comparative test evaluation (Table 12.5)

Fig. 12.8 Circular duct
fittings with double-lipped
gasket connections: (a)
elbow and (b) tee

2The “maximum” flow in this case corresponds to the reference operating conditions described in
ANSI/ASHRAE Standard 215 (2018) for a variable-air-volume (VAV) system with direct digital
controls (DDC).
3TÜV is an abbreviation of the German Technischer Überwachungsverein or Technical Inspection
Association, which is an umbrella organization for German businesses that provide inspection and
product certification services.
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show that circular spiral ducts with double-sealing gaskets require a shorter instal-
lation time, have lower costs, and achieve better air tightness compared to other duct
construction techniques.

Airtight systems also support other energy efficiency measures (EEMs), includ-
ing demand-control ventilation and heat recovery that affect energy use for both
heating and cooling. For example, Guyot and Carrié (2010) calculated that air
leaking out of duct systems can reduce the global efficiency of a heat recovery
system from 85% (nominal value) to less than 60% (ducts three times leakier than
Class A ducts). This equates to approximately 5 kWh/m2/year (15.8 kBtu/ft2/year) of
space heating. Guyot and Carrié did not provide associated cooling energy impacts.

What is acceptable air leakage for high-performance buildings? To enable a
proper accounting of leakage-related impacts on fan energy and space-conditioning
loads, the allowable air leakage for each fan system should be established as a
percentage of fan airflow at the maximum system operating conditions.

For the ductwork, the maximum acceptable air leakage flow for a test section
corresponding to a specified air tightness class (air leakage class) can be expressed
by Eq. 12.1 (ASHRAE 2017):

Qleak,section,i ¼ CL,section,i Asection,i p
0:65
section,i SI

Qleak,section,i ¼ CL,section,i
Asection,i

100

� �
p0:65section,i IP

ð12:1Þ

where

Qleak,section,I ¼air leakage flow for test section i, L/s (cfm)
CL,section,i¼air tightness class (air leakage class) for test section i, L/s per Pa0.65 per

m2 (cfm per [in. of water]0.65 per 100 ft2) of duct surface area
Asection,i ¼surface area of test section i, m2 (ft2)

Table 12.5 Comparative test evaluation of duct construction techniques

Duct type /seal
type

Installation
time index

Component
price index

Total
price
index

Pressure,
Pa (in. of
water)

Measured
air leakage,
L/s (cfm)

Air
tightness
class

Circular spiral
ducts/double-
sealing gasket

100 100 100 400 (1.6) 0.71 (1.5) D

�750
(�3.0)

0.85 (1.8) D

Circular spiral
ducts/tape

155 95 108 400 (1.6) 7.63 (16.2) B

�750
(�3.0)

11.46 (24.3) B

Circular spiral
ducts/mastic

164 96 110 400 (1.6) 7.18 (15.2) B

�750
(�3.0)

8.42 (17.8) B

Rectangular
ducts/
tape + sealing
compound

228 115 139 400 (1.6) 7.25 (15.4) B

�750
(�3.0)

9.0 (19.1) C
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psection,i¼static pressure difference across the duct wall corresponding to maximum
fan airflow that would occur during operation for test section i, Pa (in. of water)

Equation 12.1 shows that the air leakage flow depends on section air tightness
class, section surface area, and the section static pressure raised to the 0.65 power.
For example, a test section with CLsection,i ¼ 0.003 L/s per Pa0.65 per m2 (2.1 cfm per
[in. of water]0.65 per 100 ft2) of duct surface area, Asection,i ¼ 45 m2 (484 ft2), and
psection,i ¼ 750 Pa (3.0 in. of water), the air leakage for that section is 10.0 L/s
(20.8 cfm). With psection,i ¼ 125 Pa (0.5 in. of water) instead (six times less), the air
leakage is about three times less (3.1 L/s [6.5 cfm]).

To obtain the system air leakage fraction due only to ductwork leakage as a
function of fan airflow, one needs to add the leakage flows from each section
(Eq. 12.1) together as follows:

Qleak,frac ¼100

PN
i¼1

CL,section,iAsection,ip0:65section,i

� �
Qfan

Asystem

� � PN
i¼1

Asection,i

� �
2
6664

3
7775 SI

Qleak,frac ¼100

PN
i¼1

CL,section,i
Asection,i

100

� �
p0:65section,i

� �

Qfan

Asystem

� � PN
i¼1

Asection,i

� �
2
6664

3
7775 IP

ð12:2Þ

where

Qleak,frac¼system air leakage fraction due only to ductwork leakage and
corresponding to maximum fan airflow that would occur during operation, %

Qfan¼maximum fan airflow that would occur during operation, L/s (cfm)
Asystem¼total system duct surface area, m2 (ft2)
N¼total number of ductwork sections included in Asystem, dimensionless

Equation 12.2 can be simplified to:

Qleak,frac ¼100

PN
i¼1

CL,section,ip0:65section,i

� �
Qfan

Asystem

� �
2
6664

3
7775 SI

Qleak,frac ¼
PN
i¼1

CL,section,ip0:65section,i

� �
Qfan

Asystem

� �
2
6664

3
7775 IP

ð12:3Þ
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For “typical” normalized airflows (Qfan/Asystem), such as those described by
SMACNA (2012, Appendix A), Tables 12.6 and 12.7 lists a tabulation of the
relationship in Eq. 12.3 for a system with one test section (or a combination of
sections each with the same airtightness class and static pressure). For example, the
data in Table 12.6 (SI) show that for an HVAC system with Qfan/Asystem ¼ 10 L/s per
m2 and psection ¼ 1000 Pa, the corresponding air leakage fraction for European air
tightness classes A, B, C, and D is 24.1%, 8.0%, 2.7%, and 0.9%, respectively. In
equivalent IP units, for an HVAC system with Qfan/Asystem ¼ 2 cfm per 100 ft2 and
psection ¼ 4 in. of water, the data in Table 12.7 (IP) show that the air leakage fraction
for ASHRAE air leakage classes 20, 6, 2.1, and 1 is 24.6%, 7.4%, 2.6%, and 1.2%,
respectively.

Many European countries have successfully attained air tightness Class C and
Scandinavia uses Class D ductwork as a standard practice for buildings such as
hospitals. Based on this success and on the many benefits of Class C as the paper has
discussed earlier, and assuming that the first cost of a Class C system is less than that
of a Class D system, the proposed air tightness goal for DER project duct systems is
Class C (EBC 2017b) for all ducts. The equivalent for European air tightness Class C
is ASHRAE air leakage Class 2.1. The data listed in Tables 12.8 and 12.9, abstracted
from Tables 12.6 and 12.7, show that the maximum air leakage for Class C (Class
2.1) ductwork with 1500 Pa (6 in. of water) maximum static pressure or less in each
duct section (from Tables 12.6 and 12.7) is about 4.5%. It is important to note that
actual systems usually do not have uniform static pressures when operating, so the
leakage fraction for duct sections will be less than this maximum for these systems.

In addition to the guidance offered by many European countries, the “Duct
Construction” chapter of the ASHRAE Handbook – HVAC Systems and Equipment
(ASHRAE 2016b) provides preliminary guidance for the maximum total system air
leakage (and economic rationale) as follows:

• Five percent of the design airflow for ductwork located in the conditioned space,
except 2% for exhaust ductwork

• Two percent of the design airflow for supply ductwork outside the conditioned
space

• One percent for air-handling units

The “Duct Design” chapter of the Handbook – Fundamentals (ASHRAE 2017)
also provides guidance for leakage characteristics related to duct-mounted compo-
nents. The maximum allowable leakage characteristics of the duct-mounted equip-
ment to be installed should be specified so that the combined leakage of the
ductwork and all duct-mounted components does not exceed the specified maximum
allowable system leakage fraction at actual operating conditions.
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12.5.3 Leakage Fraction Goal for DER Projects

Many European countries have successfully attained air tightness Class C (the
proposed goal for DER projects is Class C duct systems); Sweden uses Class D
ductwork as a standard practice. The equivalent for European air tightness Class C in
the United States is ASHRAE air leakage Class 2.1. The data in Tables 12.8 and
12.9, abstracted from Table 12.6, shows that the maximum air leakage for systems
1500 Pa (6 in. water) static pressure maximum (from Table 12.6) is 4.5%.

Table 12.6 Leakage as percentage of flow (SI units)

Air
tightness
classa, L/s
per m2 per
Pa0.65

Qfan/Asystem, L/s
per m2

Static pressure, Pa

125 250 500 750 1000 1250 1500 2000 2500

A 0.027 8 7.8 12.2 19.2 24.9 30.1 34.8 39.2 47.2 54.6

10 6.2 9.8 15.3 20.0 24.1 27.8 31.3 37.8 43.7

12.5 5.0 7.8 12.3 16.0 19.3 22.3 25.1 30.2 34.9

15 4.2 6.5 10.2 13.3 16.0 18.5 20.9 25.2 29.1

20 3.1 4.9 7.7 10.0 12.0 13.9 15.7 18.9 21.8

25 2.5 3.9 6.1 8.0 9.6 11.1 12.5 15.1 17.5

B 0.009 8 2.6 4.1 6.4 8.3 10.0 11.6 13.1 15.7 18.2

10 2.1 3.3 5.1 6.7 8.0 9.3 10.4 12.6 14.6

12.5 1.7 2.6 4.1 5.3 6.4 7.4 8.4 10.1 11.6

15 1.4 2.2 3.4 4.4 5.3 6.2 7.0 8.4 9.7

20 1.0 1.6 2.6 3.3 4.0 4.6 5.2 6.3 7.3

25 0.8 1.3 2.0 2.7 3.2 3.7 4.2 5.0 5.8

C 0.003 8 0.9 1.4 2.1 2.8 3.3 3.9 4.4 5.2 6.1

10 0.7 1.1 1.7 2.2 2.7 3.1 3.5 4.2 4.9

12.5 0.6 0.9 1.4 1.8 2.1 2.5 2.8 3.4 3.9

15 0.5 0.7 1.1 1.5 1.8 2.1 2.3 2.8 3.2

20 0.3 0.5 0.9 1.1 1.3 1.5 1.7 2.1 2.4

25 0.3 0.4 0.7 0.9 1.1 1.2 1.4 1.7 1.9

D 0.001 8 0.3 0.5 0.7 0.9 1.1 1.3 1.5 1.7 2.0

10 0.2 0.4 0.6 0.7 0.9 1.0 1.2 1.4 1.6

12.5 0.2 0.3 0.5 0.6 0.7 0.8 0.9 1.1 1.3

15 0.2 0.2 0.4 0.5 0.6 0.7 0.8 0.9 1.1

20 0.1 0.2 0.3 0.4 0.4 0.5 0.6 0.7 0.8

25 0.1 0.1 0.2 0.3 0.4 0.4 0.5 0.6 0.6
aAir tightness classes are per EN 12237 and EN 1507 (CEN 2003, 2006)
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Table 12.7 Leakage as percentage of flow (SI units)

Air leakage class, cfm
per 100 ft2 per (in. of
water)0.65

Qfan/
Asystem,
cfm per
ft2

Static pressure, in. of water

0.5 1 2 3 4 5 6 7 10

20 1.5 8.5 13.3 20.9 27.2 32.8 38.0 42.7 51.5 59.6

2 6.4 10.0 15.7 20.4 24.6 28.5 32.0 38.6 44.7

2.5 5.1 8.0 12.6 16.3 19.7 22.8 25.6 30.9 35.7

3 4.2 6.7 10.5 13.6 16.4 19.0 21.4 25.8 29.8

4 3.2 5.0 7.8 10.2 12.3 14.2 16.0 19.3 22.3

5 2.5 4.0 6.3 8.2 9.8 11.4 12.8 15.5 17.9

8 1.5 3.4 5.3 8.4 10.9 13.1 15.2 17.1 20.6 23.8

2 2.5 4.0 6.3 8.2 9.8 11.4 12.8 15.5 17.9

2.5 2.0 3.2 5.0 6.5 7.9 9.1 10.3 12.4 14.3

3 1.7 2.7 4.2 5.4 6.6 7.6 8.5 10.3 11.9

4 1.3 2.0 3.1 4.1 4.9 5.7 6.4 7.7 8.9

5 1.0 1.6 2.5 3.3 3.9 4.6 5.1 6.2 7.1

6 1.5 2.5 4.0 6.3 8.2 9.8 11.4 12.8 15.5 17.9

2 1.9 3.0 4.7 6.1 7.4 8.5 9.6 11.6 13.4

2.5 1.5 2.4 3.8 4.9 5.9 6.8 7.7 9.3 10.7

3 1.3 2.0 3.1 4.1 4.9 5.7 6.4 7.7 8.9

4 1.0 1.5 2.4 3.1 3.7 4.3 4.8 5.8 6.7

5 0.8 1.2 1.9 2.5 3.0 3.4 3.8 4.6 5.4

5 1.5 2.1 3.3 5.2 6.8 8.2 9.5 10.7 12.9 14.9

2 1.6 2.5 3.9 5.1 6.2 7.1 8.0 9.7 11.2

2.5 1.3 2.0 3.1 4.1 4.9 5.7 6.4 7.7 8.9

3 1.1 1.7 2.6 3.4 4.1 4.7 5.3 6.4 7.4

4 0.8 1.3 2.0 2.6 3.1 3.6 4.0 4.8 5.6

5 0.6 1.0 1.6 2.0 2.5 2.8 3.2 3.9 4.5

4 1.5 1.7 2.7 4.2 5.4 6.6 7.6 8.5 10.3 11.9

2 1.3 2.0 3.1 4.1 4.9 5.7 6.4 7.7 8.9

2.5 1.0 1.6 2.5 3.3 3.9 4.6 5.1 6.2 7.1

3 0.8 1.3 2.1 2.7 3.3 3.8 4.3 5.2 6.0

4 0.6 1.0 1.6 2.0 2.5 2.8 3.2 3.9 4.5

5 0.5 0.8 1.3 1.6 2.0 2.3 2.6 3.1 3.6

3 1.5 1.3 2.0 3.1 4.1 4.9 5.7 6.4 7.7 8.9

2 1.0 1.5 2.4 3.1 3.7 4.3 4.8 5.8 6.7

2.5 0.8 1.2 1.9 2.5 3.0 3.4 3.8 4.6 5.4

3 0.6 1.0 1.6 2.0 2.5 2.8 3.2 3.9 4.5

4 0.5 0.8 1.2 1.5 1.8 2.1 2.4 2.9 3.4

5 0.4 0.6 0.9 1.2 1.5 1.7 1.9 2.3 2.7

(continued)
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12.5.4 Testing for Air Leakage

It is critical that supply and exhaust air systems be tested for air leakage during
construction to verify the quality of the workmanship and the use of low-leakage
components, as required to achieve the air tightness specified by the owner’s

Table 12.7 (continued)

Air leakage class, cfm
per 100 ft2 per (in. of
water)0.65

Qfan/
Asystem,
cfm per
ft2

Static pressure, in. of water

0.5 1 2 3 4 5 6 7 10

2.1 1.5 0.9 1.4 2.2 2.9 3.4 4.0 4.5 5.4 6.3

2 0.7 1.1 1.6 2.1 2.6 3.0 3.4 4.1 4.7

2.5 0.5 0.8 1.3 1.7 2.1 2.4 2.7 3.2 3.8

3 0.4 0.7 1.1 1.4 1.7 2.0 2.2 2.7 3.1

4 0.3 0.5 0.8 1.1 1.3 1.5 1.7 2.0 2.3

5 0.3 0.4 0.7 0.9 1.0 1.2 1.3 1.6 1.9

1 1.5 0.4 0.7 1.0 1.4 1.6 1.9 2.1 2.6 3.0

2 0.3 0.5 0.8 1.0 1.2 1.4 1.6 1.9 2.2

2.5 0.3 0.4 0.6 0.8 1.0 1.1 1.3 1.5 1.8

3 0.2 0.3 0.5 0.7 0.8 0.9 1.1 1.3 1.5

4 0.2 0.3 0.4 0.5 0.6 0.7 0.8 1.0 1.1

5 0.1 0.2 0.3 0.4 0.5 0.6 0.6 0.8 0.9

Table 12.8 Air leakage fraction for EU air tightness Class C systems (SI units)

Air tightness class,
L/s per m2 per Pa0.65 Qfan/Asystem, L/s per m

2

Static pressure, Pa

125 250 500 750 1000 1250 1500

C 0.003 8 0.9 1.4 2.1 2.8 3.3 3.9 4.4

10 0.7 1.1 1.7 2.2 2.7 3.1 3.5

12.5 0.6 0.9 1.4 1.8 2.1 2.5 2.8

15 0.5 0.7 1.1 1.5 1.8 2.1 2.3

20 0.3 0.5 0.9 1.1 1.3 1.5 1.7

25 0.3 0.4 0.7 0.9 1.1 1.2 1.4

Table 12.9 Air leakage fraction for ASHRAE air leakage Class 2.1 systems (I-P units)

Air leakage class, cfm per 100 ft2 per
(in. of water)0.65

Qfan/Asystem,
cfm per ft2

Static pressure, in. of water

0.5 1 2 3 4 5 6

2.1 1.5 0.9 1.4 2.2 2.9 3.4 4.0 4.5

2 0.7 1.1 1.6 2.1 2.6 3.0 3.4

2.5 0.5 0.8 1.3 1.7 2.1 2.4 2.7

3 0.4 0.7 1.1 1.4 1.7 2.0 2.2

4 0.3 0.5 0.8 1.1 1.3 1.5 1.7

5 0.3 0.4 0.7 0.9 1.0 1.2 1.3
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representative in the contract. Leakage tests should be conducted by an independent
party responsible to the owner’s representative.

During construction, ductwork sections should be pressure tested using EN
12599 (CEN 2012) or SMACNA’s HVAC Air Duct Leakage Test Manual (2012:
Sections 4, 6, and 7). The resulting air leakage of each test section should not exceed
the air leakage calculated using Eq. 12.1 for European air tightness Class C (0.003 L/
s per m2 per Pa0.65), which is the same as ASHRAE air leakage Class 2.1 (cfm per
100 ft2 per [in. of water]0.65).

As described in the “Duct Design” chapter of the ASHRAE Handbook – Funda-
mentals (ASHRAE 2017), at a minimum, 25%4 of the ductwork based on duct
surface area (including 100% of the ducts to be enclosed in chases and other
concealed space and ducts installed outdoors) should be pressure tested and another
25% should be tested if any of the initial sections fail. If any section of the second
25% fails, the entire ductwork should be air leakage tested. Sections to be tested
should be selected by the owner’s representative. The selected sections should
include a representative variety of duct dimensions and fittings (CEN 2003, 2006).
Duct surface area should be calculated as described in EN 14239 (CEN 2004).

12.5.5 Example

Consider a duct system as depicted in Fig. 12.9 with characteristics as listed in
Tables 12.10 and 12.11. This example illustrates how to use Eq. 12.1 to calculate the
maximum allowable air leakage for the duct system sections when they are pressure
tested using two different test setups (Sections 1 through 5 together and Sections
4 and 5 together). It also illustrates how to use Eq. 12.3 to calculate the leakage
fraction for the system’s ductwork to meet the Class C (2.1) requirement, based on
the combined leakage of all five of the tested sections. Tables 12.10 and 12.11 shows
the results of these calculations.

It is important to recognize that the pressurization-based leakage test procedures
currently used by industry focus on determining component air tightness (e.g., for
ductwork located upstream of terminal box inlet dampers). Air tightness alone,
however, is insufficient to determine leakage airflows. One must also then estimate
system pressures during system operation to determine these flows. Determining the
location of every leak and the pressure difference across each leak is practically
impossible for most systems and can cause significant uncertainty in leakage airflow
estimates using this approach.

In particular, comparisons of leakage fractions based on “measured” leakage
flows with fractions estimated using the industry method (Wray et al. 2005) show

4The minimum of 25% is based on the related requirement in Section 6.4.4.2.2 of ANSI/ASHRAE/
IES Standard 90.1 (2016b).
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(a) (b)

Fig. 12.9 Ductwork layout and instrumentation, for example: (a) pressurizing entire system; (b)
pressurizing sections 4 and 5 combined (note: [. . .. . .] denotes a temporary seal of a duct opening)

Table 12.10 Allowable air leakage for the example system test (SI)

Section

Inlet
flow,
L/s

Asection,i,
Section surface
area, m2

psection,i,
section
static
pressure,
Pa

CL,section,i, air
tightness class,
L/s per m2 per
Pa0.65

Qleak,section,i,
allowable
leakage, L/s
(Eq. 121)

Qleak,frac,
ductwork
leakage
fraction, %
(Eq. 12.3)

Characteristics Calculated

1 2360 46.5 750 0.003 10.3

2 944 62.0 250 0.003 6.7

3 1416 69.7 500 0.003 11.9

4 472 18.6 250 0.003 2.0

5 944 92.9 250 0.003 10.1

System 2360 289.7 41.0 1.7
4 and 5 1416 111.5 250 0.003 12.1

Table 12.11 Allowable air leakage for the example system test (IP)

Section

Inlet
flow,
cfm

Asection,i,
section
surface
area, ft2

psection,i,
section
static
pressure,
in. of water

CL,section,i, air
leakage class,
cfm per ft2 per
(in. of water)0.65

Qleak,section,i,
allowable
leakage, cfm
(Eq. 12.1)

Qleak,frac,
ductwork
leakage
fraction, %
(Eq. 12.3)

Characteristics Calculated

1 5000 500 3.0 2.1 21.4

2 2000 667 1.0 2.1 14.0

3 3000 750 2.0 2.1 24.7

4 1000 200 1.0 2.1 4.2

5 2000 1000 1.0 2.1 21.0

System 5000 3117 85.4 1.7
4 and 5 3000 1200 1.0 2.1 25.2
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that small estimated fractions are a good indicator that a system is tight; however, the
converse is not true for large fractions that indicate a system is leaky.

To eliminate the uncertainty associated with estimating pressure differences
across leaks, recently published ANSI/ASHRAE Standard 215 (2018) provides a
method of test for determining leakage airflows, either for the whole system or for
selected parts. Flows into and out of the section being tested are measured at a
repeatable reference operating condition: the difference is the leakage flow. The
operating condition is not necessarily the design operating condition, but corre-
sponds to the greatest system inlet flow (outlet flow for exhaust systems) possible
without being detrimental to the occupants of the building, the building structure, or
the HVAC mechanical components while maintaining the duct static pressure set
point (where applicable) specified in design documents. Once the system is
constructed and operable, it is recommended that this standard be used when
commissioning DER buildings.

12.6 Duct Insulation

Duct insulation saves energy and keeps warmed or cooled air as close to a desired
temperature as possible while it is being moved to spaces where it is needed. If
reduced heat transfer through insulated ducts is accounted for in the HVAC load
calculations, it may even be possible to reduce the size of HVAC equipment.
Requirements for duct insulation are stated in national codes (listed in
Table 12.12); and levels of insulation depend on the building climate zone and
duct location (attic, crawlspace, basement, inside conditioned space, or other).
Return ducts connected to heat recovery equipment should also be insulated. In
addition to energy savings, there are several other reasons to insulate ductwork:
prevent condensation on the duct surface from causing either a safety or mold health
hazard; and achieve sound attenuation if a perforated liner is used (US constructions
methods). For obvious reasons, the integrity of the thermal and vapor barrier must be
maintained. For construction guidelines in the United States, refer to the latest
edition of SMACNA HVAC Duct Construction Standards (ASHRAE 2009). Insu-
lation must be protected from damage, including that due to sunlight, moisture,
equipment maintenance, etc. Duct insulation can be placed inside or outside of the
air duct. While in Europe the internal duct is typically used as a pressure shell
(Fig. 12.10), in the United States, it is a common practice to provide double-wall
insulated ducts with the perforated internal wall acting as a sound attenuator and/or
preventing water condensation on the duct’s exterior shell. The latter technology is
usually applied where the duct is exposed to the occupants or to the outdoor
environment.
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12.7 Insulation of Hot and Cold Water Pipes

Piping that serves as part of a heating, domestic hot water, or cooling systems should
be thermally insulated to reduce energy loss and eliminate moisture condensation on
cold piping surfaces. This also applies to chilled water, liquid refrigerant, cooling

Table 12.12 Duct insulation requirements

Country
Standard for duct
insulation Insulation requirementsa

Austria ÖNORM H 5057 U-value 0.6 W/(m2�K), 0.106 Btu/(hr�ft2��F)
China GB50736-2012 U-value 1.234 W/(m2�K), 0.217 Btu/(hr�ft2��F) – Normal

air-conditioning duct

0.877 W/(m2�K), 0.154 Btu/(hr�ft2��F) – Low-temperature
air-conditioning duct

Denmark Danish Standard 452 0.36–1.40 W/(m2�K), 0.063–0.246 Btu/(hr�ft2��F)
Estonia EVS-EN

13779:2007; EN
12097

0.36–1.4 W/(m2�K), 0.063–0.246 Btu/(hr�ft2��F)

Germany EnEV 2014 20–200 mm (0.79–7.87 in.) dependent on pipe diameter and
surrounding air temperature

Latvia LVS-EN 13779:2007 0.36–1.4 W/(m2�K), 0.063–0.246 Btu/(hr�ft2��F)
UK BS5422:2009 5–120 mm (0.2–4.7 in.) � (condensation control)

6.45 W/m2 (chilled or dual-purpose duct heat gain control)

16.34 W/m2 (ductworks carry warm air heat loss control)

USA ASHRAE Std 90.1-
2013 (6.8.2B)

U-value: 0.7–1.62 W/(m2�K), 0.125–0.2860 Btu/
(hr�ft2��F) – supply and return for heating or cooling

U-value: 0.95–1.62 W/(m2�K), 0.167–0.286 Btu/
(hr�ft2��F) – return ducts

aDepending on pipe radius and temperature difference

Fig. 12.10 Examples of supply duct insulation: (a) external duct insulation (courtesy of Isover-
Saint-Gobain), (b) internal duct insulation (courtesy of Linx Industries, Inc., Division of DMI)
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coil condensate, storm water roof drainage, and domestic cold water piping systems
with a temperature below 60 �F (15 �C) or below the adjacent space DPT. All piping,
fittings, and devices should be insulated and be provided with a well-sealed vapor
barrier applied to the entire insulation system to prevent diffusion of water vapor into
the insulation system. Exceptions can be made for piping that conveys fluids that
have a design temperature range between 60 �F (15 �C) and 105 �F (41 �C). The
minimum insulation thickness depends on the pipe size and fluid temperature
(Table 12.13).

For cold pipe and duct insulation, it is more advantageous to use closed-cell
caoutchouc foam (Fig. 12.11) insulation to prevent condensing water entering the
insulating foam.

Table 12.13 Hot water and cold water pipe insulation requirements

Country Minimum standard U-value or other requirement

Austria OIB RL 6, 2011 Insulation ¼ pipe diameter with thermal conductivity
of the insulation material of 0.035 W/(m�K)
(0.0019 Btu/[h�ft��F])
Cold/chilled water: 0.6–0.7 W/(m2�K),
0.106–0.124 Btu/(hr�ft2��F), hot water: 0.7 W/
(m2�K), 0.124 Btu/(hr�ft2��F)

China GB50736-2012 Hot water pipe: 25–140 mm (1.0–5.5 in)

Chilled water pipe: 19–60 mm (0.7–2.4 in)

Condensation water pipe: 9–15 mm (0.4–0.6 in)

Denmark Danish Standard 452 Cold/chilled water: 0.33 W/(m2�K) (0.0587 Btu[/
(h�ft2��F)]), hot water: 0.11–0.24 W/(m2�K)
(0.0196–0.0427 Btu/(h�ft2��F))�

Estonia Cold/chilled water: �1.5 W/(m2�K) (0.267 Btu/
[h�ft2��F]), hot water: � 0.5 . . . 0.8 W/(m2�K)
(0.0889 . . . 0.1422 Btu/[h�ft2��F])�

Germany EnEV 2014 Hot, cold, and chilled water pipe: 20–200 mm
(0.79–7.87 in.) dependent on pipe diameter and sur-
rounding air temperature

Latvia Construction Standard LBN
221-15 of 30 June 2015

Requirement for pipe insulation defined, while
U-values are not provided

UK BS5422:2009 Insulation requirement

Cooled and chilled water systems Cooled water
temperature >10 �C (>50 �F), 2.48–14.74 W/m
(2.48–14.7400 Btu/hr�ft)
Cooled and chilled water systems Chilled water
temperatures >4.9 �C (41 �F) to <10 �C (50 �F),
2.97–16.28 W/m (2.97–16.28 Btu/hr�ft)

(continued)
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Table 12.13 (continued)

Country Minimum standard U-value or other requirement

Cooled and chilled water systems Chilled water tem-
peratures of 0 �C (32 �F) to <4.9 �C (41 �F),
3.47–17.48 W/m (3.47–17.4800 Btu/hr�ft)
Nondomestic hot water service: 6.6–32.4 W/m
(6.6–32.4 Btu/hr�ft)
Domestic heating and hot water systems:
7.06–14.12 W/m (7.06–14.12 Btu/hr�ft)
Nondomestic heating services Low-temperature
heating services (�95 �C [203 �F]) 8.9–38.83 W/m
(8.9–38.83 Btu/hr�ft)
Nondomestic heating services Medium-temperature
heating services (96–120 �C [205–248 �F])
13.34–43.72 W/m (13.34–43.72 Btu/hr�ft)
Nondomestic heating services High-temperature
heating services (121–50 �C [250–302 �F])
17.92–48.48 W/m (17.92–48.48 Btu/hr�ft)

USA ASHRAE Std 90.1 2013
s 6.8.3 A and B

Heating and hot water pipesa

40 �C–60 �C (105 �F–140 �F): (1.25–2.38)
W/(m2�K), (0.22–0.42) Btu/(hr�ft2��F)
61 �C–93 �C (141 �F–200 �F): (2.12–3.28)
W/(m2�K), (0.375–0.58) Btu/(hr�ft2��F)
Cooling systems pipes�:
4 �C–16 �C (40 �F–60 �F): 0.6–1.53 W/(m2�K),
(0.105–0.27) Btu/(hr�ft2��F)
<4 �C (<40 �F): 0.57–2.2 W/(m2�K), (0.1–0.39)
Btu/(hr�ft2��F)

aDepending on pipe inner diameter

Fig. 12.11 Example of pipe
and duct insulation using
closed-cell caoutchouc foam
(Armaflex)
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Chapter 13
Quality Assurance

To increase a building’s value and improve its indoor climate and thermal comfort,
DER must adopt a Product Delivery Quality Assurance (PDQA) process that in
addition to conventional understanding of QA includes:

• Formulation of detailed technical specification (e.g., SOW or Owner’s Project
Requirements Document), against which tenders (i.e., bids) will be made, and
verification of understanding of these specifications by potential contractors

• Specification in SOW/Office of Primary Responsibility (OPR) of areas of major
concern to be addressed and checked during the bid selection, design, construc-
tion, commissioning, and postoccupancy phases

• Clear delineation of the responsibilities and qualifications of stakeholders in this
process

When established and well understood, this process requires minimum or no
additional cost. It is critical for achieving desired energy performance of the build-
ing, durability of its systems and their elements, and reduction in maintenance and
repair costs. The PDQA process described in Appendix H can be applied to major
renovation projects using both D-B-B and D-B procurement methods. Some ele-
ments of this process can be used also with minor renovation and system replace-
ment projects.
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Chapter 14
Economic Analysis

The scope of deep energy retrofit project and its attractiveness to investors depends
on the project’s cost-effectiveness. The standard method to analyze a project’s cost-
effectiveness is by performing a life-cycle cost analysis (LCCA), which accounts for
present and future costs of the project. Life-cycle costs typically include the follow-
ing two categories: investment costs and operational costs. Investment-related
costs include costs related to planning, design, purchase, and construction as well as
capital replacement costs, which are usually incurred when replacing major systems
or components. An LCCA also typically includes energy use cost and the cost of
operation and maintenance.

An important consideration in an LCCA is the selection of the Base Case
Scenario, against which the cost-effectiveness of the DER will be evaluated. Note
that the Base Case Scenario should not be confused with the Baseline, which is used
for benchmarking energy use in the building before renovation. Most of major
renovation projects include a scope of work, which can be either nonenergy-related
or energy-related. A nonenergy-related scope of work may include such elements
as different construction jobs related to changing floor layouts (e.g., moving/remov-
ing internal partitions), adding bathrooms, removing asbestos, adding sprinkler
system, etc.

An energy-related scope of work of a major renovation project typically
includes replacement of existing mechanical, lighting, and electrical systems,
replacement of some or all windows, replacement of existing ductwork and plumb-
ing systems, etc. A major renovation with the energy-related scope of work
undertaken to meet current minimum standard requirements will be considered
to be a Base Case for the LCCA.

Energy-related investment costs will usually be higher in a DER compared to
the Base Case. Some energy-related improvements included into DER, e.g., building
envelope insulation and mitigation of thermal bridges, installation of high-
performance windows, and air tightening the building envelope, are expensive and
are rarely included in the scope of major renovation or are performed following
lower energy performance requirements. However, reduction of heating, cooling, or
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humidity loads resulting from implementation of these measures will result in the
need for a smaller and sometimes simpler HVAC system, which will, in turn,
reduce both initial investment and capital replacement costs related to these
systems.

Also, combining DER with major renovation will result in smaller investment
costs compared to performing a DER on its own. In any case, costs for building
evacuation and gutting, installation of scaffolding, replacement of single pane and
damaged windows, or even replacement and/or upgrade of building envelope insu-
lation to meet minimum standards, are already a part of the major renovation project
and do not have to be accounted as an additional cost related to DER.

Compared to the Base Case, DER may or may not result in the following
operating cost savings:

• Energy use and cost reduction due to improved efficiency of the building and its
systems

• Energy cost reduction due to shifting energy peaks, switching to different fuels
(e.g., using cogeneration or trigeneration), or replacing fossil fuel-based thermal
or electrical systems to systems from renewable energy sources

• Maintenance cost reduction with replacement of worn equipment at the end of its
life cycle

• Maintenance cost reduction due to downsizing of mechanical systems with
reduced heating and cooling loads

• Operation cost reduction using advanced building automation systems

In some scenarios, energy use may increase compared to the Base Case due to
new indoor air quality or thermal comfort requirements. For example, adding
cooling or humidity control requirement will result in additional energy use for
cooling systems. Maintenance costs of some replacement systems may increase due
to the complexity of their controls system, but they may also be offset by reduced
energy use resulting from more efficient operation of the HVAC system.

Early studies and pilot projects performed around the world indicate that, in
addition to the traditional areas of operating cost reduction listed above, there are
other bankable cost reduction and income-generating opportunities related to
DER that shall be considered in LCCA (see Chap. 14 for more details):

• Improved building durability due to better temperature and humidity control
(e.g., reduced cost of building envelope repair and mold mitigation)

• Grants, rebates, and other financial subsidies for energy-efficient and sustain-
able design (one-time payment)

• Reduced costs and time of accommodating “churn” of employees in flexible
and sustainable work spaces (single or multiple time cost reduction)

• Increased usable space due to downsized and consolidated mechanical equip-
ment (additional cost reduction or income-generating cash flows)

• Increased usable space due to improved thermal comfort in areas close to
external walls (additional cost reduction or income-generating cash flows)
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• Increased usable space due to thermal insulation and ventilation of the attic
space (additional cost reduction or income-generating cash flows)

• Reduced short-term absenteeism due to improved indoor air quality and com-
fort (additional cost reduction)

• Improved workers’ productivity due to improved indoor air quality and com-
fort (additional income-generating cash flows)

• Recruiting and retention cost savings through employees satisfaction (addi-
tional cost reduction that can be spread over time)

• Additional revenues from the enhanced demand for deep retrofit properties
from potential tenants (additional income-generating cash flow)

• Reduced insurance premiums with building components’ replacement and
improved protection against losses (additional cost reduction)

Based on the above discussion, the cost-effectiveness of a DER project can be
evaluated by conducting an LCC analysis using incremental investment cost
increase (ΔC) required to achieve a DER compared to the Base Case scenario. For
a DER to be cost-effective, this delta investment cost increase shall be smaller than
the Net Present Value of Operating and Maintenance Costs saving combined with
the NPV of Replacement Cost Savings and the NPV of other bankable cost
reduction and income-generating opportunities related to DER. Since most of
parameters required for the LCC analysis differ not only by the individual country
but also within the country (first costs and labor rates, energy rates, life of the project,
inflation and discount rates, etc.), the following methodology has been proposed
(Zhivov et al. 2015) to evaluate the effectiveness of an LCC analysis of an integrated
energy technology bundle to be used for a DER:

• Step 1: Calculate annual operational costs and income-generating opportunities
per the DER scenario.

• Step 2: Calculate annual operational costs per the Base Case scenario.
• Step 3: Subtract costs calculated in Step 1 from those calculated in Step 2 and

calculate NPV of cost savings over the project life using scalar ratio, as described
in Appendix I.

• Step 4: The NPV of operational savings and income-generating opportunities can
be used to estimate the extent of the budget increase compared to the Base Case
that can be used for energy enhancements with DER compared to building
renovation based on minimum energy requirements.

The budget increase allowance will depend on the difference in operational costs
savings resulting from reduced energy costs, reduced maintenance and system
insurance costs, and, when applicable, increased revenues from renting the space.
In buildings having undergone DER, reduced thermal loads reduce HVAC system’s
size and complexity, which in turn results in reduced Operations and Maintenance
(O&M) costs. According to the Rocky Mountain Institute (RMI) (Bendewald et al.
2014), high-performance buildings have 9–14% smaller maintenance costs com-
pared to the business as usual baseline. German Standard VDI 2067(2010) and
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Danish Green Building Council (DK-DGNB [2014] provide estimates for mainte-
nance costs as a percentage of the building system cost.

A DER that results in a more energy-efficient, more sustainable building will
accelerate lease-up time vs. average market downtime and provide additional value,
i.e., the property can be leased for a rent 9–14% higher than that of comparable
unimproved properties in the local market. Also, many DER projects result in adding
rentable/usable space, e.g., due to reduced size of mechanical rooms, adding ther-
mally controlled areas (mansards, basements, repurposing storage spaces, etc.),
which can be accounted for in the estimation of the budget increase allowance.
For more information on Economics of DER, see Annex 61 “Deep Energy Retrofit –
Business Guide.”
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Chapter 15
Conclusions

The core bundle of technologies described in this Guide make it possible to achieve
DER in major renovations of buildings with low internal loads (e.g., office buildings,
dormitories, barracks, and educational buildings). This task is more difficult in hot
climate zones (DOE c.z. 1–3) with significant cooling needs and may require the
application of additional EEMs (e.g., reduction of plug loads, water conservation
measures, advanced HVAC systems). A DER is easier to achieve in heating-
dominated climates and in cases where, either by cultural or normative reasons,
cooling is not desired and building users can tolerate temporarily increases in indoor
air temperature (e.g., up to 77 �F [25 �C]). Additional energy efficiency technolo-
gies, especially those that result in process load reduction, are necessary to achieve
Deep Energy Retrofit in buildings with significant ventilation requirements and high
internal loads (e.g., dining facilities, hospitals, data centers, etc.).

In building simulations conducted for locations in China, the pre-renovation
baseline (based on pre-1980s design) was developed for a naturally ventilated office
building with inferior insulation levels and poorer building airtightness as compared
to European countries and the United States. This resulted in lower insulation levels
of the building envelope and window characteristics required for the DER scenario
(50% energy use reduction compared to the baseline) presented in Tables 6.1, 6.2,
and 7.3. If parameters similar to those adopted by western courtiers in similar climate
conditions were used for DER in China, this will result in a greater energy use
reduction in all climates.

The energy efficiencies and cost-effectiveness of a Deep Energy Retrofit depend
on more than the simple characteristics of the core bundle of technologies, how they
are implemented, or how they are used. For example, it is important to pay
attention to the continuous thermal barrier (no thermal bridges) when building
envelope insulation is designed and installed, to the continuous air barrier
(to achieve required building airtightness), to proper installation of windows
in walls, etc.

In addition to building energy use reduction, the proper selection, design,
and installation of technologies selected for DER result in improvements in
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indoor air quality and thermal and visual comfort. A DER usually reduces cold
and hot radiation from external walls, prevents drafts created either by air
diffusers or by air infiltrating through cracks in the building envelope,
improves illumination levels, and eliminates glare through windows.

For a DER project to be successful, it is critical to implement a quality
assurance process, which in addition to design, construction, commissioning, and
postoccupancy phases includes formulation of clear and concise documentation of
the owner’s goals, expectations, and requirements for the renovated building during
development of the SOW. Another important component of the QA process is a
procurement phase, during which bidders’ qualifications, their understanding of the
SOW and its requirements, and their previous experience are analyzed.

The key to making a DER cost-effective is to time the retrofit as part of a major
building renovation that already has allocated funds, including those required to
meet minimum energy requirements. Since there is an overlap between the funds
allocated for the retrofit and those required for the DER, achieving the DER requires
only an incremental cost because the DER is evaluated based on a bundle of core
technologies, not on individual EEMs. Some “core” technologies (e.g., those related
to building envelope insulation, replacement of windows, etc.), which may not be
cost-effective when implemented individually, become economically attractive
when implemented in a technology bundle. Implementation of these technologies
can significantly reduce building heating and cooling loads and, consequently,
reduce the size and cost of HVAC mechanical equipment, which subsequently
results in reduced annual maintenance and insurance costs of these systems.

For a DER to be cost-effective, this incremental increase in the investment cost
will be smaller (in comparison with a major building renovation undertaken to meet
minimum code requirements) than the NPV of Operating and Maintenance Costs
Savings combined with the NPV of Replacement Cost Savings, the NPV of other
bankable cost reduction, and income-generating opportunities related to the DER.

The real budget required for a DER may depend on many factors including the
state of the national or local economy, local labor costs, the local and national system
of energy-related incentives available at the time of the project, the availability and
prices of specific energy efficient technologies, familiarity and experience of con-
tractors with DER projects, contracting mechanisms used, etc. When a DER is cost-
effective, additional funding can become available either from the government or
public funds or from the private funding sources (using ESPC or UESC models)
(Zhivov et al. 2015). For more details on implementation models, economics, and
financing of DER, see the “Deep Energy Retrofit – Business Guide.”
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Appendixes

Appendix A: Building Envelope Optimization Through
Modeling

The “core bundle of technologies” include building envelope insulation levels and
window characteristics optimized by the Annex 61 modeling team by computational
simulation of representative buildings for different climate zones (c.z.) of participat-
ing countries (Table A.1).

ASHRAE has developed a standard for climate zone classification that is derived
from accumulated weather data from all over the world. ASHRAE Standard
169, Weather Data for Building Design Standards, includes dry-bulb, dewpoint,
and wet-bulb temperatures, enthalpy, HR, wind conditions, solar irradiation, lati-
tude, longitude, and elevation for locations worldwide. These data have been
compiled into broad climate zones to generally characterize climates for building
codes and energy analysis. This standard also identifies representative cities for each
broad climate zone to aid in building modeling and energy analyses.

Figure A.1 shows these broad climate zones for North America, and Figure A.2
shows these broad climate zones for the world. More detail for each country and
representative city can be found in ASHRAE Standard 169-2013.

Modeling was conducted for 17 US climate zones (c.z.) and for representative
climates in Austria, China, Denmark, Estonia, Germany, Sweden, and the UK
(Table A.2).

The following scenarios were modeled:

• Scenario 1. This baseline scenario uses a pre-1980 standard to describe the
building envelope and systems. Building use, systems operation schedules, and
appliances and their use (expressed in W/m2) used in Scenario 1 were fixed for all
scenarios even though, in actual conditions, it is likely that such scenario elements
would be improved/reduced over time.

• Scenario 2. This “business as usual” (base case) scenario describes a major
renovation with energy-related measures included in the scope of work that
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Table A.1 Modeled buildings

Team Buildings modeled
Climate zone
(DOE) Results

ERDC, USA Barracks 1-8 [A1]

Office (Battalion
HQ)

1-8 [A1]

TTU, Estonia Public housing 6A [A2]

M.E. Group, USA Dormitory 5B [A3]

Reading University,
UK

Administrative
building

4A, 5A [A4,
A5]

Chongqing Univer-
sity, China

Administrative
building

2a, 3a, 3c,
4a, 7

[A4,
A5]

KEA and PHI,
Germany

Office building 5A [A6]

(continued)
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meet the minimum current standards (usually related to energy efficiency of fans,
motors, chillers, furnaces, lighting fixtures, etc.) listed in Table A.3. Building use
schedules and plug loads remain the same as in Scenario 1.

• Scenario 3. In this scenario, the characteristics of the core technology bundle are
optimized to achieve about 50% of energy use reduction against the baseline or
current national minimum building energy use requirement for existing buildings
(whichever is more stringent).

• Scenario 4. This scenario optimizes the characteristics of the core technology
bundle listed in Table 5.1 and uses additional EEMs (e.g., reduction in plug loads
and domestic hot water use, etc.) to achieve the current “national dream” EUI
levels in renovated buildings (e.g., the Passive House Standard), required in
national regulations “if LCC effective.”

Table A.1 (continued)

Team Buildings modeled
Climate zone
(DOE) Results

AEE, Austria Dormitory 4A and 7 [A6]

SBI, Denmark School 5A [A2]

RTU, Latvia Dormitory 6A [A7]

NREL, USA Educational 3C [A5]
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The parameters for individual technologies for Scenario 1 were selected based on
the national standards listed in Table A.3.

The parameters for individual technologies for Scenario 2 were selected based on
Current National Standards for Renovation Projects, listed in Table A.4.

Marine (C)
Dry (B) Moist (A)

Zone 0A Extremely Hot Humid

Zone 3A Warm Humid

Zone 4A Mixed Humid

Zone 4B Mixed Dry

ASHRAE

Zone 4C Mixed Marine
Zone 5A Cool Humid
Zone 5B Cool Dry
Zone 5C Cool Marine
Zone 6A Cold Humid
Zone 6B Cold Dry
Zone 7 Very Cold
Zone 8 Subarctic/Arctic

Zone 3B Warm Dry
Zone 3C Warm Marine

Zone 2A Hot Humid

Zone 0B Extremely Hot Dry

Zone 2B Hot Dry

Zone 1A Very Hot Humid
Zone 1B Very Hot Dry



Fig. A.1 Climate zones for the USA in Standard 169-2013

Fig. A.2. Climate zones worldwide in Standard 169-2013
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Table A.5 lists the current “national dream” requirements to renovated buildings
used for Scenario 4.

This scenario optimizes the characteristics of the core technology bundle and uses
additional EEMs to gain greater energy savings than can be achieved by using a
“core technologies bundle” alone. The use of some of these measures may depend on
the end user, rather than on the contractor (e.g., purchasing and installation more
energy-efficient appliances and other plug loads, separate power lines, and timers to
turn off some of electrical appliances). Other measures might include those that are
specific to a particular building type (e.g., water saving shower heads and clothes
washers, which can significantly reduce domestic hot water usage) or measures
specific to the project (e.g., use of such low exergy heating and cooling systems as
indirect evaporative cooling, or radiant heating and cooling systems, or by reusing
heating and cooling return water energy and other waste streams).

Based on the results of these studies, the levels of the building envelope insulation
and window types required to achieve DER in different climate conditions have been
identified and are summarized in Tables 6.1, 6.2, and 7.4. These values were selected
based on the performance of technology bundles (not on the economics of individual
measures) for different climate conditions and individual country energy prices and
on minimum national requirements for these technologies. These values are there-
fore equal to or more stringent than required by Standards listed in A.3. For example,
insulation values of building envelope elements (Table A.6, also presented in
Tables 6.1 and 6.2 [Chap. 6]) for the USA are more stringent than those listed in
ASHRAE Standard 90.1 (2013), ASHRAE Standard 189.1 (2013), or the ASHRAE
Advanced Energy Design Guides; they are not, however, as aggressive as those
based on the Passive House Institute Standard.

The summary of the modeling results conducted under Annex 61 shows that, by
using only “core technology bundles” in major renovation projects with low internal

Table A.2 International locations’ climate zones (based on DOE classification) used in the Annex
61 DER building envelope analysis

Country
Climate zone
(s) Representative city

Austria 5A and 6A Graz, Obertauern

China 2A, 3A, 3C,
4A, 7

Beijing, Guangzhou, Harbin, Kunming, Shanghai

Denmark 5A Copenhagen

Estonia 6A Tartu

Germany 5A Wuerzburg

Latvia 6A Riga

UK 4A London

China 4a Beijing

USA 1a-8b Miami, Houston, Phoenix, Memphis, El Paso, San Francisco, Balti-
more, Albuquerque, Seattle, Chicago, Colorado Springs, Burlington,
Helena, Duluth, Fairbanks
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Table A.3 National standards used to simulate pre-renovation building performance

Country
Building
energy Building envelope HVAC Lighting

Austria No legal
requirements
before 1980

No legal requirements
before 1980

No legal requirements
before 1980

No legal
requirements
before 1980

Pre-1980
building stan-
dard is based
on generic
data

Pre-1980 building stan-
dard is based on generic
data

Pre-1980 building
standard is based on
generic data

Pre-1980
building stan-
dard is based
on generic data

China No legal
requirements
before 1980

JGJ 24-86 GBJ 19-1987 GBJ 133-90

GB 50189-2005 (the
2005 standard contained
1980s building envelope
information)

HVAC design guide
(2008, second edition,
edited by Lu
Yaoqing).

HVAC design
guide (2008,
2nd ed., edited
by Lu
Yaoqing)

Denmark None Danish Building Regu-
lation 1961

None None

Estonia Ordinance
No. 63. RT I,
18.10.2012,
1, 2012

EVS 908-1 EVS-EN 13779 Ordinance
No. 70. RT I,
09.11.2012, 12

Ordinance
No. 68. RT I,
05.09.2012,
4, 2012

EVS-EN ISO 6946 EN 12237

EVS-EN ISO 13370 Ordinance No. 70.
RT I, 09.11.2012, 12EVS-EN ISO 10211

EVS-EN ISO 10077

EVS-EN 1026

EVS-EN 12207

EVS-EN 12208

Germany Real situation
before
refurbishment

Real situation before
refurbishment

Real situation before
refurbishment (most
commonly ventilation
using windows)

Real situation
before
refurbishment

Latvia None. SNiP, Soviet construc-
tion codes and regula-
tions on building
envelope and building
physics

SNiP, Soviet con-
struction codes and
regulations on HVAC

None

UK No legal
requirements
before 1980

Building regulation 1976 No legal requirements
before 1980

No legal
requirements
before 1980

USA ASHRAE Std
90.1 1975

ASHRAE Std 90.1 1975 ASHRAE Std 90.1
1975

ASHRAE Std
90.1 1975
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Table A.4 Current national standards for renovation projects

Country Building energy Building envelope HVAC Lighting

Austria OIB Directive
No. 6

OIB RL 6, 2011 EN 1507, EN
12237

EN 12464-1 and
12464-2

ÖNORM H
5057, OIB
RL 6, 2011

EN 15193

China GB 50189-2015 GB 50189-2015 GB 50736-
2012

GB 50034-2013

GB/T 7016-2008 GB 50189-
2015

GB 50189-2015

Denmark Danish Building
Regulation 2010

Danish Building Reg-
ulation 2010

Standard 447 DS/EN ISO 12464-1

DS Standard 418 Standard
452

Estonia Ordinance
No. 63. RT I,
18.10.2012,
1, 2012

EVS 908-1 EVS-EN
13779, EN
12237

Ordinance No. 70.
RT I, 09.11.2012, 12

Ordinance
No. 68. RT I,
05.09.2012,
4, 2012

EVS-EN ISO 6946 Ordinance
No. 70.
RT I,
09.11.2012,
12

EVS-EN ISO 13370

EVS-EN ISO 10211

EVS-EN ISO 10077

EVS-EN 1026

EVS-EN 12207

EVS-EN 12208

Germany DIN 18599-1;
EnEV 2014

EnEV 2014, DIN
18361

EnEV 2014,
DIN V 1859

DIN 18599-4

DIN 18355, DIN V
18599/2

DIN 1946-6 DIN 5035 T 1-14

DIN 4102 DIN EN
13779

DIN 4108 DIN 4108-6

DIN EN 13163 DIN 4701-
10DIN EN 13165

Latvia Law on the
Energy Perfor-
mance of
Buildings

Latvian Construction
Standard LBN 002-15

Latvian Con-
struction
Standard
LBN 003-15

The regulation of the
Cabinet of Ministers
No.359

The regulation of
the Cabinet of
Ministers
No.348, No.383,
and No.382

LVS-EN ISO 6946 The regula-
tion of the
Cabinet of
Ministers
No. 310

LVS-EN 15193/AC

LVS-EN ISO 13370 LVS CR
1752

LVS-EN ISO 10211 LVS-EN
ISO 7730LVS-EN ISO 10077

(continued)
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loads, it is possible to reduce building site energy by about 50% compared to
pre-renovation baseline.

Energy reduction (~40%) in hot and warm climates (c.z. 1–3) will be less
dramatic due to the need for humidity control and significant cooling via plug
loads. In cold and moderate climates, achieving 50% or better site energy use
reduction does not present a problem. DER using only core technology bundles
also results in significant source energy use reduction (35% and better). Modeling
results have demonstrated that further site energy use reduction (up to 80% in
moderate climates, i.e., achievement of the “national dream”) is technically possible
with the use of some additional energy efficiency technologies and plug load control.
Source energy is significantly reduced (60–70%) as well. Use of building-dedicated
renewable energy sources (e.g., photovoltaic [PV] and solar water heating) or heat
pumps will further reduce both building site and source energy.

In building simulations conducted for locations in China, the pre-renovation
baseline (based on pre-1980s’ design) was develetersoped for a naturally ventilated
office building with inferior insulation levels and poorer building airtightness, as
compared to European countries and the USA. This resulted in lower insulation
levels of the building envelope and window characteristics required for the DER
scenario (50% energy use reduction compared to the baseline) presented in
Tables A.7 and A.8. If param similar to those adopted by Western countries in
similar climate conditions were used for DER in China, this will result in a greater
energy use reduction in all climates.

Table A.4 (continued)

Country Building energy Building envelope HVAC Lighting

LVS-EN 1026

LVS-EN 12207

LVS-EN 12208

Sweden BBR BFS
2011:6

BBR BFS 2011:6 BBR BFS
2011:6

BBR BFS 2011:6

SFS 2006:985 EVP BFS
2011:11

SS-EN 12464-1

SS-EN
12237

AFS 2009:2

AFS 2009:2

UK BS EN
15603:2008

Building Regulations
2010-Conservation of
Fuel and Power: Part
L. (incorporating 2010,
2011, 2013, and 2016
amendments)

BS EN
15603:2008.

Building Regulations
2010-Conservation of
Fuel and Power: Part
L. (incorporating
2010, 2011, 2013, and
2016 amendments)

USA ASHRAE Std
90.1 201.

ASHRAE Std
90.1 2010.

ASHRAE
Std
90.1 2010.

ASHRAE Std 90.1
+IESNA
recommended prac-
tices, 10th ed. 2010

ASHRAE Std
100 2015
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Table A.5 National requirements to high-performance buildings after major renovation projects
(“national dream” buildings)

Country
Building
energy Building envelope HVAC Lighting

Austria OIB Directive
No. 6

OIB Directive No. 6 OIB Directive No. 6 OIB Directive No. 6

China GB 50189-
2015

GB 50189-2015 GB 50189-2015 GB 50034-2013

Denmark Danish Build-
ing Regula-
tion 2015

Danish Building
Regulation 2015

Standard 447 DS/EN ISO 12464-
1

DS Standard
418

Standard 452.

Estonia Ordinance
No. 63, RT I,
18.10.2012,
1, 2012

EVS 908-1 EVS-EN 13779 Ordinance
No. 70, RT I,
09.11.2012, 12

Ordinance
No. 68, RT I,
05.09.2012,
4, 2012

EVS-EN ISO 6946 EN 12237

EVS-EN ISO 13370 Ordinance
No. 70, RT I,
09.11.2012, 12

EVS-EN ISO
10211

EVS-EN ISO
10077

EVS-EN 1026

EVS-EN 12207

EVS-EN 12208

Germany Passive house
standard
(no national
requirement)

Passive house stan-
dard (no national
requirement)

Minimum mechani-
cal ventilation to
assure hygienic
needs (20 m3/h/per-
son) — additionally
mech. ventilation
with heat recovery to
assure comfortable
supply air tempera-
tures (no national
requirement).

Super-efficient LED
lighting with max
3 W/m2 installed
electrical power for
illumination of
100 lux (limit
value); 2.5 W/m2

for 100 lux (target
value) (no national
requirement)

Latvia The regula-
tion of the
Cabinet of
Ministers
No.348

LVS-EN ISO 6946 The regulation of the
Cabinet of Ministers
No. 310

LVS-EN 15193/AC

LVS-EN ISO
13790

LVS-EN ISO 13370 LVS CR 1752

Passive house
planning
package

LVS-EN ISO 10211 LVS-EN ISO 7730

LVS-EN ISO
10077

LVS-EN 1026

LVS-EN 12207

(continued)
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Analysis conducted by ERDC researchers (Case et al. 2017) shows that while
50% or better energy use reduction is possible in buildings with low internal loads
and ventilation requirements using only bundles of “core technologies,” this
approach does not work as well in buildings with high internal loads and ventilation
requirements, e.g., in dining facilities, data centers, and hospitals. For example, in
dining facilities, the application of the bundle of “core technologies” results in total
site energy usage reduction only by 15–39% (depending on the climate zone) and
heating-only energy use reduction by 29–64% in the modeled building, which is
much smaller than is expected from a DER project. Based on the modeling results,
significant energy reduction in a building with high internal loads and high ventila-
tion needs requires aggressive measures to reduce those loads. For example, in
dining facilities, use of higher-efficiency kitchen equipment results in about a 20%
reduction in electrical and natural gas appliance energy usage. Energy reduction of
approximately 50% in dining facilities is possible by switching to all electric
appliances (although at high cost for appliance replacement and with implications
for increased source energy usage depending on the source of electricity); ventilation
demand reduction by approximately 50% in the kitchen and servery area by the use
of improved kitchen hood designs and system controls and, finally, approximately
30% savings in domestic hot water requirements can be achieved by energy recovery
in the sanitation area. With the use of these (and other) technologies, it is feasible to
reduce site energy by approximately 50% or more in all climate zones except 1A
(Table A.8).

Cost for deep retrofits can be very site and building specific. The savings shown
in Table A.8, expressed as energy use intensity, can be used to calculate a budget for
retrofits based on an individual country or region’s energy and equipment costs. In
Chicago (climate zone 5A), for example, assuming commercial electric rates are
between $0.06/kWh and $0.15/kWh and natural gas rates between $0.027/kWh and
$0.041/kWh, the change in electrical and natural gas EUI (not shown) yields an
annual savings between $34,169 and $60,554. Drawing on the authors’ experience

Table A.5 (continued)

Country
Building
energy Building envelope HVAC Lighting

LVS-EN 12208

UK BS EN
15603:2008

Building Regula-
tions 2010, Conser-
vation of Fuel and
Power, Part
L. (incorporating
2010, 2011, 2013
and 2016
amendments)

BS EN 15603:2008 Building Regula-
tions 2010, Conser-
vation of Fuel and
Power, Part
L. (incorporating
2010, 2011, 2013
and 2016
amendments)

USA ASHRAE Std
90.1 2010 –

30%
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in DER of dining facilities, retrofitting a dining facility of the size modeled for this
paper would cost on the order of $30,000 (all costs are in US dollars) for a DCKV
and $100,000+ for a heat recovery system. It would not be unreasonable for a
comprehensive upgrade to cost over $200,000. On the cook line, replacement of
the appliances could range from $100,000 to $200,000 (more if the dish room were
included). Thus a deep retrofit could easily cost over $500,000 for ventilation and
appliances. Depending on utility rates, therefore, simple payback would run between
approximately 8 and 14 years.

The analysis for the high-performance building, an aggressive DER, included
both ventilation and appliance replacement. Sensitivity analysis conducted without
appliance replacement showed that appliance replacement contributed on the order
of 3–5% improvement over ventilation alone, at a rather steep price tag. The reality
of commercial kitchens, in the authors’ experience, is that appliances last a very long
time and replacing them is very expensive. Dishwashing equipment is often custom
built for a kitchen and may have been installed while the building was constructed,
making it very difficult (and expensive) to replace. Thus, for a particular DER,
ventilation is more cost-effective to retrofit than appliances, and appliance replace-
ment may not be economically feasible if has not been planned anyway.

Appendix B: Insulation Materials

Types of Thermal Insulation

Many insulation material are available on the market today. They differ by their
origin, type, thermal conductivity, water vapor resistance, environmental impact,
flammability and other factors (Table B.1). Information on the cost of insulation
materials (excluding installation labor costs) developed for U-value ¼ 0.2 W/(m2 K)
or ¼ 0.035 BTU/hr/ft2/�F is listed in Tables B.1, B.2, B.3, B.4 and B.5. U us ¼ U
si/5.678.

Costs for Thermal Insulation for Opaque Parts of Building
Envelope

Costs for thermal insulation layer for several parts of building envelope (outside
wall, roof, topmost ceiling under cold roof, flor slab) were calculated. For cost
calculation the thickness of insulation was taken as if the U-value of all parts
would be 0.2 W/m2K so that different materials could be compared. For resulting
thickness the costs were calculated out of basic costs (glue, nails, etc.) and costs of
material (€/m3), which gives costs depending on thickness of insulation layer
(Wagner 2015). The cost of materials was taken from several databases of building
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costs doing a linear interpolation. According to (Wagner 2015) not only average
costs, but also minimal and maximal costs are given (Tables B.6, B.7, B.8, B.9 and
B.10).

Table B.2 Thermal insulation of outside walls

Material� Thermal Conductivity (W/mK) Thickness (cm)

inside plaster rendering 0.75 0.5

Brick wall 0.9 38.0

Outside rendering 0.75 1.0
�Starting point: original wall with U-value 1.2 W/m2K (Wagner 2015)

Table B.3 Cost of thermal insulation for outside wall

Material
Thermal Conductivity
(W/mK)

Thickness of
Insulation (cm)

Min (€/
m2)

Average
(€/m2)

Max (€/
m2)

Mineral wool 0.035 14.5 26.93 37.15 42.44

XPS 0.035 14.5 27.96 35.40 41.76

EPS 0.040 16.5 37.28 49.06 61.46

PUR 0.028 11.5 46.62 60.20 65.75

wooden fiber
board

0.090 37.0 65.77 90.47 89.34

Table B.4 Cost of thermal insulation of the topmost ceiling under cold roof

Material�

Thermal
Conductivity
(W/mK)

Thickness of
Insulation (cm)

Min
(€/
m2)

Average
(€/m2)

Max
(€/m2)

Mineral wool 0.040 15.0 9.70 11.67 13.70

Cellulose fiber (flakes) 0.045 17.0 12.15 15.50 19.59

XPS 0.040 15.0 13.02 15.12 17.16

EPS 0.040 15.0 13.56 16.98 19.93

Cellulose fiber as boards 0.040 15.0 19.39 23.57 29.34

XPS high-density board 0.035 13.0 21.92 28.,00 34.29

Cork boards 0.045 17.0 35.,78 39.10 41.81

Mineral wool plus wooden
board to walk on

0.035 13.0 36.15 41.77 51.34

Wooden fiber board 0.040 15.0 37.7 41.21 43.80

coconut fiber 0.040 15.0 39.6 43.34 45.97

EPS + wooden board to
walk on

0.035 13.0 39.72 47.62 56.99

Mineral cement boards 0.045 17.0 76.31 91.23 109.72
�Starting point: Original topmost ceiling with U-value 0.8 W/m2K (Wagner 2015), similar to the
roof
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Insulation Materials Assembly

Thermal insulation materials are basically available in five different types, regardless
of their wide range of basic materials and application variations:

• Boards and Batts
• Insulated metal panels

Table B.5 Thermal insulation of tilted roof with insulation between rafters

Material�
Thermal Conductivity
(W/mK)

Thickness of Insulation
(cm)

Wooden fiber board 0.65 5.0

Mineral wool (flakes) between
rafters

0.06/0.374 (rafter) 5.5

Gypsum board below rafter 0.7 5.0
�Starting point: Original roof with U-value of 0.8 W/m2K (Wagner 2015)

Table B.6 Cost of thermal insulation of tilted roof

Material

Thermal
Conductivity
(W/mK)

Thickness of
Insulation (cm)

Min (€/
m2)

Average
(€/m2)

Max
(€/m2)

Cellulose fiber
(flakes)

0.045 16.5 11.08 14.01 16.91

Mineral wool
(flakes)

0.035 13.0 11.41 14.40 16.73

wooden fiber
(flakes)

0.045 16.5 14.36 17.79 20.70

Mineral wool 0.055 21.0 16.83 21.62 26.35

Hemp fiber 0.040 15.0 25.98 28.37 32.34

Cotton 0.040 15.0 27.14 31.45 37.32

EPS 0.035 14.,0 28.53 31.41 34.64

Flax 0.040 15.0 31.65 38.05 45.38

Sheep’s wool 0.040 15.0 37.82 45.21 54.14

Table B.7 Cost of thermal insulation of tilted roof with insulation below rafters

Material�
Thermal Conductivity
(W/mK)

Thickness of
Insulation (cm)

Min (€/
m2)

Average
(€/m2)

Max (€/
m2)

EPS 0.040 15.0 12.04 13.78 15.02

Mineral wool 0.040 16.0 12.25 15.63 16.87

PUR 0.030 12.0 17.74 21.46 26.39

Wooden fiber
board

0.040 15.0 29.35 31.39 37.06

Cork boards 0.045 16.5 30.98 35.56 37.67

Sheep’s wool 0.040 15.0 33.55 39.36 48.72
�Starting point as above: Original roof with U-value of 0.8 W/m2K (Wagner 2015)
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• Translucent structural composite sandwich panel
• Foams
• Loose-fill

• Blow-in
• Stuff-in

Shape and dimensions of individual thermal insulations depends on their material
properties as well as the intended use. However the necessary installation procedures

Table B.8 Cost of thermal insulation of tilted roof with insulation on top of rafters

Material�

Thermal
Conductivity
(W/mK)

Thickness of
Insulation (cm)

Min
(€/m2)

Average
(€/m2)

Max
(€/m2)

PUR-foam 0.030 11.0 24.36 28.15 31.38

EPS 0.031 15.5 24.4 29.53 36.07

Wooden fiber
board (rigid)

0.040 15.0 29.65 33.58 36.62

Cork boards 0.045 16.5 31.83 35.09 38.86

PUR boards 0.024 9 34.5 40.26 47.33

Phenolic foam
boards

0.022 8 44.99 53.24 64.07

Wooden fiber
board (soft)

0.045 16.5 45.01 53.33 63.22

�Starting point: Original roof with U-value of 0.8 W/m2K (Wagner 2015)

Table B.9 Cost of thermal insulation of flat roof

Material�
Thermal Conductivity
(W/mK)

Thickness of
Insulation (cm)

Min (€/
m2)

Average
(€/m2)

Max (€/
m2)

Mineral
wool

0.040 13.0 11.76 16.06 18.91

EPS 0.035 15.0 18.47 21.81 27.02
�Starting point: Original roof with U-value of 0.8 W/m2K (Wagner 2015)

Table B.10 Cost of thermal insulation of cellar ceiling

Material�

Thermal
Conductivity
(W/mK)

Thickness of
Insulation (cm)

Min
(€/m2)

Average
(€/m2)

Max
(€/m2)

EPS 0.035 13.5 24.43 29.12 35.77

Mineral wool 0.035 13.5 26.41 32.07 38.91

Wooden fiber board
(soft)

0.040 15.5 28.35 31.16 34.99

Phenolic foam boards 0.022 8.5 31.52 35.22 38.17

PUR multilayer com-
pound boards

0.024 9.0 60.54 70.79 82.13

�Starting point: Original roof with U-value of 0.8 W/m2K (Wagner 2015)
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vary significantly with the actual type of material supplied. Most common are boards
and matts. The following paragraphs give a short introduction to the available types
mentioned above.

Boards and Batts/Blanket from Mineral Wool

“Classic” mineral fiber insulation is composed of mineral wool, i.e., glass wool and
rock wool, which are noncombustible and fire resistant.

Dimensional stability is used as the criterion to distinguish between “boards” and
“matts”: boards mostly are rigid and keep their shape. Usually they feature a rebate
to reduce thermal bridging between neighboring boards. Matts are soft and also
available as rolls; they always have to be mechanically fixed, with the exception of
so-called clamping felts. These elastic mineral wool matts have to be cut in boards
and fixed between the rafters of a pitched roof.

This material is used for thermal insulation of façade/building envelope with
lightweight or massive building constructions (except where the insulation would be
exposed to soil); roof insulation both sloped and flat roofs; thermal insulation under
floating floors. Technical installations like air ducts and heating pipes may also be
insulated by boards and matts from mineral fibers. They also may serve as acoustical
absorbers for room acoustics purposes.

Blanket insulation (Batts and Rolls) are available in widths suited to standard
spacing of wall studs, attic trusses or rafters, and floor joists. Continuous rolls can be
hand-cut and trimmed to fit. They are available with or without facings. Manufac-
turers often attach a facing (such as Kraft paper, foil-kraft paper, or vinyl) to act as a
vapor barrier and/or air barrier. Batts with a special flame-resistant facing are
available in various widths for basement walls and other places where the insulation
will be left exposed. A facing also helps facilitate fastening during installation.
However, unfaced batts are a better choice when adding insulation over existing
insulation.

Glass Wool/Fiberglass Matt and Light Weight Board

Standard fiberglass matts and light weight boards are made from lime, sand and
recycling glass and come in a variety of sizes, thicknesses, and densities. They have
a thermal resistance or R-value between R-2.9 and R-3.8 per inch of thickness. High-
performance (medium-density and high-density) fiberglass blankets and batts have
R-values between R-3.7 and R-4.3 per inch of thickness. See Table B.11 for an
overview of these characteristics. The data in Table B.11 pertains to fiberglass batts
only. Determine actual thickness, R-value, and cost from manufacturer and/or local
building supplier.

154 Appendixes



Stone Wool/Rock wool Batt and Semi-Rigid Board

Stone wool insulation comes in a variety of sizes, thicknesses, and densities. Low-,
medium-, and high-density stone wool has an R-value of 3.8-4.3 (Table B.12). It is
available in both batt and semi-rigid boards with various facing options. Stone wool
insulation is noncombustible, dimensionally stable, hydrophobic, vapor permeable,
and inorganic. It is used for a variety of applications including fireproofing, acous-
tical barriers, interior and exterior insulation on roofs, walls, below grade, and
subslab.

Fiber Insulation Made from Natural Raw Materials

Another group of fiber insulation is mainly made from renewable sources, e.g.,
wood, flax, hemp, coco, sheep wool, cellulose. Cork insulation is available as rigid
boards. To make these insulation materials usable for building constructions in terms
of mold and fire protection, they must contain minimal particles of chemical
substances.

Table B.11 Typical
fiberglass batt insulation
characteristics

Thickness mm (in.) R-Value Cost Eu/m2 (cents/sq ft)

3½ 11 12–16

35=8 13 15–20

3½ (high density) 15 34–40

6–6¼ 19 27–34

5¼ (high density) 21 33–39

8–8½ 25 37–45

8 (high density) 30 45–49

9½ (standard) 30 39–43

12 38 55–60

Table B.12 Typical stone wool/rock wool batt insulation characteristics

Thickness mm (in.) R-Value Cost Eu/m2 (cents/sq ft/in.)

3½ 14.7 15–19

35=8 15.225 15–19

3½ (high density) 14–14.7 30–70

6–6¼ 25.2–26.25 15–19

5¼ (high density) 21–22.05 30–70

8–8½ 33.6–35.7 15–19

8 (high density) 32–34.4 30–70

9½ (standard) 39.9 15–19

12 50.4 15–19
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Silica Aerogel Blanket Insulation

Aerogel blanket insulation’s superior thermal performance arises from the nano-
porous entrapment of air within the silica aerogel matrix, it does not rely on
maintaining a vacuum or heavy gas molecule in place and therefore can be cut and
fixed with conventional insulation fixings.

Applications include, but are not restricted to, the following:

1. Timber and Lightweight steel framing
2. Internal Wall Insulation (Solid Wall)
3. External Wall Insulation (Solid Wall)
4. Terrace, Balcony and gutter insulation
5. Floor insulation (domestic loading)
6. Roof insulation – pitched (internal/external) and flat
7. Thermal bridging treatments in domestic, multi-family and commercial

construction.

Valuable benefits for the user arise when:

• Aerogel blanket insulations are used to meet code or sufficient thermal resistance
in space challenged applications where traditional insulation materials will not fit
or encroach excessively on valuable living space. This application provides twin
benefits for the occupant and the investor as gross internal area is maximized for
both parties.

• Aerogel blanket insulation is used to address residual thermal bridges, which
would otherwise compromise the health of the occupant or the building fabric
itself.

• Thermal upgrade options are limited due to the space constraints or building
response to thermal upgrade. Aerogel blanket insulation is hydrophobic yet vapor
permeable, meaning that the building fabric can respond to its natural environ-
ment post upgrade. This is particularly important for heritage buildings.

In retrofit scenarios the economic value propositions are related to: (1) the value
of space and (2) the costs arising from having to revisit the project to address
problems due to condensation, mold, fabric damage, and occupant displacement.
The incremental cost of applying an aerogel blanket based solution is outweighed by
the costs of remedying problems, hotel charges, loss of income etc. In high-density
occupation, the ROI can be measured in months.

In new construction, the use of super insulating aerogel blanket insulation (Annex
65 terminology for advanced porous materials) can facilitate additional floors in
multi-story construction products where height would otherwise be consumed by
insulating materials (terraces and balconies).
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Rigid Foam Boards

Foam boards — rigid panels of insulation— can be used to insulate almost any part
of the building, from the roof down to the foundation. They provide good thermal
resistance, and reduce heat conduction through structural elements, like wood and
steel studs. The most common rigid foam boards are boards made from polystyrene
(PS). Due to a somewhat different production process we distinguished between EPS
and XPS. Polyurethane and polyisocyanurate foams (PUR, PIR) may be
manufactured both from plastics and from renewable raw materials. Product
R-value is determined at 75 �F in a laboratory. Different blowing agents for the
various foam insulations perform very differently at high and low “real-world”
temperatures.

Like fiber insulation, rigid foams cover a wide range of possible uses. An
advantage is that they may be used in damp and wet conditions, e.g., as ground
insulation in direct contact with soil.

This material is used for thermal insulation of the entire building envelope
including façade and ground; insulation of sloped and flat roofs (over-rafter insula-
tion); insulation under floating floors.

Boards Made from Mineral Materials

Boards made from foamed glass are mainly manufactured from recycling glass.
Mineral foam boards are made from lime, sand, cement and water. Calcium silicate
boards are made from calcium silicates mixed with cellulose. From their production
process all three incorporate a large number of small pores. They are able to absorb
moisture and have good dimensional stability. This material is used for thermal
insulation of building envelope in massive buildings; interior insulation of walls,
floors and ceilings; insulation of sloped and flat roofs (over-rafter insulation).

Insulated Metal Panels

Insulated metal panels (Fig. B.1) typically mount to cross steel struts (by others) that
attach to structural steel (by others). These products are suitable for large scale
industrial and commercial applications where both vertical and horizontal panels are
required. Advantages include:

• Single component wall insulated metal wall panels provide exterior weather
barrier, insulating core and interior vapor barrier all-in-one.

• Polyisocyanurate foam core retains original insulating value over time.
• Side joint clip system eliminates the need for exposed fasteners.
• Panels are lightweight and easy to install under most weather conditions.
• Wide variety of profiles and textures.
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• Panels are available in lengths of up to 52 ft to minimize the number of stack
joints required.

• Accessory items including metal flashings and aluminum extrusions are also
available.

Table B.13 lists panel thermal conductivity.
Wall panels are mechanically attached on one side only, with the other side free to

slide along the tongue and groove joint configuration. In addition to this built-in slip
joint, IMPs comply with air and water infiltration testing in accordance with ASTM
E-283/331.

Table B.14 lists approximate unit cost ($/ft2) for installing metal insulation panels
(rough estimates for comparison purposes only; includes cladding, insulation,
air/water/vapor barrier, furring supports).

Fig. B.1 Insulated metal panel: (a) cross-section, (b) front view
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Insulating Diffuse Light Transmitting Building Panels

The primary component of the insulating, diffuse light transmitting building panel
system is a translucent structural composite sandwich panel formed by permanently
bonding specially formulated fiberglass sheets constructed of interlocking thermally
broken extruded aluminum “I-beams.” The panels are factory prefabricated to the
exact size and configuration for each project. Panels can be flat or curved, and
opening or fixed glazed window units can be incorporated. The panel is generally
70 mm thick (100 mm is also available) and by providing various densities of
insulation the thermal resistance and therefore “U” values can be varied. One of
the panel manufacturers, Kalwall®, has panels with different densities of IG-fiber
and with aerogel insulation. Table B.15 lists insulation values assessed according to
American Standards C-236, E 1423 and C1199 by an independent laboratory
certified by the American NFRC.

Table B.13 Insulated metal thermal properties

Panel Thickness R-7.5 per inch U-value R-8 per in. U-value

2 in. R-14.4 0.094 R-16 0.085

2.5 in. R-28 0.072 R-20 0.065

3 in. R-21.6 0.050 R-24 0.045

4 in. R-28.8 0.034 R-32 0.031

5 in. R-36.0 0.028 R-40 0.025

6 in. R43.2 0.023 R-48 0.021

Table B.14 Cost comparison for single skin and insulating metal panels

Type of Panel
Material Cost,
$/ft2

Labor Cost,
$/ft2

Total,
$/ft2

Commercial wall panels (vertical panels) 6–8 3–6 9–14

Architectural wall panel (horizontal
panels)

10–15 6–9 16–24

Table B.15 Insulation values

�Kalwall +Aerogel™
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Notes:

1. Solar Factor is total Solar Heat Transmittance.
2. U-values are calculated according to CIBSE Guide Volume A Chapter 3. (The

difference between wall and roof values is because surface heat transfer is
different for horizontal and the more severe vertical upward heat transfer. This
is fully explained in the reference.)

3. Light transmissions are expressed in percentage terms.
4. Light transmissions over 30% are not recommended for normal use.
5. All performance figures based on 600 mm by 300 mm internal panel grid.
6. Fire performance in accordance with BS EN 13501-1.
7. Other face sheet combinations available on request.

Kalwall systems are resistant to most acidic or alkaline atmospheres. Environ-
ments usually considered to be corrosive such as paper or metal processing plants,
seaside locations, and swimming pools do not affect Kalwall sandwich panels or the
Kalwall Corrosion Resistant Finish on the Clamp-tite System. Generally, any build-
ing atmosphere, where people are exposed, without the need for any protective
clothing, can be considered to have no adverse effect on Kalwall Systems. Kalwall
is a product made from two specially formulated resin bonded glass-fiber reinforced
face sheets thermally bonded under pressure to an interlocking, aluminum “I”
section beam grid. Because of its structure, the product exhibits fire resistant
properties that exceed any other translucent panels. The requirements of most
building regulations for fire safety are well within its design capabilities. Kalwall
is a thermoset material, which unlike thermoplastics such as polycarbonate or acrylic
material does not melt or drip in a fire.

In-Situ (Spray-on) Plastic Foams

In-situ foams are produced on site from liquid components by means of transportable
equipment. Common in-situ foams are polyurethane (PUR) and urea formaldehyde
foams.

In-situ PUR foams may be used as spray-on insulation layer in walls (internal) or
roofs (internal and external). In-situ PUR foams are mostly used to fill gaps and
cavities; and for on-site thermal insulation of technical or industrial installations
(cold and hot pipes etc.).

Loose-Fill Insulation from Fibrous and Mineral Materials

Blow-in Insulation

Loose-fill insulation consists of small particles of fibers, foam, or other materials
such as mineral wool, grass fiber, wood fiber, hemp, and cellulose fiber jam and thus
prevent through-flow. They need to be compressed to a certain density or blown into
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cavities by special blow-in equipment to prevent gaps. These small particles form an
insulation material that can conform to any space without disturbing structures or
finishes. This ability to conform makes loose-fill insulation well suited for retrofits
and locations where it would be difficult to install other types of insulation. Some
materials are free flowing like e.g., perlite; granules made from EPS, XPS, light-
weight silicate foam, and aerogels. However, if the cavity is not fully closed, the
materials might flow through.

The most common types of materials used for loose-fill insulation are produced
using recycled waste materials. Cellulose is primarily made from recycled newsprint.
Most fiberglass contains 20–30% recycled glass. Mineral wool is usually produced
from 75% post-industrial recycled content. For comparison, Table B.16 lists these
three materials.

Blow-in thermal insulation is suitable for sloped roofs, domes, timber frame
constructions, technical installation cavities, as core insulation in retrofit, and as
insulation of the topmost floor slab. Cellulose, fiberglass, and rock wool are typically
blown in by experienced installers skilled at achieving the correct density and
R-values. Polystyrene beads, vermiculite, and perlite are typically poured.

Stuff-in Insulation

Stuff-in insulation is manufactured from plant and animal fibers, like e.g., flax,
hemp, coco, sheep wool, also from mineral wool. Loose fiber materials are used
only additionally to other thermal insulation materials, e.g., to prevent air-untight
joints and thermal bridges between door and window frames and the surrounding
building elements, mostly in the context of building retrofit.

Other Thermal Insulation Materials

Some more thermal insulation materials are available on the market, like compound
systems (e.g., VIP vacuum insulation panels), or insulation plaster (plaster with
lightweight aggregates like EPS), which have not been included in this overview.

Table B.16 Recommended specifications by loose-fill insulation material

Cellulose Fiberglass

R-value/in. 3.2–3.8 2.2–2.7

Inches (cm) needed for R-38 10–12 (25–30) 14–17 (35–43)

Density in lb/ft3 (kg/m3) 1.5–2.0 (24–36) 0.5–1.0 (10–14)

Weight at R-38 in lb/ft2 (kg/m2) 1.25–2.0 (6–10) 0.5–1.2 (3–6)

OK for ½-in. drywall, 24 in. on center? No Yes

OK for ½-in. drywall, 16 in. on center? Yes Yes

OK for 5=8-in. drywall, 24 in. on center? Yes Yes
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Appendix C: Lighting Retrofit

Walls Insulation

Adhesive and Mechanical Bonding

Depending on application, insulation materials can be attached using any of several
different methods, for example, through the use of adhesives, mechanical fasteners,
face stapling of installation between studs, and machines to blow loose-fill insulation
into uninsulated walls.

Adhesive bonding. The insulating materials can be bonded on both absorbent and
nonabsorbent substrates. The adhesive can be used, e.g., on concrete, wooden materials,
brickwork, and trapezoidal sheet metal profiles. New, non-talcumed bitumen sheeting
with a full-surface, firmly adhering mineral sprinkling is also a suitable substrate. The
following insulation materials can be installed using adhesives [Henkel AG &
Co. KGaA]: rigid polystyrene (PS) foam (boards, roll-on membranes, folding mem-
branes); rigid polyurethane (PUR) foam; rigid phenolic resin (PF) foam; andmineralfiber
insulation materials. When using other insulating products than those mentioned above
and when bonding mineral fiber and laminated insulation materials with each other, it is
necessary to carry out preliminary adhesion tests and observe the insulation manufac-
turer’s instructions. FigureC.1 shows examples of insulation installation using adhesives.

Interlock corner boards for more stable 
compound

Notch insulation boards at the corner of 
window openings

Ribbon-and-dab method; effective

adhesive bonding surface > 40%

Partial-area bonding (effective adhesive bonding surface 
> 60%; application possible with EPS here). Manual 
adhesive application to entire surface

Fig. C.1 Examples of insulation installation using adhesives
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Adhesive Bonding

Anchors Anchors are usually screw-type or hammer-set devices used to secure
insulation materials to brick and concrete walls (see Fig. C.2). These are basically
stainless steel or coated screws that cut their own thread when driven into the
masonry. They are highly resistant to rust and provide excellent holding. When
choosing the length of anchor, make sure that the screw embeds itself at least 1–
1.5 in. into the wall after going through all the components that need to be adhered to
the wall (Fig. C.3).

Anchor quantity for structural mechanical fastening. Table C.1 and Figs. C.3,
C.4, C.5 and C.6 list and show Rockwool recommendations for statically relevant
mechanical fixing and Fig. C.7 shows alternative installation methods including clip
and rail, screw fastened with long screws, and brick ties. However, national regula-
tion must be adhered to at all time. For higher buildings or higher wind loads, please
seek professional advice.

Fig. C.2 Screw-type or hammer-set anchors used to secure insulation materials to brick and
concrete walls

Table C.1 Rockwool recommendations for statically relevant mechanical fixing
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Fig. C.3 Example of mechanical fastening patter for large mineral wool boards
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Fig. C.4 Example of mechanical fastening for small mineral wool boards
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Fig. C.5 Example combined adhesive and mechanical fastening of mineral wool boards with
random arrangement of fibers
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Fig. C.6 Example adhesive and combined adhesive and mechanical fastening of mineral wool
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Wall Systems

System EIFS ETICS

Drawings

(continued)

Fig. C.7 Non-proprietary bracket and clip fastening systems – exterior cavity insulation over steel-
framed structure (EIFS). Alternative installation methods including clip and rail, screw fastened
with long screws, and brick ties
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System EIFS ETICS

Layers Frame 1 ¼ loadbearing wall (masonry, con-
crete, OSB boards etc.)

Board 2¼ glue mortar; point-strip application
with all boards except lamella mineral
wool (full area application)

Liquid-applied water barrier (yellow) 3 ¼ thermal insulation material (MF,
EPS, PUR, PF, WF)

Adhesive (installed as vertical ribbons
for drainage)

4 ¼ first plaster layer

Thermal insulation material 5 ¼ mesh

Mesh 6 ¼ final layer of plaster

External finish 7 ¼ mechanical fastener (anchor)
(if any)

Frame/con-
tact to wall

EIFS applied to Frame construction
(steel, wood)

ETICS applied directly to wall (glue
mortar), no frame

Frame construction is the norm in
North America

Point-strip application of glue mortar

Water-resis-
tant barrier

The use of an integral liquid-applied
water-resistant barrier (yellow in the
drawing above) behind the EIFS is a
code requirement

No additional water-resistant barrier.
Water resistance is provided by plaster
layers 4 and 6. Water can/should never
get between the boards and the wall.
The thermal insulation material is
either water repellent by nature (like
EPS, XPS, PUR); if not (e.g., MW),
only boards that have been treated
hydrophobic in the factory shall be
used

(continued)
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System EIFS ETICS

Connecting
membrane at
floor line

Use of a connecting membrane at the
floor line to maintain the airtightness of
the design and the continuity of the
water resistive barrier

Not used/not necessary

Flashing Use of flashing through the EIFS (not
necessarily metal) to allow drainage of
incidental water from behind the EIFS.
The locations of required details are
covered in the installation standard and
the design application standard

Not used/not necessary

Wrapping Pre-wrapping of the mesh around the
bottom edge of the insulation. The
mesh and the base coat are installed on
a strip of insulation in advance of
installation on the wall and allowed to
cure. This is different from standard
back-wrapping where the mesh is
installed on the substrate first, ahead of
the insulation. With back-wrapping,
the insulation is installed and the mesh
is pulled around the bottom of the
insulation and troweled into the wet
base coat. If this were done, it would
interfere with the free flow of water
from behind the system; therefore the
prep wrapping is done. This is covered
in the installation standard

Usually horizontal metal rails or metal
frames or metal/plastic frames are used
at the bottom of the ETICS system, as a
means of mechanical protection and as
a sealing against insects

Metal frame (thermal bridge effect due
to metal part penetrating from outside
surface to loadbearing wall)

Combination of plastic rail and small
metal frames (avoiding the thermal
bridge effect at the bottom of the
ETICS)

(continued)
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System EIFS ETICS

2: Adhesive/
glue mortar

The adhesive is installed in vertical
ribbons to encourage drainage. There
are alternatives for use of geometri-
cally designed cavities (grooves) in the
insulation, but always a clear means of
drainage must be maintained. The
requirements for drainage in North
America are severe. This has devel-
oped as a response to the water intru-
sion issues in Canada and the United
States. Similar methods have been
adopted in Sweden for the same rea-
son. The drainage requirements are
developed for the protection of wood
as a worst-case scenario. Only 40 gm/
m2 of water may be retained after an
hour of running water through the
sample. Details of the test are in the
standard. This is considered to be the
equivalent of no retention so there
would be no threat to the wood
substrate

Glue mortar installed in point-strip-
wise or full surface. No air gaps within
the systems

The air volumes between the boards
and the wall are considered sealed; to
prevent air flow between boards and
wall, the mortar has to be applied
point-strip-wise or over the full rear
face of the board. Water inflow at the
junction between boards and wall is
prevented by means of roof overhang,
sealing of window sills, use of special
sealing strips around the window frame
to seal against the facing plaster, etc.

7: Mechani-
cal fasteners

Mechanical attachment of rigid insula-
tion is not part of the standard, but
work is underway to have that included

With most fibrous insulation materials,
anchors attach the insulation to the
wall, and the glue mortar acts merely as
a convenience during installation.
However, with special lamella mineral
wool boards, the bond is achieved by
the glue mortar, and there is only one
anchor per board as additional safety.
With foamed plastics insulation
boards, there are systems with and
without need for mechanical fasteners

The use of anchors (if at all) is regu-
lated in the installation standard of the
individual system. If necessary, an
average 5–8 fasteners per 1 m2 are
required. With building height >20 m,
mechanical fasteners are compulsory
due to higher wind suction loads with
higher buildings

Rendering Not applicable Mineral rendering is applied in 2 layers
(lower and upper render) directly to the
insulation boards. A glass-fiber
meshing is incorporated in the lower
layer and around all corners of the
system (especially around the window
openings) to prevent cracks to build in
the render. The lower render is to be
water-resistant, i.e., to prevent rain

(continued)
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System EIFS ETICS

water and driving rain from penetrating
the system

Approval ETICS are approved only as complete
systems (glue mortar, thermal insula-
tion material, mesh, anchors (if any),
lower and upper plaster layers). They
may only be used in the combination
given in the technical approval. How-
ever, in real building life, some
builders mix between the components
from different systems because of price
and availability; this may lead to cracks
and faults and therefore malfunction of
the system

Before installation always check the
manufacturer’s installation manual and
do stick to it!!

Not to be
confused
with

Not to be confused with rear-ventilated façades (German: VHF ¼ vorgehängte
hinterlüftete Fassade). Ventilation layer between thermal insulation and cladding

Rear-ventilated façades are NOT embraced by the term “ETICS”

Drawing: FVHF (www.fvhf.de)

Sources Pictures from Sto Corp. Pictures from www.heizkosten-
einsparen.de (website of the German
ETICS trade association).

Text: John Edgar, Sto Corp. Text: Martin H. Spitzner, München

Source document: ISO/TC163 SC3 N0714 Comparison EIFS-ETICS

Mineral Wool Cavity Wall Installation using Clip/Girt Systems (Example
for EIFS)

Full-length z-girt systems are not recommended due to high thermal performance
loss caused by highly conductive steel material. Rather, clip and girt systems or
thermally broken clip systems are the preferred method.

For cavity wall insulation, proprietary clips/brackets or non-proprietary stand-
offs designed to support vertically or horizontally installed z-girts or L-channels can
be used. Insulation is not required to provide any structural support with this type of
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system. Z-girts and fastening system should be designed to support wind loads and
total applied dead loads of cladding independently of the insulation.

The insulation can be pinned to the wall if additional retention to the substrate is
required. Adjust the number of pins or screws in insulation retention system appro-
priately based on the level of support provided by clip and girt system.

Masonry Wall with Thermal Insulation Composite System (ETICS)

Made of assembled bricks with a layer of pressure-resistant insulation and different layers
of a composite system on the outside. This wall system can be applied in new and in
existing buildings. The insulation layer can be fixed mechanically or by mortar (glued), a
combination of both or by rails. The glued fixation is the low-cost solution. Since the
surface of walls in renovation mostly is not stable, it is recommended to fix the insulation
boards mechanically. The number and performance of the dowels per square meter
depend on the wall construction and the materials. Only accredited ETIC systems
consisting of insulation, fixations, mesh, mortar, and facing may be used. The suppliers
of ETICS are responsible for the accreditation of the system. The following figure shows
the sequence of ETICS installation:

Before starting renovation with
an ETICS the stability of the
façade has to be proved

The façade has to be cleaned
intensively

If there are fractures, a spe-
cial mesh has to be installed
as next

(continued)

Picture 1a and 1b Principle of ETICS construction
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In the next step, the insulation
layer of rigid EPS or mineral
wool (Stone wool) boards has
to be glued on the wall, mini-
mum thickness 60 mm

If there is an existing coat of
paint, at least 70% of the paint
must be removed and the insu-
lation boards must be fixed
using special dowels

Put on the reinforcement
plaster on the insulation
boards

Put the reinforcement mesh
into the plaster and flatten it

Optionally you can roughen the
surface

Prime the basic plaster

Put on the final plaster coating Optionally structuring of the
surface

View of a renovated façade

ETICS with Backup Wall (Fig. C.8)

Mineral wool semi-rigid boards typically require a minimum of five mechanically attached
insulation fasteners per board. Designers can increase number of fasteners to meet specific
conditions and design requirements (including wind-driven rain-loads). Types of fasteners that
can be used include plastic cap nails, impaling pins, and insulation fasteners. Screws and washers
are not recommended because of their big point-wise thermal bridging effect, which may lead to
an uneven color appearance on the render. Best is to use special recessed ETICS fasteners (plastic
casing with recessed metal screw) covered by an insulation disc

(continued)
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The point-wise thermal bridging effect of mechanical fasteners is to be taken into account in the
U-value of the façade. The thermal bridging effect is assessed by a 3D or circular numerical
calculation according to ISO 10211 and denoted by Χ with units W/K (or Btu/Fh). The smaller Χ,
the smaller is the thermal bridging effect. The U-value Ucorr with correction for the mechanical
fasteners is calculated from the U-value without fasteners Uw/o and the number n of fasteners per
m2 and the point-wise thermal transmittance Χ of the fasteners: Ucorr ¼ Uw/o + n � Χ
Mechanical fasteners for ETICS with Χ � 0.001 W/K may be neglected in the thermal trans-
mittance, i.e., no correction is necessary

ETICS are available from conventional insulation materials like:

PUR (including PIR) boards (only boards without aluminum foil to be used) with thermal
conductivity 0.028 W(m�K)
Semi-rigid mineral wool boards and rigid lamella mineral wool boards, with λ ¼ 0.031 . . .
0.035 W/(m�K)
Polystyrene (EPS and XPS) with thermal conductivity of 0.030/0.035 W/(m�K)

Fig. C.8 Mechanically attached insulation: (a) mechanically fastened mineral wool board,
(b) fasteners, (c) cross-section, (d) recessed mechanical fastener with insulation disc
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Examples: Solid or Lightweight Walls with ETICS

ETICS with rigid PUR boards being installed (by means of glue mortar) on solid wall during a
building renovation. The boards are glued to the existing outside plaster by means of mineral glue
mortar (point-strip application of the mortar to the rear face of the insulation boards), and later
rendered. Source: puren (www.puren.de)

Example of a lamella mineral wool ETICS on a
limestone wall (without need for mechanical fas-
teners, just 1 per m2 as additional safeguard)

Example of a gray EPS ETICS applied to a
lightweight wall

ETICS are available for traditional insulation materials like:

PUR (including PIR) boards (only boards without aluminum foil to be used) with thermal
conductivity 0.028 W(m�K)
Semi-rigid mineral wool boards and rigid lamella mineral wool boards, with λ ¼ 0.031 . . . 0.035
W/(m�K);
Polystyrene (EPS and XPS) with thermal conductivity of 0.030/0.035 W/(m�K)
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Application of Rigid Foam Boards (XPS, PUR) on Local Thermal Bridging
Areas

Mechanically and or adhesively fixed to local thermal bridging areas. Maintain healthy frsi to
avoid condensation and mold internally

XPS boards reducing thermal bridges by concrete studs and ceilings in monolithic walls

Ventilated Façade insulation (VHF Façade)

Fixation of insulation panels by special fastener 5 fasteners per m2
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Ventilated Façade with Wooden Supporting Structure and Wooden Cladding
Profiles

Ventilated façade with wooden supporting structure and wooden cladding profiles

Façade insulation panels with facing glass tissue for higher
weather resistance

Installation of Mineral Wool Insulation Using Strapping Attachment

Mineral wool (stonewool) insulation boards should be permanently mechanically
supported by the strapping attachment if the attachment is designed to withstand live
loads and total applied dead loads. During installation, minimal fasteners can be used
to temporarily hold the product in place until the strapping is applied provided
undesirable conditions are not expected in that time frame. For optimal performance,
install strapping vertically to provide a drainage cavity; metal hat-channels or wood
furring can be installed horizontally over the strapping to accommodate vertical
cladding types.

The strapping attachment should be designed to withstand wind loads and total
applied dead loads (insulation + fasteners + strapping + cladding). For mineral wool
insulation (ROXUL® insulation), current research suggest limiting installed
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cladding load to 10 lb./fastener (relative to fasteners attaching furring to the struc-
ture) over semi-rigid mineral wool of 8 lb/ft3 up to 4 inches thick. (Refer to ROXUL
COMFORTBOARD Deflection Testing for more information) (Figs. C.9 and C.10)

There are a series of different thermally broken clip systems available in the
market. The different systems will have different grades of performance, all however
significantly higher than typical z-girt attachment methods. Manufacturer’s instruc-
tions should be used for installation methods (Fig. C.11).

Fig. C.9 Installation layers
of Wood frame wall with
exterior mineral wool
insulation and vertical wood
strapping (ROXUL Inc.)

Fig. C.10 Exterior insulation (EIFS) fastened with long screws through wood strapping (wood
frame structure)
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Cavity Insulation

Fig. C.11 Example of
thermally broken clip
system (Cascadia Clip)
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Insulation of the cavity in brick walls has become popular, for example, in Denmark
and in northern regions of Germany as it is normally fast and relatively cheap.
Besides it does not cause changes neither to the inside nor to the outside of the
building, and it is almost without nuisance for the occupier. In existing buildings
with cavity walls, the only option to put in a layer of insulation into the cavity is to
fill in a loose material or foam. Therefore special machines to blow the insulation are
needed (see figures below).

Framing Insulation: Batt Insulation

Batts and rolls are available in widths suited to standard spacing of wall studs, attic trusses or
rafters, and floor joists. Note the batt insulation in between the roof rafters.

Basement Insulation

External basement wall insulation allows for mitigation of thermal bridges and
energy reduction for temperature control in the basement and is a practical and
effective alternative to underfloor insulation. For existing buildings, this is typically
accomplished by excavation along the building basement perimeter (depending on
the structural possibilities), creating a clean wall surface (plaster base coat) before
applying the vertical seal, bonding perimeter insulation panels to the basement wall,
and inserting an expanding foam seal on the upper side; attach drip edge before
backfilling. In addition to thermal performance improvement, this will help with
waterproofing. For more details, see Appendix “Remediation of thermal bridges”
(Fig. C.12).
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Basement walls are insulated over the water barrier using water-resistant XPS insulation boards.
These boards are bonded jointless close to each other with a special waterproof adhesive. XPS
boards are highly pressure resistant

Fig. C.12 Installation of aerogel blanket insulation
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Aerogel blanket insulation’s superior thermal performance arises from the nano-
porous entrapment of air within the silica aerogel matrix; it does not rely on
maintaining a vacuum or heavy gas molecule in place and therefore can be cut and
fixed with conventional insulation fixings.

Aerogel blanket insulation may be adhesively and or mechanically attached to the
working surface. In most cases, a steel mechanical fixing will be mandated by local
fire regulations. Use of a low thermal conductivity fixing (stainless steel) is
recommended to limit point thermal bridging. Aerogel blanket strips can be stapled
to studwork before final fixing of plasterboard etc (Fig. C.13).

Mechanical fixings should be selected according to the type and condition of the
underlying substrate. To avoid pull through, the fixing should accommodate a large
diameter (3/4 in. 0 mm) head or retaining washer. This applies equally to IWI and
EWI attachments. Typically systems of this nature have local building control
certification – refer to the system provider’s instructions for appropriate fixing
information.

Aerogel blanket insulation may be adhesively attached using water- or solvent-
based adhesives including lime and cementitious coatings. Base coats, renders, or
plasters should be supported using a mesh or scrim that is mechanically affixed to the
substrate. The system provider’s guidelines should be consulted (Figs. C.14 and
C.15).

Fig. C.13 Stainless steel mechanical fixings, staple fixing

Fig. C.14 Mechanical
fixing with mesh to support
EWI render
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Examples of Aerogel Blanket Insulation Installation

Timber framing (Fig. C.16)

Fig. C.15 Mechanical
fixing (Polymer) of IWI
thermal bridging assembly
at window reveal (Aerogel
Blanket, Vapor Barrier +
MGO board)

Fig. C.16 Mechanically fixed to battens in strip or blanket format to increase R-value and reduce
repeat thermal bridging through studs
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Internal Wall Insulation (IWI on Solid Wall) (Fig. C.17)

Fig. C.17 Mechanical and adhesive fix to internal wall. Finish with wet plaster/lime or rigid facing
board according to customer needs. Perform robust risk assessment to determine hygro-thermal
impacts of IWI upgrade
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External Wall Insulation (EWI on solid wall) (Fig. C.18)

Terrace, Balcony, and Gutter Insulation (Fig. C.19)

Fig. C.18 Mechanically fixed with low thermal conductivity fixings (stainless steel and polymer).
Finished with siding, brick slips, render, and mesh or cladding. Preserve building character due to
thinner insulation profile

Fig. C.19 Loose lay, adhesive, or mechanical fix to terrace or balcony. Increase R-value without
increasing thickness above safety height for fall/water ingress. System is compatible with traditional
membrane and ballast systems
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Floor Insulation (Domestic Loading) (Fig. C.20)

Roof Insulation: Pitched (Internal/External) and Flat (Fig. C.21)

Thermal Bridging Treatments in Domestic, Multi-family,
and Commercial Construction

Fig. C.20 Loose lay or panel application, suitable for domestic loadings. Address heat loss through
concrete slab without requiring door/threshold adjustments

Fig. C.21 Mechanically fixed to/through battens. Hygro-thermal risk assessment is recommended,
particularly in heritage applications
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Exterior Wall Insulation from Inside

Spray Foam

Liquid foam insulation, combined with foaming agent1, can be applied for walls as a
pressure-sprayed (foamed-in-place) product. The product will expand and harden as
the mixture cures, conforming to the shape of the cavity, filling and sealing it
thoroughly. Due to its properties, many applications also consider the spray foam
to act as the vapor and air control layer2.

Slow-curing liquid foams are also available. These foams are designed to flow
over obstructions before expanding and curing, and they are often used for empty
wall cavities in existing buildings. There are also liquid foam materials that can be
poured from a container (Fig. C.22).

Installation of most types of liquid foam insulation requires special equipment
and certification and should be done by experienced installers. Following installa-
tion, an approved thermal barrier equal in fire resistance to half-inch gypsum board
must cover all foam materials. Also, some building codes do not recognize sprayed-

1Spray foams can contain toxic ingredients (Refer to https://www.epa.gov/saferchoice/spray-poly
urethane-foam-spf-insulation-and-how-use-it-more-safely). They are also highly combustible and
can cause increased fire spreads (Refer to http://www.federated.ca/files/pdfs/57-en-
Polyurethanesolidgasoline.pdf).
2Improper installation and shrinkage of the spray foam can result in compromised air barrier system.
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foam insulation as a vapor barrier, so installation might require an additional vapor
retarder.

Mass Wall: Existing Brick Masonry Walls

The optimal solution for retrofitting existing masonry buildings would be to add
exterior insulation. That being said, retrofitting to the interior is the most common
practice as there are typically space and landmarks prohibiting from adding anything
to the exterior side. When retrofitting to the interior side of a brick masonry building,
special attention must be taken where the brick can be susceptible to freeze-thaw
cycles (especially in cold climates).

Interior Retrofit

Spray Foam and Foamed-in-Place Insulation

Due to its vapor impermeability, and air barrier characteristics, the more common
approach for interior retrofits of masonry buildings is to use spray foam insulation.
However, as stated above, there are risks in accounting the spray foam as an air
barrier system. Two common approaches are practiced, spray foam only with an
interior stud frame or spray foam in conjunction with batt insulation in between
the stud framing. Potential concerns about SPF include the health risks associated
with its toxic ingredients (see http://www.epa.gov/saferchoice/spray-polyurethane-
foam-spf-insulation-and-how-use-it-more-safely, Highly Combustible: “liquid gas-
oline”:http://www.federated.ca/files/pdfs/57-en-Polyurethanesolidgasoline.pdf). Also,
improper installation and shrinkage can result in a compromised air/vapor barrier
(Figs. C.23 and C.24).

Note that, if a permeable insulation is used to the interior side in conjunction with
a spray foam, caution must be made to ensure airtightness and avoid a double vapor
barrier.

Fig. C.22 Spray foam
being applied in a wood
frame wall assembly
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Fig. C.24 Existing masonry with hybrid interior solution (spray foam and mineral wool insulation)

Fig. C.23 Existing masonry with spray foam interior insulation



Liquid foam insulation materials can be sprayed, foamed-in-place, injected, or
poured. Some installations can have twice the R-value per inch of traditional batt
insulation, and can fill even the smallest cavities, creating an effective air barrier.

Liquid foam insulation – combined with a foaming agent – can be applied using
small spray containers or in larger quantities as a pressure-sprayed (foamed-in-place)
product. Both types expand and harden as the mixture cures. They also conform to
the shape of the cavity, filling and sealing it thoroughly.

Slow-curing liquid foams are also available. These foams are designed to flow
over obstructions before expanding and curing, and they are often used for empty
wall cavities in existing buildings. There are also liquid foam materials that can be
poured from a container.

Installation of most types of liquid foam insulation requires special equipment
and certification and should be done by experienced installers. Following installa-
tion, an approved thermal barrier equal in fire resistance to half-inch gypsum board
must cover all foam materials. Also, some building codes do not recognize spray
foam insulation as a vapor barrier, so installation might require an additional vapor
retarder.

Liquid foam insulation products and installation usually cost more than tradi-
tional batt insulation. However, liquid foam insulation has higher R-values and
forms an air barrier, which can eliminate some of the other costs and tasks associated
with weatherizing a home, such as caulking, applying housewrap and vapor barrier,
and taping joints. When building a new home, this type of insulation can also help
reduce construction time and the number of specialized contractors, which saves
money.

Board and Batt Insulation from Inside

Applying exterior wall insulation from the inside of the building is a much more
ambitious task than simply adding insulation to the building’s exterior due to
building physics; temperature and humidity inside the construction changes because
the insulation layerprevents heated air from penetrating the wall to enter the build-
ing’s interior. The insulation must be secured to ensure that humidity that enters in
the winter season can evaporate in the summer period. The outside of the wall must
be protected against driving rain. This application must be done by expert craftsmen
who can do the recommended physical calculations to anticipate damage by
humidity.
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There are in general two ways to realize an exterior wall insulation from inside:

8. Pressure-resistant insulation boards

(1) Existing wall; (2) glue and reinforcement mortar; (3) mineral wool insulation board; (4) rein-
forcement mortar and mesh; (5) final rendering

The advantage of this option is that it requires no substructure. This construction
effectly excludes thermal bridges without any additional provisions.

Step-by-step pictures
1. Put the glue/mortar on the backside of the insulation board

2. Glue the pressure-resistant boards on the existing wall

3. Put the reinforcement mortar on the insulation layer and press
mesh in it

4. After drying of the reinforcement mortar (1 week), raise the final
rendering
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9. Flexible insulation boards or batts

(1) Existing wall; (2) first mineral wool insulation layer (boards) to prevent thermal bridges;
(3) metal or wooden studs as substructure, flexible mineral wool batts in between; (4) vapor barrier
with flexible density (smart vapor retarder); (5) gypsum boards, open to diffuse

More sophisticated options will require expert work especially if airtightness is
needed. Loss of interior space is unavoidable.

Step-by-step pictures
1. Build the substructure with distance to the existing
wall (first put every second stud) and put the first
insulation layer between wall and substructure. Then
put the missing studs in front of the insulation layer

2. Put flexible mineral wool batts between the studs

3. Fix the vapor retarder on the studs by tape or hook
and loop

4. Install the gypsum boards by screwing it into the
studs (Source: All pictures from www.isover.de)
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Roofs
Example: Flat lightweight roof with PUR over-rafter insulation

PUR rigid boards are placed
upon the wooden roof con-
struction and are secured in
place (during the installation)
by stripes of PUR spray foam.
The boards are then covered by
bitumen felt (and later with
gravel, concrete pavement
blocks or substrate for the roof
garden)

PUR rigid boards are placed
upon the wooden roof con-
struction in two layers and are
secured in place (during the
installation) by stripes of PUR
spray foam

Cross-section through the roof layout (C)

PUR insulation on a flat lightweight roof (actually a building retrofit with installation of a new
upper level in lightweight construction, with penthouse and partially green roof) Pictures used
courtesy of Puren (www.puren.de)
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Example: Flat concrete roof with external PUR insulation

PUR rigid boards applied to a flat concrete roof in low-energy building and then covered by
bitumen felt. Pictures: Puren (www.puren.de)

Example: Flat roof insulation (stonewool) on a metal profile

Flat roof insulation (stonewool) on a metal
profile with waterproofing

Flat roof insulation (stonewool) with direct
glued bitumen sheeting
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Flat roof insulation with glasswool between two
profiled metal sheets

Example: Inverted flat roof (Umkehrdach): Flat roof insulation (XPS) on top of
waterproofing

Flat roof with insulation layer (XPS) on top of waterproofing (Umkehrdach)

Pitched Roof Insulation

In wooden pitched roof constructions, insulation can be installed above or/and
between the rafters. It depends on the:
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1. Flexible insulation (batts) between the rafters

In wooden pitched roof constructions, insulation can be installed above and/or
between the rafters, e.g., shown in the figure below.

You can fill the existing empty space without losing space inside the building or
extend the high of the roof construction to the outside. To minimize thermal bridges
from the rafters, a thin additional layer of mineral wool is usually installed between
the substructures of the internal finish. Air tightness is a very important parameter for
durable function of the roof construction. It is recommended to use air tightness
systems with complementary components.

Example: Insulation of Wood Frame Walls with a Lightweight Mineral
Wool Insulation

No additional attachments are needed, just clamping between studs.

Appendixes 197



Pitched Roof Insulation Step-by-Step

1. Cut from roll, width ¼ distance between
rafters +1 cm

2. Install insulation panel between rafters; it
clamps without additional fixation

3. Install vapor barrier beyond rafters

(continued)
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4. Adapt vapor barrier to window

5. Adapt vapor barrier to pipes by using special
tapes and glues. Follow the manusfacturer's
recommendations.

6. Seal vapor barrier to floor and walls

7. After installing and tightening the vapor
barrier, attach it to the wooden studs to form a
tight interior lining

8. Install additional thin insulation layer (max.
20 % of R-value) beyond rafters and vapor
barrier

(continued)

Appendixes 199



9. Use the space from the inside for electronic
installation without damaging vapor retarder/
airtightness

Pressure-Resistant Insulation (Boards) Above the Rafters

In this option the insulation layer is installed above the rafters, without thermal
bridges. The rafters are visible from inside. For static rand optical reasons, it is
recommended to have a wooden construction as a first layer. On a first rain
protection, the insulation boards have to be fixed by screws in the rafters beyond.
Then the substructure and the roof covering follow.
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Example: Sloped Roof with PUR Over-Rafter Insulation

PUR rigid boards being
installed on a lightweight
roof and secured into place
(during roof installation) by
PUR spray foam stripes,
beginning with the lowest
board

The boards come with an
installed secondary water
barrier. At the joints
between the boards, the
barriers are taped to each
other (top over bottom
barrier)

A plastic rain barrier is
installed on top of the insu-
lation boards

(continued)
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Finished roof with PV
panels installed. The PV
panels also act as mechani-
cal fastening for the PUR
boards and the rain barrier

PUR insulation on a sloped roof

Pictures: Puren (www.puren.de) ((more pictures?))

Combination of Flexible Insulation (Batts) between the Rafters
and Pressure-Resistant Insulation (Boards) Above the Rafters

For retrofit a combination of the both options of insulation between and above the
rafters very often is used. In those situations you remove the roof covering and the
substructure from the outside. In many cases you find an existing pitched roof
construction – maybe with or without a thin layer of old mineral wool insulation
between the rafters. In those cases you have to check the old insulation. If it is still
dry and nearly clean, you should leave it and add an additional mineral wool layer to
fill the space between the rafters completely. If the existing insulation is wet or
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damaged, you have to remove it and renew the complete insulation. To fulfill the
requirements for airtightness, you have to install a vapor retarder from outside. This
is an expert work. See the step-by-step description that follows. After installing the
temporary rain shield layer, the additional pressure-resistant insulation layer can be
installed above the rafters. This insulation layer can be mineral wool (rigid stone
wool boards), PIR foam boards, or wood fiber boards. An expert construction
engineer should calculate the appropriate combination of the different insulation
layers and the position of the vapor retarder to best match the physics aspects of the
building. Therefore you should contact the producers of those insulation systems
during your planning period. Tables C.2 and C.3 summarize the capabilities of these
insulation systems.

Table C.2 Combination of insulation layers between and above the rafters, vapor retarder flat
above the rafters
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Example for Flexible Insulation (Batts) Between the Rafters
and XPS Boards Above the Rafters

Step-by-Step Description

1. Remove existing substructure and damaged materials

2a. Put flexible insulation (mineral wool) between the rafters;
be sure to completely fill the empty space

(continued)

Table C.3 Combination of insulation layers between and above the rafters, vapor retarder around
rafters
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3a. Install a vapor barrier and temporary rain shield layer
above the rafters

4a. Fix the vapor retarder on the rafters

5a. Tape the parts of the vapor retarder

6a. Install the insulation layer of PIR, wood fiber, or mineral
wool boards above the rafters

2b. Put a thin insulation layer on the existing inside lining.
This protects the following vapor retarder from damaging by
nails or screws

(continued)
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3b. Install the vapor retarder by passing it around the rafters
and staple/tacker it without air gaps to the rafter

4b. Fix the vapor retarder close into the corner of the rafters by
suing small battens

5b. Bring in the insulation between the rafters

6b. Install the insulation layer of PIR, wood fiber, or mineral
wool boards above the rafters

7. Screw the substructure for the new roof covering

8. Now the new roof covering can be installed

Source: All pictures from www.isover.de
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Note: in retrofit, to prevent cold air to get between the new insulation layer above
the rafters and the inside lining, it is recommended to not leave parts or all of the
former insulation layer empty (i.e., any space between the inside lining, the rafters
and the over-rafter insulation, where the blue dots are in the above drawing), but
rather leave in the old insulation and fill in mineral wool batts on top until the
between-rafter space is filled. This insulation layer in addition effects good sound
protection.

Example: Sloped Roof with (Old and/or New) Flexible Insulation Between
the Rafters and PUR Over-Rafter Insulation

Numerical analysis shows that in Continental-Central Europe climate, with 80 mm
or more of PUR (without or with aluminum lining) rigid over-rafter insulation, no
moisture buildup occurs within the roof, regardless of the thickness and quality of
the (old + new) between-rafter insulation and regardless whether the existing inner
water vapor barrier is functioning or not. Thinner PUR over-rafter boards or more
severe locations (e.g., high above sea level) should be assessed individually before
installation. As an example, the following sketches and table give moisture damage-
free combinations of mineral wool insulation between the rafters and PUR boards
above the rafters for Germany, as well as the achievable roof U-values.
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Cross-section of the roof after retrofit

1 ¼ decking (new)

2, 3 ¼
4 ¼ rigid PUR boards (with or without
aluminum foils) (new)

5 ¼ water vapor barrier (new)

6 ¼ OSB board or wood panels (existing
(not necessary)

7 ¼ thermal insulation fill-up (new) (not
necessary; existing air layer may also
remain empty, but needs to be made air-
and windtight at its lower and upper end)

8 ¼ rafters (existing)

9 ¼ existing insulation

10 ¼ vapor barrier, airtight

11 ¼ inner lining (gypsum board or
wooden profiles)
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This section shows examples of drawings showing installation of wall insulation,
with an emphasis on reducing or preventing thermal bridging at the joints. The
drawings may serve as a showcase on how in principle the insulation layer is
installed gap-free at the joints to prevent thermal bridges. It is based on materials
provided by Rockwool®. Examples include insulation installation details of:

• Wall foundation
• Wall-to-roof connection
• Wall-to-window connection
• Wall to balcony and terrace connection
• Convex and concave wall corners
• Dilatation of the flat wall with vertical expansion joint profile
• Dilatation of the corner wall
• Arcades
• Roof parapets
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Insulation of the Foundation

With a Base Profile
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Without a Base Profile
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Wall Connection to Warm Roof

Without Soffits
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With Soffits
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Back-Ventilated Roof Without Soffits
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Insulation of the Window

Mounted in the Middle of the Wall, Section
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Mounted Equal to the Wall, Section
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Mounted Equal to the Wall, Cross-Section
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Mounted in the Insulation Layer, Section
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Mounted in the Insulation Layer, Insulation of the Windowsill, Cross-Section
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Mounted in the Middle of the Wall, Section

Appendixes 221



Mounted in the Middle of the Wall, Cross-Section
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Insulation of the Shutters
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Insulation of the Balcony and Terrace

Detail without Base Profile
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Detail with Base Profile
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Insulation of the Corner

Convex
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Concave
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Dilatation of the Flat Wall

With Vertical Expansion Joint Profile

With Vertical Sealing Tape
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Dilatation of the Corner Wall

With Vertical Expansion Joint Profile
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With Vertical Sealing Tape
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Arcade

With Corner Profile
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With Corner Profile (Drip Nose)
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Formation of Drip Edge
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Insulation of the Roof Parapet
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Appendix D: Remediation of Thermal Bridges

This appendix contains examples of thermal bridges in existing buildings and
possible solutions for their treatment during major renovation projects. It includes
sketches of commonplace thermal bridges for masonry and steel stud buildings with
interior and exterior insulation scenarios. Examples show a step-by-step remediation
process, and list psi values for pre- and post-renovation situations. The purpose of
this Appendix is to provide information that informs designers on the effects of
thermal bridges, that enables them to reference their project details to details
presented in this document, and that clarifies how to execute those details. The
content of the Appendix C is based on studies conducted by the US Army ERDC
team and its contractors (Sect. “Sequencing of thermal bridge mitigation”) (Pagan-
Vazquez et al. 2015a, b; Lawton Mark et al. 2014). It also contains examples of
building envelope renovation with some typical details reproduced with permission
from “Details for Passive Houses: Renovation: A Catalogue of Ecologically Rated
Constructions for Renovation” (Sect. “Examples of thermal bridges mitigation with
the building envelope renovation”) (IBO 2016). Section “Construction details”
contains typical architectural details showing thermal bridges mitigation. Note that
the content of Appendix E, “Window Installation Guidance,” is relevant to this
Appendix content, which addresses the treatment of thermal bridges with window
replacement.

Sequencing of Thermal Bridge Mitigation

Section “Sequencing of thermal bridge mitigation” includes sequencing of thermal
bridge mitigation for the following details:

D.1.1 Parapet with Concrete Roof Joint with a Wall Insulated on Exterior
D.1.2 Parapet with Concrete Roof Junction with a Wall Insulated on Interior
D.1.3 Parapet with OWSJ and a Deck (Exterior Wall Insulation)
D.1.4 Parapet with OWSJ and a Deck (Interior Wall Insulation)
D.1.5 Parapet with OWSJ and a Deck (Steel Stud Buildings)
D.1.6 At Grade Transition: Exterior Insulated Buildings
D.1.7 At Grade Transition: Interior Insulated Buildings
D.1.8 Through Slab Projections with Interior Insulated Walls: Internal Walls and

Internal Floors
D.1.9 Flanking
D.1.10 Blast Resistant Door Jamb
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Parapet with Concrete Roof Joint with a Wall Insulated on Exterior

Remediation options

Before renovation (example for
CMU wall

Option 1: insert thermal
break

Option 2: Wrap the parapet

Solution for Option 1: Create Continuity of Wall and Roof Insulation

(continued)
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Remove the
parapet capping

Remove flashing and
roofing asphalt to
expose the CMU
parapet

Remove roofing
asphalt sufficiently
to expose the
insulation

Cut back and remove some of
the roof insulation. The CMU
parapet is now fully exposed

The exterior brick skin is the
next element to be dealt with

Remove brick veneer
until insulation is
exposed

Remove top insulation board to
expose the wall-to-roof junction

Remove the CMU parapet

Add an airtightness
barrier while the
parapet is removed

Add a course of
autoclaved aerated con-
crete (AAC) blocks.
Anchor bolts or struc-
tural dowels should be
added if needed to rein-
force the junction

Two courses of CMU
can then be added as
normal in line with
original building
profile

Extend external insu-
lation to provide
complete overlap with
newly inserted ther-
mal break
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Reinstate insulation on the
roof to abut the inserted
thermal break

The wall and roof insula-
tion are now “thermally
connected”

The exterior brick veneer can now
be reinstated

Reinstate
flashing

Add roof covering
waterproof layers

Add finish covering
waterproof layers

Finally, reinstate par-
apet capping

Old junction New junction
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Solution for Option 2: Wrap the Parapet

Remove capping, flashings, and roof coverings to expose CMU wall and roof insulation

Add rigid insulation to
the rear and top of the
parapet as well as the
cavity if possible

All waterproofing, flashings, and coping needs to be reinstated

Old junction New junction
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Parapet with Concrete Roof Junction with a Wall Insulated on Interior

Existing detail: this through-wall penetration is
commonplace in internally insulated walls,
roofs, and floors. The better alternative is to
insulate externally using the details in the pre-
vious section (although it may require replace-
ment of the brick skin)

Retrofit detail: the easiest retrofit for this type of
junction is to simply line the perimeter of the
ceiling with a gypsum wall board over foam
insulation. Just remember all internal walls and
floors will also cause thermal bridges and space
in the room is lost very quickly
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Parapet with OWSJ and a Deck (Exterior Wall Insulation)

Same renovation principles apply: wrap or add thermal break

Alternative retrofit option: add spray foam internally

Existing situation Add first layer of spray
foam insulation

Add finish layer of spray-
on fire protection
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Parapet with OWSJ and a Deck (Interior Wall Insulation)

Exiting detail: the high conduc-
tivity of the steel OWSJ will
yield even worse psi values.
Especially in the case of exposed
CMU, an external retrofit is a
much more robust method

Retrofit detail: a spray foam lin-
ing on the inside is a quick and
easy retrofit. Spray foam is
needed to fill between the studs
and braces. The studs and braces
still cause a relatively significant
thermal bridge, but the psi is
reduced nevertheless

In most cases, a layer of
fireproofing covering the
spray foam is needed
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Parapet with OWSJ and a Deck (Steel Stud Buildings)

Existing detail: this common detail
occurs widely in steel stud
buildings

Retrofit option 1: Foam
internally.

Retrofit option 2: Wrap
the parapet.
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At Grade Transition: Exterior Insulated Buildings

Existing detail: continuity of the insulation
layer at the perimeter is important to reduce heat
flow and rule out surface condensation on the
internal surfaces. More so than mid-slab in large
buildings. Unless insulation is added to the slab,
the calculated psi value will not make much
sense as the slab losses are so great. It may be
more important to measure internal surface
temperatures if there is no insulation in the
floor. Retrofit construction: if the slab edge
cannot be retrofit, then insulating the external
perimeter can help to contain heat within the
ground and raise internal surface temperatures

Retrofit construction sequence: the ground is
excavated at the perimeter of the slab to expose
the area for upgrade
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The ground is excavated at the perimeter
of the slab to expose the area for upgrade

A chase is cut in the mortar joint allowing for the
flashing to be added later

A cementitious board is
prefixed to a grooved, water-
resistant XPS board (e.g.,
PERIMATE™) and affixed to
the perimeter of the slab

A bead of sealant is added to
the chase

A metal or UV-resistant
flashing is bedded into the
bed of sealant

Add an additional bead of sealant to provide watershed The remaining soil can then be added.
This may also be an opportunity to add
a gravel drain depending on site
conditions
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At Grade Transition: Interior Insulated Buildings

If the slab edge cannot be retrofit,
then insulating the external perimeter
can help to contain heat within the
ground and raise internal surface
temperatures

The ground is excavated at the perimeter of the slab to
expose the area for upgrade

A chase is cut in the mortar joint allowing for the flashing to be
added later

A cementitious board is
prefixed to a grooved, water-
resistant XPS board (e.g.,
PERIMATE™) and affixed to
the perimeter of the slab
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A bead of sealant is added
to the chase

A flashing is bedded into the
bed of sealant

Add an additional bead of sealant to
provide watershed

The remaining soil can then be added. This may also be an opportunity to add a gravel drain
depending on site conditions

Through Slab Projections with Interior Insulated Walls: Internal Walls
and Internal Floors

(continued)
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Existing detail: this common detail occurs
widely at canopy shades, balconies, and
vestibules. In the case of internal insula-
tion, it is not critical that the projection be
removed, but the psi value resulting in
lengthening the heat flow path is still quite
poor

Retrofit detail: whether the construction is a through
slab projection or internal floor, the psi and retrofit
are much the same. A laminate floor will be needed
to cover the flanking insulation, and a plaster board-
backed insulation will generally be needed at the
ceiling level

Internal walls have a slightly lesser psi value,
but nevertheless a lot of magnitude (almost as
much as windows)

If a condensation risk occurs at an intermediate
floor or wall, this may rectify the problem, but
interstitial condensation can also occur after the
retrofit if vapor tightness is not provided
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Flanking
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Blast-Resistant Door Jamb

Exiting detail: no alignment or
connection of the thermal break to
the insulation layer. No thermal
break in the existing door will
cause very high losses. As such, it
is doubtful that the thermal bridge
will be effective as there will be
very large losses from the frame
itself. Condensation may occur on
the inside of this frame in cold
weather

Retrofit: A 1.5-in.-thick timber
break can be used to bridge the
insulation layer to the thermal
break in the door.

Examples of Thermal Bridges Mitigation with the Building
Envelope Renovation

Section “Examples of thermal bridges mitigation with the building envelope reno-
vation” includes the following examples of thermal bridge mitigation, reproduced
with permission from “Details of Passive Houses Renovation” (2016):

D.2.1 Building Renovation: Brick Masonry Wall Insulated with ETICS and a
Concrete Attic Slab Insulated on the Upper Side

D.2.2 Building Renovation: Cavity Brick Wall Insulated Using Cavity Insulation
in Addition to External Insulation; Top Floor Reinforces Concrete Ceiling
Slab Insulated on the Upper Side under the Tiled Roof with Eaves
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D.2.3 Building Renovation: Concrete Composite Wall Insulated by Prefabricated
Timber Panels Filled in with Cellulose Insulation and a Flat Roof Insulation

D.2.4 Building Renovation: Clay Block External Wall Insulated Using
Prefabricated Timber Construction Filled in On-Site with Cellulose
Insulation; Roof Insulated Using Prefabricated Insulated Panels

D.2.5 Building Renovation: Concrete Composite Block Wall Insulated with
ETICS and a Flat Roof Insulated under Vapor Pressure-Equalized Metal
Roof

D.2.6 Building Renovation: Concrete Composite Block Wall Insulated with
ETICS and a Flat Roof Insulated under Vapor Pressure-Equalized Metal
Roof

D.2.7 Building Renovation: Basement Ceiling Reinforced Concrete Slab
Insulated from the Bottom Side

D.2.8 Building Renovation: Concrete Wall Insulated with Prefabricated Timber
Panels and Insulation of the Basement Reinforced Concrete Slab Ceiling

D.2.9 Building Renovation: Brick Masonry Wall Insulated with ETICS and a
Concrete Hollow Block Basement Ceiling Insulated on the Lower Side

Building Renovation: Brick Masonry Wall Insulated with ETICS
and a Concrete Attic Slab Insulated on the Upper Side

This insulation concept is applicable to buildings with accessible attics, which can be
used as a storage space.

Renovation concept: the external wall is thermally ren-
ovated using an external thermal insulation composite
system

The external wall will be thermally renovated by
means of an external thermal insulation composite
system

The top story ceiling is insulated with EPS insulation;
a load distribution plate also makes the renovated attic
accessible

The air and vapor barriers is installed on the ceiling,
which is connected with an airtight seal to the existing
exterior plaster

As a result of the attic floor insulation, the tempera-
tures in the attic will be significantly lowered in the
winter; this must be taken into account when consider-
ing future attic uses

Note: the construction of the eaves gutter is carried out
to retain the proportions in the exterior area. If this is not
required for design reasons, the existing construction
can be replicated with an edge gutter. As a result, the
external wall connection “slides” approx. 30 cm upward

(continued)
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Construction process:
Install vapor barrier, repair existing exterior plaster,

and bond it with the vapor barrier in the roof area

Install EPS insulation and an accessible load distri-
bution plate

Uncover the roof in the eaves area and double the
rafters with fillets

Install the cladding and vapor-permeable roofing
sheet, and seal them in a windtight manner with the pore
sealing panel and exterior plaster

Building Renovation: Cavity Brick Wall Insulated Using Cavity
Insulation in Addition to External Insulation; Top Floor Reinforces
Concrete Ceiling Slab Insulated on the Upper Side under the Tiled Roof
with Eaves

This concept is applicable when the roof is protected against driving rain

Renovation concept:
The external wall will be thermally renovated by using

interior and cavity insulation using perlite insulation

The top story ceiling slab is covered with pressure-
resistant rock wool and an EPV panel. The roof space must
remain well-ventilated

(continued)
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Construction process:
Clean and hydrophobize the façade. Make sure that the

existing masonry is dry enough

Fill the interstice of the cavity structure with perlite

Clean the inner side of paint residues, etc.; fully bond, and
install the interior insulation

Tightly lay the rock wool; lay the EPV (elastomeric mod-
ified reinforced bitumen) panel on top of it

Note: no air barrier is added. Make sure there is sufficient
roof space ventilation

Building Renovation: Concrete Composite Wall Insulated by
Prefabricated Timber Panels Filled in with Cellulose Insulation and a Flat
Roof Insulation

This insulation concept is applicable to buildings when the roof slab is structurally
suitable.

Renovation concept:
The parapet and timber construction of the

roof is removed

The external wall is thermally renovated
using a prefabricated timber construction that
is filled in with a cellulose insulation on-site

The roof is renovated using a duo roof

(continued)
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Construction process:
Clean exterior plaster, repair missing parts.

The exterior plaster constitutes the air barrier.
Seal it airtight on the concrete grating with
sealing tape

Lay bituminous vapor barrier/temporary
seal; if required, apply the leveling layer
beforehand

Place the timber construction, affix the
temporary seal all the way to the outside and
blow out the hollow spaces

Fully bond the insulation panels in the par-
apet/concrete grating area to safely rule out an
upward vapor release in the separating layer of
the existing plaster and the insulation panels

Note: as an alternative, the roof can also be
renovated with a prefabricated timber con-
struction with a vapor pressure-equalized seal

Building Renovation: Clay Block External Wall Insulated Using
Prefabricated Timber Construction Filled in On-Site with Cellulose
Insulation; Roof Insulated Using Prefabricated Insulated Panels

This concept is applicable when the roof rafter is structurally adequate to carry
additional weight.

Renovation concept:
The external wall is thermally renovated

using prefabricated timber panels filled in
on-site with cellulose insulation

The roof is opened from the outside; the gap
between rafters is insulated and prefabricated
insulated timber panels are mounted on top of
the rafters

The air barrier is created by the exterior
plaster, which is bonded in an airtight manner
with the vapor barrier in the roof

(continued)
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Construction process:
Uncover the roof, insulate the space between

existing rafters, and install the timber
prefabricated roof components

Build the canopy with suitably sized counter
battens

Bond the vapor barrier airtight with the
existing exterior wall plaster

Install the prefabricated wall components and
fill them with cellulose flakes

(1) Prefabricated box beam roof element;
(2) solid structural timber battens, (3) com-
pressed insulation

Building Renovation: Concrete Composite Block Wall Insulated
with ETICS and a Flat Roof Insulated Under Vapor Pressure-Equalized
Metal Roof

The roof insulation concept is applicable to buildings if the timber construction of
the roof is in usable conditions, and if the reinforced concrete slab is sealed, the roof
slab is structurally suitable.
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Renovation concept:
The external wall is thermally renovated

using an external thermal insulation com-
posite system

The timber construction of the roof is
preserved, partially opened and insulated.
The metal roof sheeting is replaced by a
vapor pressure-equalized/rear-ventilated
seal

The airtight layer is the existing exterior
plaster; the bituminous vapor barrier on the
structural slab is connected in an airtight
manner to the exterior plaster

Construction process:
Remove metal roof sheeting, open the

timber cladding in parts

Clean the exterior plaster, repair the
missing parts. The exterior plaster consti-
tutes vertical air barrier. Apply plaster base
coat above the parapet to the top edge of the
timber cladding

Keep existing thermal insulation, if pos-
sible. Insulate the interstice with fiber insu-
lation material, close the openings again.
Fasten the timber construction around the
attic and insulate it with rock wool

Lay the vapor-permeable roofing sheet,
weld the joints

Lay the counter battens, nail on the tim-
ber cladding, attach the roof seal and metal
roof sheeting

Fully bond the insulation panels in the
parapet area to safely rule out an upward
vapor release in the separating layer of the
existing plaster and the insulation panels

Note: as an alternative, remove the parapet
and construct a lightweight parapet

1 – insulation material between timber battens
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Building Renovation: Concrete Composite Block Wall Insulated
with ETICS and a Flat Roof Insulated Under Vapor Pressure-Equalized
Metal Roof

The roof insulation concept is applicable to buildings if the timber construction of
the roof is in usable conditions, and if the reinforced concrete slab is sealed, the roof
slab is structurally suitable.

Renovation concept:
The external wall is thermally renovated

using an external thermal insulation com-
posite system.

The timber construction of the roof is
preserved, partially opened, and insulated.
The metal roof sheeting is replaced by a
vapor pressure-equalized/rear-ventilated
seal

The airtight layer is the existing exterior
plaster; the bituminous vapor barrier on the
structural slab is connected in an airtight
manner to the exterior plaster

Construction process:
Remove metal roof sheeting, open the

timber cladding in parts

Clean the exterior plaster and repair the
missing parts. The exterior plaster consti-
tutes vertical air barrier. Apply plaster base
coat above the parapet to the top edge of the
timber cladding

Keep existing thermal insulation, if pos-
sible. Insulate the interstice with fiber insu-
lation material and close the openings
again. Fasten the timber construction
around the attic and insulate it with rock
wool

Lay the vapor-permeable roofing sheet
and weld the joints

Lay the counter battens, nail on the tim-
ber cladding, and attach the roof seal and
metal roof sheeting

Fully bond the insulation panels in the
parapet area to safely rule out an upward
vapor release in the separating layer of the
existing plaster and the insulation panels

Note: as an alternative, remove the parapet
and construct a lightweight parapet

1 – insulation material between timber battens
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Building Renovation: Basement Ceiling Reinforced Concrete Slab
Insulated from the Bottom Side

This concept is applicable to buildings with no special requirements to basement
temperature control.

Renovation concept:
The basement ceiling slab is insulated on the lower side

with a thermal insulation composite system. To reduce
thermal bridge losses and to increase the minimum tem-
perature on the ground floor, perimeter insulation will be
applied

The temperature in the basement decreases in the
winter. This results in a higher RH when the moisture
sources cannot be controlled. Therefore, additional intel-
ligent basement ventilation is required

Construction process:
The reinforced concrete slab is a good air barrier by

itself

Insulation panels are bonded to the basement ceiling
and, depending on the subsurface, can be additionally
fastened to them

Consider the use of an intelligent ventilation system in
any basement intended for use as a high-quality storage
space.

Note: perimeter wall insulation is recommended if the
basement temperature can get very low

(1) Plastered EPS
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Building Renovation: Concrete Wall Insulated with Prefabricated
Timber Panels and Insulation of the Basement Reinforced Concrete Slab
Ceiling

This insulation concept is applicable to buildings with a basement that does not have
high requirements to environmental control.

Pre-renovation issues: rising damp, efflores-
cence, the basement intended for a storage
room cannot be used

Renovation concept: The external wall has
been thermally renovated by a prefabricated
timber panels filled in with cellulose insulation
on-site

The basement ceiling slab is thermally reno-
vated on the lower side with an external ther-
mal insulation composite system

XPS thermal insulation is attached to the base
area and the area that is in contact with the
ground

The temperature of the basement space is
expected to be below the temperature in the
rest of the building. Due to the lack of mois-
ture source control, the basement will have a
higher RH

Construction process:
Seal the airtight layer (exterior plaster, fully

filled if required) all the way to the lower edge
of the ceiling. This also provides a clean sur-
face for applying the seal.

Bond the insulation panels on the basement
ceiling, and, depending on the subsurface,
additionally dowel them

Tightly bond the seal on the complete sur-
face up to at least 30 cm above ground level
(splash zone)

Bond and mechanically secure the drip edge
to the end of the timber construction.

(continued)
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Bond the ECB membrane on the lower end
of the timber construction (OSB panel)

Press the perimeter insulation panels with
expanding foam seals and affixed strips of
fibrous insulation material upward; the top
insulation panel should be completely bonded

Consider the use of an intelligent ventilation
system, particularly with high requirements on
the storage quality of the basement

Note: if a sealed surface (e.g., sidewalk) out-
side the building is connected directly (with-
out a drainage layer) to the external wall,
create a sloped surface inclined away from the
building

Building Renovation: Brick Masonry Wall Insulated with ETICS
and a Concrete Hollow Block Basement Ceiling Insulated
on the Lower Side

This insulation concept is applicable to buildings with a low exposure to rising
damp, low exposure to efflorescence, and when the ground must be dug up anyway
to create a drainage.

Pre-renovation issues: rising damp, efflorescence,
the basement intended for a storage room cannot be
used

Renovation concept: the external wall is thermally
renovated using an external thermal insulation com-
posite system

The basement ceiling slab is insulated on the lower
side, the basement walls is also insulated externally
and internally (insulation umbrella)

The temperature in the basement decreases in the
winter. This results in a higher RH when the moisture
sources cannot be controlled. Therefore, additional
intelligent basement ventilation is required

(continued)
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Construction process:
Excavation depending on the structural

possibilities

Create a clean surface (plaster base coat) before
applying the vertical seal

The exterior plaster of the basement wall is the
airtight layer

Fully bond perimeter insulation panels to the
basement wall, insert an expanding foam seal on the
upper side, attach drip edge, and plaster wall

Consider the use of an intelligent ventilation system
for a basement, particularly it is intended to be used as
a high-quality storage space

1, XPS; 2, laminated mineral wool

Construction Details

This section lists contraction details for 7 types of buildings construction types and
lists 30 different thermal bridge scenarios commonly found in buildings. Each
scenario is supplemented with good practice commentaries (Fig. D.1), including
practical applications, durability, and the retrofit construction process.
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Each scenario includes:

• Commentary: General background and details of the problems and mitigation
method(s)

• Detail identification (ID): Number, the detail name, and description of which
correspond to the construction and building architectural type, respectively

• Existing detail: Illustration of the area on the structure experiencing the thermal
bridging effects

• Proposed retrofit: Illustration of the proposed thermal bridge mitigation solution
with noted changes

• Modeling values: Defining the material thermally relevant properties and thick-
nesses for the modeling of thermal bridging mitigation performance

• Thermal Performance Simulation Results: Noting quantitative improvements
following the retrofit method

• Q/C and sequencing: QC or step-by-step description of how to transform
existing detail into proposed solution

• Detail from inset: Enlarged view of region of interest providing detailed visual
description of relevant components requiring special attention

The following scenarios are addressed in this section:

1. CMU or concrete wall with interior insulation:

a. At grade (stem wall)
b. At suspended slab (w/steel stud or exposed block)
c. At parapet with concrete roof, concrete parapet

Fig. D.1 Thermal bridge mitigation catalogue page layout
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d. Steel roof joists at parapet
e. Window jamb
f. Window head
g. Window sill
h. Blast resistant window jamb
i. Door jambs to CMU
j. Thru slab projection, e.g., shade or balcony

2. CMU or concrete wall with exterior insulation:

a. Roof parapet with concrete roof
b. Roof parapet with OWSJ + deck
c. At grade transition (stem wall)
d. Window jamb
e. Window head
f. Window sill
g. Blast-resistant window jamb
h. Blast-resistant window head
i. Suspended slab at shelf angle

3. Steel stud infill wall in steel or concrete frame:

a. Roof parapet with steel frame
b. Window jamb
c. Window head
d. Window sill
e. Steel tube blast resistant curtain wall perimeter

4. Steel building with insulated metal panel:

a. Eave detail

5. Precast sandwich panel:

a. Roof of steel joists bearing on inner wythe of sandwich

6. Important clear wall details:

a. 6 in. steel studs @ 16 in. with brick ties
b. Concrete wall with interior steel stud assembly

7. Historical details with interior insulation:

a. Window sill in solid brick masonry
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Appendix E: Window Installation Guidance

Successful window installation depends on successful integration with the wall’s
overall water and air management strategies. It must integrate with air, moisture, and
vapor control layers of the given wall system. In some cases, there may be one
element, such as a fluid-applied membrane, that accomplishes one or more of these
functions. No matter the climate zone, it is critical that the specified window be
designed and installed such that it maintains the continuity of these layers. The
product selected must be especially suitable for the water management system
planned for the overall wall. It is important to consider that window installations
should be integrated with:

• The structural elements of the wall system
• The water management elements of the wall system
• Flashing systems
• The thermal barrier system to eliminate or reduce thermal bridges
• The air leakage management elements of the wall system
• The decorative and cosmetic elements of the wall system
• The cleaning and maintenance elements of the wall system

It is essential that the installer understand the existing water management system
of the building to prevent bulk water and water vapor penetration into and through
the building envelope. There are two fundamental methods for preventing bulk water
intrusion, the drainage and the barrier methods, detailed in the following sections.

Bulk Water Management: Drainage Method

Drainage systems can be identified as those designed to both (1) deflect exterior bulk
water, such as rainfall, by employing a first surface water barrier, such as siding, and
also (2) employ a drainage system to aid in the removal of any water that penetrates
beyond the first surface water barrier (Fig. E.1). Such drainage systems may employ
building papers, house wraps, or other systems to create a water-resistant barrier
intended to protect the rest of the wall or roof system. Common examples of drainage
systems include building envelopes with exterior surfaces that may include siding,
veneers, panels, shingles, wood shakes, brick, or other applied exterior surfaces, that
have an air space behind these exterior surfaces, and that also have a weather-
resistant building paper, fabric, or other material intended to drain away any bulk
water that penetrates the exterior surface finish. Building envelopes with wall
systems that include a cavity between the exterior cladding system and the wall
sheathing are generally included in this definition. In drainage systems, fenestration
units are to be integrated with, and sealed to, the water-resistant barrier to promote
drainage. The fenestration system must also be sealed to any flashing systems
employed. Flashing systems should direct all incidental water to the outermost
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surface of the wall. The design of drainage wall systems may allow the flashing
system to route incidental water to the surface of the water-resistant barrier only. Use
of pan flashing to direct incidental water onto the outermost wall surface in drainage
systems is acceptable and may be preferable.

Bulk Water Management: Barrier Method

Surface barrier systems can be identified as those systems in which the outermost
surface of the wall or roof is the sole barrier to intrusion of liquid water (Fig. E.2).

Fig. E.1 Example of window installed as part of drainage wall system. (Illustration taken from
Residential Windows: a Guide to New Technologies and Energy Performance)
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Barrier systems are designed to be sealed at the exterior surface to keep water out.
Barrier systems rely on sealants around building penetrations to prevent moisture
intrusion. Most systems make no provision for drainage of incidental moisture that
may enter the wall or roof system. In addition, they generally include an exterior
coating that is relatively impermeable to moisture. The most common surface barrier
cladding systems used in buildings are certain forms of EIFS wall cladding and large
panel cladding systems installed without water-resistant barrier membranes. In
barrier systems, fenestration units are sealed to the outermost wall surface.

Fig. E.2 Example of windows installed as part of a barrier wall system. (Illustration taken from
Residential Windows: a Guide to New Technologies and Energy Performance)
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Air Leakage Management

Typically, when replacing windows, doors, and skylights, the replacement units are
sized to closely fit into the hole(s) made by removing other fenestration products.
Proper fenestration replacement requires significant attention to air sealing details
and continuity of the surrounding insulation layers, which need to connect with the
insulation layers within the window and glass, especially at the gap(s) between the
new fenestration and the opening(s). It is essential that the installer understand the air
leakage control system employed in the existing building enclosure (if any) to
properly integrate the new window, door, or skylight into the building system to
prevent air leakage into and through the building envelope (Fig. E.3). Proper
sealants, tapes, foams, and other materials must be used to seal all gaps and
penetrations. Surface cleanliness – of both the new fenestration product and the
surfaces to which it is being attached – helps to ensure good quality and durable air
sealing. In some cases, proper air sealing will require surfaces to be primed and
cleaned to ensure air sealing material adhesion. Carefully review the material
specifications of both the fenestration product manufacturer and those of the air
sealing system being employed to ensure material compatibility, proper tempera-
tures for successful application, required surface treatments (if any), and other
requirements necessary to achieve proper air sealing.

Fig. E.3 View of air and
weather barrier integrated
into rough opening to
receive replacement window
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Thermal Bridging

Thermal effects of the installed window depend on thermal transmission of its
components, the glazing unit and the frame, as well as how it is installed into the
wall (effect of thermal bridging and air leakage). Windows should be installed to
minimize thermal bridges between their frames and the walls. Windows should be
installed as close to the thermal (insulation) plane of the wall as possible. This
reduces the possibility of a thermal bridge, poor thermal performance, and formation
of condensation. Figure E.4 shows an example of thermal bridging in a masonry
wall. The window is installed well outboard of the insulation layer of the wall. The
stone sill creates a thermal bridge that bypasses the thermal break of the window and,
in cold climates, creates cold surface temperatures of the interior metal. Condensa-
tion may form on the window framing when it is exposed to warm, humidified,
interior air.

One strategy for minimizing thermal bridges when replacing windows is to move
the plane of the window closer to the insulation. However, other elements, including
flashing and structural anchorage, must also be considered. The following example
(head and sill, Figs. E.5, E.6, E.7 and E.8) shows a scenario in which the replacement
window is being installed further inboard than the existing window. Note that it
cannot be moved all the way back to the insulation line as the drainage path and

Fig. E.4 Example of thermal bridge in wall construction
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flashing and the tie into the air and weather barrier must be addressed as well. Note
that there are low-conductivity tensile and compressive structural products and
elements that can be used, such as wood, rubber, PVC, high-density polyurethane,
plastics with low density, cellular glass, and solutions that reduce the conductive
elements within the insulation layer. Some of these can be fixed to or fixed through
depending on product application and detailing situation.

Figure E.9 presents an overall view of what is in fact a Passive House compliant
detail of window installation. Notice how nothing is materially different from normal
construction or detailing; it is easy to construct, and easy to level, and has conven-
tional air sealing that is typical of many countries conscious of energy efficiency.
This detail has a completely neutral psi value (no additional heat loss around the
window). The window is also rated for performance under arctic conditions, and the
glazing can be modified to reduce/increase solar gain. Also the frame is available in
many colors and styles that match most common construction designs.

1) ADHERE OR FASTEN
LAYERS OF TREATED
PLYWOOD TOGETHER

2) WRAP PLYWOOD WITH
MEMBRANE CONTINUOUSLY

3) INSTALL SHEET METAL
FLASHING IN FULL BED OF
SEALANT

4) INSTALL RUBBERIZED
“PEEL–AND–STICK” FLASHING
OVER SHEET METAL FLASHING
AND MEMBRANE, LEAVING
PAPER BACKING ON VERTICAL
LEG OF “PEEL–AND–STICK” 

5) PLACE SUB–FRAME SYSTEM
(PLYWOOD, MEMBRANE, AND
FLASHING) INTO POSITION.
LIFT EXISTING INSULATION,
REMOVE PAPER FACING OF
“PEEL–AND–STICK”, AND
ADHERE TO SUBSTRATE. FASTEN
SYSTEM TO METAL STUDS.
6) INSTALL SEALANT AT
SUB-FRAME TERMINATIONS AT
JAMBS TO SEAL JOINT
BETWEEN NEW MEMBRANE
AND EXISTING MEMBRANE AND
PRECAST. SEE DETAIL 4 ON
THIS SHEET.

TYP. WINDOW HEAD–STEP 1
1

Fig. E.5 Step-by-step illustration of window head installation (Step 1)
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This is (intentionally) a very macroscaled detail in terms of drafting, but includes
such important aspects as:

• Rubberoid/paper/stucco/intelligent membranes are used in lieu of continuous
metal flashings through the line of thermal performance.

• All insulation materials are lining up for the best performance.
• Bulk water is dealt with by heavy flashings that all drain into a sill pan that is

returned at the sides, so there are no weaknesses at corners; nevertheless the
heavy metal flashings do not need to extend under the entire window; a rubberoid
flashing can be used to collect that small amount of water.

An insignificantly lesser performance can be obtained with the same detail by
switching the Compaq foam with wood. These components vary in type and form,
but are available for this insulation thickness. Figures E.10 and E.11 show examples
of replacement of the window installed in a masonry wall.

SEE STEP 1

7) INSTALL WINDOW FRAME
USING SHIMS AS NECESSARY
AT FASTENER LOCATIONS.

8) INSTALL IGU OR
SPANDREL GLASS AND
SNAP COVER

2
TYP. WINDOW HEAD – STEP 2

Fig. E.6 Step-by-step illustration of window head installation (Step 2)
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When considering the strategies to reduce thermal bridging, it is important to not
forget that the window still needs to integrate with the air, moisture, and vapor
control layers of the wall system. Figures E.12 and E.13 show a window installed
into an EIFS. Note that the foam of the EIFS acts as the insulation layer and that the
thermal break (fiberglass pressure plate) is in line with this layer. The window is tied
to the air, vapor, and moisture layers with a membrane that glazes into the framing of
the window.

Tables E.1, E.2, and E.3 describe the construction process of window installation
in a steel stud wall and a masonry wall with exterior insulation and brick façade.
Information for these tables is based on studies conducted by the ERDC team and its
contractors (Pagan-Vazquez et al. 2015a, b; Lawton Mark et al. 2014).

Tables E.4, E.5, and E.6 show examples of thermal bridges mitigation with
building renovation, reproduced with permission from IBO (2016).

9) INSTALL BACKER ROD
AND SEALANT

10) INSTALL INTERIOR
FINISHES AND SEAL TO 
WINDOW FRAME.

3
TYP. WINDOW HEAD–STEP 3

Fig. E.7 Step-by-step illustration of window head installation
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Post-installation Procedures

After installation, the installer should perform a “punch-list” inspection to verify that
windows have been installed correctly. This inspection should include, but may not
be limited to:

• The installer should ensure that the fenestration product frame and sash are
installed square, plumb, and level within the specified tolerances. If necessary
to check all aspects of the installation, the installer should remove all removable
sash and screens. Any removed items should be remounted or otherwise
reinstalled by the installer before project completion.

• The installer should ensure that all sashes move freely within their frames and that
weatherstripping or compressible seals make full contact with mating surfaces.

• The installer should ensure that operable hardware such as locks, cranks, latches,
and hinges operate smoothly and that all locking mechanisms engage properly.

Fig. E.8 Illustration of window sill installation
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• The installer should ensure that all operable elements move freely and function
correctly by operating the operable elements of the fenestration product and its
hardware.

• The installer should ensure that all accessories and other components of the
fenestration product assembly are present, such as screens and hardware.

• The installer should ensure that drainage holes should are inspected for blockage
and freed of any obstructions to allow drainage.

• The installer should adjust the hinges so that the seals in a sash or opening section
close firmly on surrounding frame.

Post-installation Quality Control

Voluntary performance standards for wood, aluminum, and vinyl windows are
established by the American Architectural Manufacturers Association (AAMA).
Among others, they set standards for air and water infiltration, thermal efficiency,
and structural performance, all of which can have an effect on short- and long-term
durability. Standard test methods and procedures are used to evaluate air infiltration,
water penetration, and structural and thermal performance. These test methods have

Fig. E.9 Passive House detail of window installation (provided by the Passive House Academy)
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been developed for window manufacturers to verify that a specific window system
design or model meets the specified performance requirements.

A vital part of a window replacement project is post-installation QC testing. This
typically consists of testing for water and air infiltration and will verify that the
window is performing as designed and that the installation, including flashing and
perimeter sealants, has been installed correctly. The test protocol is outlined in
AAMA 502, Voluntary Specification for Field testing of Newly Installed Fenestra-
tion Products. AAMA 502 specifies that windows should be installed shortly after
being installed using ASTM E783, Standard Test Method for Field Measurement of
Air Leakage through Installed Exterior Windows and Doors, and ASTM E1105,

Fig. E.10 Example of old window replacement: (a) old Window opening with masonry rabbets
removed. (b) The addition of a horizontal wooden support facilitates fixture of windows; it is
installed and leveled in advance and bears the window’s weight. The window is then fixed with
stainless steel angle brackets. (c) Top and lateral parts of the window frame are covered with the
exterior wall insulation as far as possible. (d) Schematic of window installation. (e) Thermal image
of window performance
Boundary conditions: Exterior wall U ¼ 0,107 W/(m2K) 300 mm 0,035 W/(mK)
Resulting thermal bridge effect:
Ψfixture (top/lateral) ¼ 0,010 W/(mK)
Ψfixture (bottom) ¼ 0,058 W/(mK)
Mean: Ψfixture ¼ 0,021 W/(m2K)
Overall resulting U-value of window: UW ¼ 0,86 W/(m2K); Tmin ¼ 14,1 �C

318 Appendixes



Standard Test Method for Field Determination of Water Penetration of Installed
Exterior Windows, Skylights, Doors and Curtain Walls by Uniform or Cyclic Static
Air Pressure Difference. Both tests involve the use of a chamber to induce a pressure
differential on the window in an attempt to draw air or water through the window.
The tests are performed in accordance with pressures specified in the project
documents or, in the absence of project documents, design values provided by the
window manufacturer.

Fig. E.11 Example of window installation within external insulation: (a) schematics of window
mounting using K-MUR bracket; (b) example of brackets for window mounting outside the wall;
plastic brackets K-WALL-28/50 reduce thermal bridging and have a load capacity of 120 kg per
mounting; (c) window is installed outside the wall using brackets; (d) mineral wool insulation is
installed using adhesive compound; (e) insulation is covered with brick; a and b graphs are provided
by Knudsen Killen A/S; c, d and e – pictures taken by Alexander Zhivov at different construction
sites in Aalborg, Denmark
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Inspection and Maintenance

No matter the type of window or the material, a post-installation inspection and
maintenance program is vital to the longevity of the specified window system. When
inspecting windows, the window should not be considered as a separate entity, but as
part of the overall wall system. A visual inspection of each window should be done
on a regular basis to determine any maintenance or repairs that may be required.
Conditions can be determined of all the parts that make up the window including
window glazing, frame material, material finishes, hardware, weatherstripping,
screens, glass and glazing, and sealant joints. The operability of windows should
be checked. The window and surrounding interior finishes should be observed for
any signs of water leakage or damage.

Fig. E.12 Illustration of window installed into EIFS wall

Fig. E.13 Window/wall gap is sealed using mesh glued to the window frame from the outside
using adhesive connector (c, d, e). Plaster is laid over the mesh and then painted over
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Table E.3 Window installation into the steel stud wall

Problem: there is no align-
ment or connection of the
thermal break to the insula-
tion layer

There is no thermal break in
the existing window; this will
cause very high losses

As a result, the thermal bridge
will likely be ineffective as
there are huge losses from the
frame itself

Condensation may occur on
the inside of this frame in cold
weather

Retrofit solution: A 1.5-in.-
thick timber break can be
used to bridge the insulation
layer to the thermal break in
the window

Starting out with the steel studs Gypsum wall board is added to
exterior

An air/water barrier can be
placed over the sheeting

(continued)
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Table E.3 (continued)

A pre-wrapped treated timber
or plywood buck is added to all
four sides of the reveals. This
can allow up to 6 in. of insula-
tion in the cavity even though
the window may be perfectly
aligned within that insulation

The wood buck needs to be sealed at the corners and connected
with self-adhesive membrane to the air/water control membrane

Anchors can be added to hold
the insulation and tie the steel
studs with the outer brick
veneer

A backdam anchor is then
added to all four sides of the
reveal

Insulation can then be placed
between the anchors

(continued)
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Table E.3 (continued)

Brick courses are laid to the level of the lintel The lintel is then place over
the window

Before adding the through-
wall flashing, a sidedam is
added to the sides of the lintel

Once the through-wall mem-
brane at the head is added,
then the water and air sealing
is complete

Insulation and brick courses
can then be continued

(continued)
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Some low-energy building standard practices, government control (e.g., in Ire-
land), and certifiers (including Passive House Academy for thermal verification)
require that a photographic protocol of documentation be taken while on-site and be
filed with the building control authority to verify what was on-site after the build is
complete. This further informs the inspection team if a problem arises.

Table E.3 (continued)

Before adding the window, a
bead of sealant is applied to all
four sides of the reveal onto the
backdam anchor to form an air
seal

The window is then pushed
into position forming an air-
tight seal with the sealant

When the window is fully
placed, the outer edges can
also be filled with sealant. Be
sure to cut or leave gaps at the
sill allow drainage

The edges of the window can also be covered by proprietary snap-on trims

Internal finishes and services
are then added

The detail is complete
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Appendix F: Air Barrier – Examples of Good Practices

Major Renovation Projects

With major renovation projects, there is no need to conduct assessment of the
building enclosure before its renovation. However, it is important to understand
the status of the building after it is gutted since the design of the air barrier will be
based on the limitations found in the assessment. This section shows some examples
of air barrier drawing details for new construction and major renovation projects,
developed by:

• The Building Envelope Committee of the Boston Society of Architects (Figs. F.1,
F.2, F.3, F.4 and F.5)

• The Association of Airtightness in the Construction Industry (FLiB), Berlin
(Figs. F.6, F.7, F.8, F.9, F.10, F.11, F.12, F.13, F.14, F.15, F.16, F.17, F.18,
F.19, F.20, F.21, F.22, F.23, F.24, F.25, F.26 and F.27)

• USACE (Figs. F.28, F.29, F.30, F.31, F.32, F.33, F.34 and F.35).

These details were made publicly available to provide examples of how an air
barrier can be designed for the building envelope. The details must be reviewed by a
design professional before using them in a specific project, including the loads
imposed on the air barrier by the differences between the interior and exterior
environment of a building.

These details do not separate the designs by their durability; some designs are
more durable than others. The cost for each air barrier system will vary depending on
the material chosen and the difficulty in the installation. These details may not be
appropriate for all climate zones. Any misapplication or misinterpretation of these
details is the sole responsibility of the user.

These details are focused on the continuity of the air barrier from foundations to
roof, including the sealing of all penetrations. None of the designs have been
reviewed by a structural engineer. The structural support of the air barrier to
withstand positive and negative air pressures imposed on it by the wind load, the
stack effect, and the mechanical effect have been taken into consideration. These
details need to be reviewed by a structural engineer as these loads, in many cases, are
transferred to the backup wall and super structure of the building. Structural require-
ments for the systems and anchorages normally designed by specialty engineers for
light gauge steel studs, stone, and precast concrete connections have not been
engineered in these details.

Figure F.1 details an external air barrier design at roof edge (A), parapet (B), floor
slab (C), penetration (D), window head (E), window jamb (F), window sill (G),
foundation (H), shingle roof (I), and metal roof (J).

Window crack perimeter sealants should be used that are compatible with poly-
ethylene, such as low- or ultra-low-modulus silicone. For small windows up to 2.5 or
3 m, one-part polyurethane sealant foam may be used. Care must be used when
installing the sealant foam as the material, depending on the installation, may not
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meet the requirements to be an air barrier material. A membrane properly connected
with compatible sealants and termination bars to window and membrane may also be
used. The same tie-in location is true of louvers, metal door frames, and store fronts.
The curtain wall is tied in at the tube face of the glazing pocket.

Advantages and Disadvantages of the Design in Fig. F.1

This wall type has a layer of continuous insulation on the exterior, making it energy
efficient. It is easy to build, because the air and vapor barrier and the insulation are
easier to make it continuous. By having the insulation and air/vapor barrier on the
exterior, the steel stud backup wall is always kept above the dewpoint of the winter
indoor air, which reduces the potential for condensation that leads to mold, mildew,
corrosion, and rot. Penetration of the air barrier is also avoided by interior electrical

Fig. F.1 Conceptual details of an external air barrier for building with a brick veneer wall, a
pitched shingle roof and a metal roof: brick, 2 in. cavity, continuous insulation, air/vapor barrier,
sheathing, a steel stud backup wall, and a gypsum drywall interior finish. (a) Roof edge; (b) parapet;
(c) floor slab; (d) penetration; (e) window head; (f) window jamb; (g) window sill; (h) foundation;
(i) shingle roof; (j) metal roof
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Fig. F.1 (continued)
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Fig. F.1 (continued)
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Fig. F.1 (continued)
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Fig. F.1 (continued)
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Fig. F.1 (continued)
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Fig. F.1 (continued)
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Fig. F.1 (continued)

346 Appendixes



Fig. F.1 (continued)
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Fig. F.1 (continued)

348 Appendixes



outlets, switches, and other similar penetrations. The air and vapor barrier on the
warm side of the insulation also works as the drainage plane, handling liquid water,
water vapor in the winter, and reverse vapor drive in the summer, keeping the backup
wall dry. The year-round stable temperature that continuous insulation on the
exterior promotes the durability of the air and vapor barrier as it is protected from
the weather. The air barrier material is also structurally well supported, especially if
the insulation is mechanically fastened rigid insulation and/or if the membrane is
self-adhered.

Since this wall (in this climate and interior conditions) can function without a
vapor barrier, XPS insulation can be used with a spun-bonded polyolefin air barrier
and no vapor barrier. However, the installation requirements for a spun-bonded
polyolefin air barrier are completely different from those for installing the same
material as a water-resistant barrier. Without the proper fastening pattern and the
sealing of the joints and penetrations, the plane of airtightness is not achieved.

The XPS (provided it is the proper thickness to provide the required structural
requirements) can be turned into the air barrier by taping the XPS with a durable
peel-and-stick tape. The disadvantage of this installation procedure is that the tape is
on the cold side of the wall, and subject to the climatic conditions.

Air and vapor barrier alternatives include:

• In the case of closed-cell medium-density spray polyurethane foam insulation, the
substrate needs to be prepared by installing flexible transition membranes
between different materials and across construction joints.

• Self-adhered modified asphalt/polyethylene membrane.
• Fluid-applied spray-on or trowel-on air/vapor barrier. (Take care that asphalt

damp-proofing is not an air barrier material.) Liquid-applied air and vapor barrier
membrane may double an insulation adhesive as well.

• If this kind of air and vapor barrier is used, membranes need to be installed at
windows and other transitions, usually an asphalt peel-and-stick or a fluid-applied
flashing material.

• Reinforced polyethylene sheet. Seal all joints with a compatible sealant and
clamp over the seal or use strips of self-adhered membranes.

• Reinforced aluminum foil air/vapor barrier, with joints taped and the transitions
detailed with a self-adhered membrane or fluid-applied membrane.

• Spun-bonded polyolefin installed in accordance with the requirements for an air
barrier installation (with rigid insulation).

The design shown in Fig. F.2 gives details of external air barrier for brick veneer
wall design, with a 2 in. cavity, 1 in. insulating sheathing (air barrier), R-11/R-13
(maximum), unfaced fiberglass batts in stud space and stud backup wall, at roof edge
(A), parapet (B), floor slab (C), window head (D), window jamb (E), window sill (F),
and foundation (G).
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Fig. F.2 Conceptual details of external air barrier for building brick with veneer wall design, with
2 in. cavity, 1 in. insulating sheathing (air barrier), R-11/R-13 (maximum), unfaced fiberglass batts
in stud space and stud backup wall: (a) roof edge; (b) parapet; (c) floor slab; (d) window head; (e)
window jamb; (f) window sill; (g) foundation
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Fig. F.2 (continued)
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Fig. F.2 (continued)
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Fig. F.2 (continued)
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Advantages and Disadvantages of the Design in Fig. F.2

This wall type uses the rigid cellular plastic insulation boardstock as the air barrier.
The steel studs should be separately braced. With R-5 insulating sheathing, this wall
design does not need a vapor barrier up to 35% interior RH. If the interior operating
conditions are higher, then a separate vapor may be required.

The tape used to seal the sheathing needs to be one specifically designed to
provide the function of providing the seal on boardstock. Fluid-applied flashing
material can also be used. Since the tape is on the cold side of the wall, it is expected
to be subject to the exterior temperatures. The water-resistant barrier is the rigid
insulation, so the upper edges of the tape are vulnerable to water intrusion. To further
protect the tape on the sheathing, a 15 or 30# felt can be added on the outside of the
rigid insulation.

Note that the batt insulation R-value should not be exceeded so that the sheathing
temperature remains above the dewpoint. The rigid insulation value can be increased
and the batts can then be deleted. Venting the brick cavity to the exterior at the top of
any continuous obstruction such as at the coping and at relieving angles is always an
advantage, to relieve water vapor generated by reverse vapor drive and promote
more rapid drying of the brick.

• Continuous insulation alternatives:

• XPS
• Foil-faced polyisocyanurate sheathing board

Fig. F.2 (continued)
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• Stud cavity R-11/R-13 insulation alternatives:

• Friction-fit fiberglass batts
• Rockwool
• Cellulose
• Spray foam

• Air barrier alternatives: Taped rigid insulation boards and self-adhered membrane
transition membranes. Insulating sheathing shall be mechanically fastened in a
pattern that will withstand air pressures loads such as wind, stack, and fan
pressures. All penetrations must be made airtight.

The design shown in Fig. F.3 gives details of external air barrier for brick veneer
wall design, air cavity, R-3 continuous rigid insulation, 15# felt, sheathing air
barrier, stud backup, vapor barrier, and gypsum drywall interior finish: at roof
edge (A), at parapet (B), at floor slab (C), at window head (D), at window jamb
(E), at window sill (F), and at foundation (G).

Fig. F.3 Details of external air barrier for brick veneer wall design, air cavity, R-3 continuous rigid
insulation, 15# felt, sheathing air barrier, stud backup, vapor barrier, and gypsum drywall interior
finish: (a) roof edge; (b) parapet; (c) floor slab; (d) window head; (e) window jamb; (f) window sill;
(g) foundation
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Fig. F.3 (continued)
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Fig. F.3 (continued)
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Fig. F.3 (continued)
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Advantages and Disadvantages of the Design in Fig. F.3

This design has R-3 rigid continuous insulation and R-11 or R-13 batts in the stud
cavity (dependent on climate zone). This wall needs a vapor barrier to work. It is
interesting to note that increasing the rigid insulation to R-5 eliminates the need for a
vapor barrier up to a maximum interior RH of 35%, which makes for a better wall
system, since it can dry out to the inside if incidental wetting occurs. The insulation
in the cavity needs to be XPS or polyisocyanurate, since the wall is subject to reverse
vapor drive and those kinds of insulation help reduce the effect. It also is important to
vent the brick cavity for that same reason. The air barrier is shown to be the gypsum
sheathing, but can also be a vapor-permeable liquid-applied spray-on or trowel-on
air barrier, which would eliminate the need for the 15# felt.

Continuous insulation alternatives:

• XPS
• Polyisocyanurate
• Medium-density closed-cell spray polyurethane foam
Air barrier alternatives:

• Taped gypsum sheathing and screws.
• Commercial grade spun-bonded polyolefin.
• Liquid-applied vapor-permeable air barrier.
• If medium-density closed-cell polyurethane foam is used on the sheathing, then it

should be increased to 25 mm, whereupon it will work as an air barrier material
and this design will eliminate the need for a vapor barrier. The 15# felt is also
omitted. Transition membranes are required.

Fig. F.3 (continued)
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Vapor barrier alternatives:

• 6 mil polyethylene
• Foil-backed drywall
• Reinforced foil-faced batts
• Any other 0.1 perm or less vapor barrier

Design in Fig. F.4 shows details of external air barrier design of brick veneer wall,
cavity, rigid insulation, air and vapor barrier, concrete block backup, and gypsum
board: at roof edge (A), at parapet (B), at floor slab (C), wall detail (D), at window
head (E), at window jamb (F), at window sill (G), and at foundation (H).

Fig. F.4 Details of external air barrier design of brick veneer wall, cavity, rigid insulation, air and
vapor barrier, concrete block backup, gypsum board: (a) roof edge; (b) parapet; (c) floor slab; (d)
wall detail; (e) window head; (f) window jamb; (g) window sill; (h) foundation
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Fig. F.4 (continued)
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Fig. F.4 (continued)
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Fig. F.4 (continued)
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Fig. F.4 (continued)
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Advantages and Disadvantages of the Design in Figure F.4

This design is very similar to the design shown in Fig. F.1, except that less insulation
(R-5) is used. All the other choices are identical. This wall type has a layer of
continuous insulation, making it energy efficient. It is easy to build because the air
and vapor barrier and the insulation are continuous. The concrete block backup wall
has “thermal mass,” which stores/releases energy. The backup wall is always kept
above the dewpoint of the winter indoor air.

The air and vapor barrier on the warm side of the insulation also works as the
drainage plane, handling liquid water, water vapor in the winter and reverse vapor
drive, keeping the backup wall always dry. The year-round stable temperature of the
air and vapor barrier promotes its durability. It is also well structurally supported,
especially if the insulation is mechanically fastened rigid insulation and/or if the
membrane is self-adhered or fluid applied.

With closed-cell board insulation, this wall can function without an additional
vapor barrier. Other kinds of insulation need a vapor barrier.

Insulation choices:

• XPS
• Polyisocyanurate
• EPS
• Spray polyurethane foam

Fig. F.4 (continued)
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• Semi-rigid Rockwool®
• Semi-rigid fiberglass

Air and vapor barrier alternatives:

• In the case of medium-density closed-cell spray polyurethane foam insulation, all
it needs is transition membranes.

• Self-adhered modified asphalt/polyethylene membrane.
• Liquid-applied spray-on or trowel-on air/vapor barrier. (Caution that asphalt

damp-proofing is not an air barrier material.) Liquid-applied air and vapor barrier
membrane may double as an insulation adhesive. If this kind of air and vapor
barrier is used, trim work at windows and transitions need to be made with a
compatible sheet membrane.

• Reinforced polyethylene sheet. Tape all joints with a compatible durable tape
such as peel-and-stick, and trim all openings and transitions with membrane.

• Reinforced aluminum foil air/vapor barrier, with taped joints and membrane
transitions.

• Commercial grade spun-bonded polyolefin (not a vapor barrier), with membrane.

Design in Fig. F.5 shows details of external air barrier single wythe concrete
block with R-7 interior insulation. Commercial grade spun-bonded polyolefin air

Fig. F.5 Details of external air barrier single wythe concrete block with R-7 interior insulation.
Commercial grade spun-bonded polyolefin air barrier, rigid insulation, vapor barrier, interior
drywall: (a) roof edge; (b) parapet; (c) floor slab; (d) single wythe CMU; (e) window jamb; (f)
window sill; (g) foundation
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Fig. F.5 (continued)
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Fig. F.5 (continued)
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Fig. F.5 (continued)
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Fig. F.5 (continued)

370 Appendixes



barrier, rigid insulation, vapor barrier, interior drywall: at roof edge (A), at parapet
(B), at floor slab (C), at single wythe CMU (D), at window jamb (E), at window sill
(F), and at foundation (G).

Advantages and Disadvantages of the Design in Figure F.5

Single wythe concrete block walls are inexpensive to build, but are susceptible to
leaks of both air and water. This design attempts to cure that by creating a drainage
cavity on the interior using 8 mm or so thick polymeric drainage and ventilation
material (looks like expanded metal lath).

Intermittent shims fastened to the block are used to fasten the air barrier to the
wall. These can be lath strips running vertically or intermittently per the spun-
bonded polyolefin manufacturer’s instructions for air barrier attachment. It is
supported in both positive and negative wind directions.

It is important to note that the air barrier is connected with compatible sealants or
tape to the metal flashings as well as to metal termination and transition angles.

Air barrier alternatives: None

Fig. F.5 (continued)
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Insulation alternatives:

• Furring studs and batt or semi-rigid rock wool or glass-fiber insulation may
be used.

Vapor barrier alternatives:

• Foil-backed drywall

Polyethylene:

• Reinforced foil
• Any vapor barrier meeting the 0.1 perm maximum requirement

Figures F.6, F.7, F.8, F.9, F.10, F.11, F.12, F.13, F.14, F.15, F.16, F.17, F.18,
F.19, F.20, F.21, F.22, F.23, F.24, F.25, F.26 and F.27 show examples of air barrier
drawing details for new construction and major renovation projects developed by the
Association of Airtightness in the Construction Industry (FLiB), Berlin.

It is important to understand the status of the building after it is gutted and to
design the air barrier assembly based on the limitations identified in the assessment.
This section shows some examples of air barrier drawing details for new construc-
tion and major renovation projects.

Roofs

Slope Roofs

Notes:

• The air barrier must be arranged seamlessly on the inside of the wood structure in
designs with collar ties or connection of roof rafters.

• In designs without collar ties, the air barrier is connected to the ridge purlin with
adhesive or tape.

• The air barrier should be implemented beneath the ridge purlin in designs without
collar ties or any cracks in the ridge purlins.

Fig. F.6 Rafter insulation:
(1) air barrier, (2) adhesive,
tape
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Notes:

• The air barrier will lay under the insulation.
• The air barrier will be attached to the attic ladder.
• The air barrier will be attached with tape, adhesive material, or sealant.
• Existing attic ladders entrance must be tested for airtightness, and if necessary,

insulation should be improved.
• The unheated attic must be sufficiently ventilated. Humid air can get into the

unheated attic through the functional gaps in the attic stairs; if the moisture cannot
escape through vents, it will condense on the cold wood beams causing the wood
to rot.

Notes:

• The air barrier will lay under the insulation.
• The air barriers shall be flexible with sufficient movement loops when attached to

the skylights or the skirt boards via tape or corner tape sealants.

Fig. F.7 Retractable attic:
(1) air barrier, (2) tape,
(3) adhesive, (4) hatch
certified to be airtight,
(5) insulation rope, (6) tape
with offset opposite
adhesive edges

Fig. F.8 Roof with skylights: (1) air barrier, (2) tape, corner tape, (3) skirt board
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• The insulation must be self-supporting or supported by framing. The insulation
cannot place loads on the air barrier material.

• Existing skylights must be tested for airtightness and thermal conductivity, and if
necessary should be improved.

• Thermal bridges in skylight frame connections should be reduced through insu-
lated framing.

• Thermal bridges can be reduced using aperture insulation (e.g., foam insulation
around the window framing).

Notes:

• The air barrier will lay within the insulation.
• The air barriers shall be flexible with sufficient movement loops when attached to

the skylights or the skirt boards via tape or corner tape sealants.
• The insulation must be self-supporting or supported by framing. The insulation

cannot place loads on the air barrier material.
• Existing skylights must be tested for airtightness and thermal conductivity and if

necessary should be improved.
• Thermal bridges can be reduced via foam insulation around the window frame.
• Load on the fastening of the air barrier leads to failure.

Fig. F.9 Roof with skylights – above rafter: (1) air barrier, (2) tape, corner tape, (4) skirt board
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Flat Roofs

Notes:

• Clean out any material between-rafter area, possibly remove nails or put down a
protective layer (e.g., soft wood boards or mineral wool insulation mat with
adequate compressive strength).

• The air barrier will be laid on the exposed sheathing, will loop around the rafters,
and will be fixed on the bottom of the rafters with pressure plates.

• The air barrier will be connected on top of the wall; the surface must be clean, dry,
smooth, and sound.

• Ensure that the roof is airtight between the rafter spaces from the gable wall to the
interior plaster. If necessary, seal this using another method, e.g., spray foam.

• Protruding internal lining fasteners (nails, clamps, screws, etc.) can perforate the
air barrier.

Fig. F.10 Verge – between-rafter insulation sub-top: (1) air barrier, (2) adhesive, (3) supporting
lath, (4) protection layer (optional)
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Notes:

• The air barrier will be installed on the underside of the rafters, or will consist of
between-rafter insulation.

• Where it connects to the external wall, the air barrier should be well fixed to the
gable wall using adhesive so that the connection is airtight.

• The connection can also be achieved by taping the air barrier to the base of the
previously plastered surface.

Notes:

• The air barrier is installed on the existing wood structure of the roof truss.
• The air barrier is connected at the top of the wall; the surface of the wall must be

clean, dry, smooth, and sound.
• (A) Ensure that the air barrier runs through the rafter space from the gable wall

and rafters to the internal plaster. If necessary, use other sealing measures.

Fig. F.11 Verge – between-rafter insulation: (1) air barrier, (2) adhesive, adhesive tape, pressure
plates if necessary

Fig. F.12 Verge – above rafter insulation: (1) air barrier, (2) adhesive
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• To achieve the airtight connection to the bordering building components, the roof
sheathing must be interrupted in the area of the top of the wall to bind the air
barrier.

• The transition from the internal plaster to the air barrier must be assessed case-by-
case.

Notes:

• The air barrier is attached to the ceiling beams/rafters via laths.
• The fasteners for the suspension are screwed into the ceiling beams/rafters with

the laths. This must be done while keeping the penetrations through the barrier as
a result of the fastening airtight.

• The air barrier moves during its use. Attachment of the suspended ceiling by
screw fasteners only, without additional pressure plates, will cause pressure
fluctuations and produce movement that will expand the perforations through
the air barrier.

Fig. F.14 Eaves – above rafter insulation, continuous rafters, lined compartments: (1) air barrier,
(2) tape, (3) adhesive, (4) smoothed lining at the crown of the wall

Fig. F.13 Suspension: (1) air barrier, (2) laths, (3) ceiling suspension, (4) loadbearing lath
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Wall-to-Roof Connection

Notes:

• The air barrier is installed on top of the roof boarding.
• The roof boarding is interrupted at the outer wall; the air barrier is installed to the

interior.

Notes:

• The air barrier is installed on the insulating board stock (when present); sealing is
done with adhesive on the rim joists.

• The interior plaster shall be sealed to the rim joists.

Fig. F.15 Eaves – above rafter insulation, continuous rafters, lined compartments: (1) air barrier,
(2) adhesive

Fig. F.16 Eaves – between-rafter insulation: (1) air barrier, (2) adhesive
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Notes:

• The air barrier is installed beneath the insulation.
• The air barrier is connected to the rim joist of the walls.
• The air barrier is adhered with an expansion loop.
• The interior plaster must be sealed to the rim joists.

Notes:

• The external masonry wall usually has a plaster layer to create an adequate air
barrier.

• The plaster layer must extend continuously from the bare ceiling to the unfinished
floor.

• The plaster layer should seal its connection to the air barrier in the roof design;
otherwise, the air barrier is connected to the plaster using a sealant.

• In areas that will no longer be accessible later in the process, a smooth finish
(at least) shall be applied, for example, in the area of wall-mounted installations,
suspended ceilings, and jamb walls.

• Where external walls joint the flooring, a plaster layer should be applied to make
the external walls airtight.

Fig. F.17 Wall/ceiling: (1) air barrier, (2) interior plaster, (3) adhesive, tape, plaster base
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Notes:

• The external masonry walls must usually have a plaster layer that provides
adequate airtightness.

• The plaster layer must extend from the bare ceiling to the unfinished floor.
• The plaster layer should seal its connection to the air barrier in the roof design;

otherwise, the air barrier is connected to the plaster using a sealant.
• In areas that will no longer be accessible later in the process, a smooth finish

(at least) shall be applied, for example, in the area of wall-mounted installations,
suspended ceilings, and jamb walls.

• Where external walls joint the flooring, a plaster layer should be applied to make
the external walls airtight.

Fig. F.18 Wall/ceiling connection with a jamb: (1) air barrier, (2) interior plaster, (3) adhesive,
tape, plaster base

Fig. F.19 Inner wall/roof: (1) air barrier, (2) adhesive or tape (fleece laminated), plaster base,
(3) plaster



Notes:

• The air barrier is sealed to the inner wall; the wall must be plastered above the
airtight level including the wall crown.

• The connection between the air barrier and the inner wall is sealed with adhesive
or a tape. If the foil and or tape is not fleece laminated, the junction must
subsequently be sealed using plaster.

• The plastering of the wall coping should take place from the side of the trusses.
• Concrete straps/rim joists on the wall coping shall be airtight.

Wall-to-Window Connection

Notes:

• The air barrier is installed around the window, between the window perimeter,
and the interior plaster.

• The sealant or sealing system must match the width and condition of the joint.
• Corner areas require special attention.
• If applicable, care should be taken to not over-apply plaster on foil joint seals.
• For waterproof multifunctional sealant strips:

• Ensure that the sides of the joints are suitably treated (if applicable, smoothed
down and/or appropriately covered).

• The tape compression must be in accordance with the manufacturer specifica-
tion; if applicable, adapt the size of the tape to the joint width.

• Install corner areas and shims carefully, in accordance with manufacturer
specifications.

• Shims are not suitable for the underside connection of the window.
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Notes:

• For spray sealants:

• Choose suitable sealants (per Institute for Window Technology Guideline M0
01-1 and IVD Sheet No. 9).

• Apply joint sealants only on viable surfaces per manufacturer specifications.
• If applicable, prime the surfaces per manufacturer specifications.
• Note that a 3-point adhesion is impermissible.
• Apply closed-cell backer rods as backing to create the optimal cross-

section seal.
• If applicable, determine the movement capability and adjust the joint size to

the expected movement (see, e.g., the “Guideline for Installation” [RAL]).

• For tape with sealant strips, take special care in corner areas.
• For connections that will experience a great deal of usage (especially floor-to-

ceiling windows and French doors), pay special attention to providing protection
against seal damage.

• For renovations that must preserve original windows, pay attention to the win-
dows’ suitability with current requirements for air permeability. Check the
functionality of the weather seal.

Fig. F.20 Components of window installed within the wall: (1) interior plaster, (2) smooth finish.
(as needed) alternatives: (3) foil seals; (4) sealant strips, multifunctional sealant strips; (5) spray
sealant, (6) tapes with sealant strips; (7) seal window-bank junction profile for windows
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Notes:

• The air barrier is preferably on inside of the window, within the room, as it
connects the windows’ continuous edge layer. In this context especially, attention
must be paid to the connection to the airtight layer of the adjacent building
components.

• The sealant material or system is matched to the location of the window, façade
construction, and wall conditions.

• The sealant material must be suitable to the application and must meet airtight-
ness requirements.

• All sealant materials must be coordinated with one another (system-suitable).
• Foil joint seals must be adhered free of tension.

Notes:

• The joint sealant foil is connected on the inside without any interruption to the
airtight layer of the floor and vertical aperture surface.

• Corner areas require special attention with planning and implementation.
• For doors the airtight layer is ensured against damages by following trades.

Fig. F.21 Window installed within the wall: (1) interior plaster; (2) smooth finish (if needed);
(3) foil joint seals; (4) deviation from the standard installation, e.g., multifunction adhesive strips;
(5) subframe
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Notes:

• The joint sealant foil is connected inside without any interruption of the seal of the
base plate and the vertical surface of the aperture.

• Corner areas require special attention with regard to planning and
implementation.

Fig. F.22 Bottom
connection of doors and a
basement: (1) threshold
profile, (2) joint sealant foil,
(3) seal between threshold/
frame and connection profile

Fig. F.23 Connection of
doors at the bottom:
(1) threshold profile,
(2) joint sealant foil, (3) seal
between threshold/frame
and connection profile,
(4) building sealant
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Fig. F.24 Floor-length windows, French doors in the wall: (1) interior plaster, (2) smooth finish.
(If needed) alternatives: (3) foil joint seals, (4) proofed sealant strips, multifunctional sealant strips,
(5) spray sealant, (6) bands with sealant strips, (7) sealant for windowsill junction profile for
windows, (8) floor recess section, (9) building component sealant
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Notes:

• The air barrier is inside of the window, as it connects the continuous peripheral
layer without interruption to the interior plaster and the air barrier.

• The sealant or sealing system must match the width (and condition) of the joint.
• Corner areas require special attention during implementation.
• If applicable, be sure to not over-apply plaster on foil joint seals.
• For waterproof multifunctional sealant strips:

• Band/tape compression must be in accordance with the manufacturer
specification.

• If applicable, the size of the sealant band should be adapted to the joint width.
• Corner areas and shocks should be carefully installed in accordance with the

manufacturer specifications.
• Shims are not suitable for the underside connection of the window.

• For spray sealants:

• Joint sealants should only be applied on viable surfaces and grounds in
accordance with manufacturer specifications.

• If applicable, the ground surfaces should be primed per manufacturer
specifications.

Closed-cell round cords should be applied as backfilling to create the optimal
sealant cross-section.

External to Internal Wall Connection

Notes:

• For exterior walls and building partition walls made of masonry, a plaster layer
must usually be applied to create sufficient airtightness. In areas that will no
longer be accessible later, e.g., front wall installation, risers, and downspouts, a
smooth finish is applied.

• The plaster layer/smooth finish is fully and seamlessly applied all the way to the
corner area.

• Note that covering unplastered masonry with drywall does not provide sufficient
airtightness.
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Penetrations

Notes:

• Cables/lines will penetrate the airtight layer.
• The connection of the air barrier to the cable goes through the cable sleeves.
• If done carefully, the connection can also be achieved with the suitable adhesive

(e.g., tape with plastic substrates).
• Electrical cables must be arranged under one another and on the border of the

building components so that an airtight connection for each cable is possible.
• The use of elastic, self-sealing cable sleeves can allow cables to move and carry

electricity without ruining the airtight connection.

Fig. F.26 Electrical conduits: (1) electrical installation box, (2) sealing plugs, (3) plaster, (4) air-
tight electrical installation box, (5) installation housing, (6) air barrier, (7) installation level

Fig. F.25 Outer wall,
building partition wall:
(1) interior plaster



Notes:

• The electrical box is fully enclosed in a plaster bed. Alternatively, an airtight
electrical installation box can be used.

• Outward-leading electrical installation tubes must be sealed.
• Electrical boxes and their outlet boxes, like sockets, may be installed behind the

air barrier and insulation.
• The connection of the air barrier can be achieved with self-bonding sleeves or

with tape.
• The airtight connection of the airtight electrical box, the airtight electrical housing

for the box, or the electrical cable is achieved through the compression of elastic,
self-sealing cable bushing.

• Electrical cables must be arranged on the border of the building components so
that an airtight connection for each cable can be achieved.

Notes:

• Leave sufficient gaps between bordering building components to enable the
appropriate connection.

• Mineral wool sleeves for penetrations through the fire compartment are not
airtight (fireproof is not the same as airtight). For an airtight implementation,
penetrations are sealed with a sleeve for the tube and the ceiling.

• Foil sleeves created on-site must be furnished with a sufficiently wide collar for
the connection to the tube.

Examples of Air Barrier Details from Projects Executed by USACE

Figures F.28, F.29, F.30, F.31, F.32, F.33, F.34 and F.35 show examples of air
barrier drawing details for new construction and major renovation projects devel-
oped by USACE. Figure F.28 shows two examples of stud cavity walls with the air,
vapor, and water control layer shown. In this particular case, it is emphasized for air
barrier clarity. On the left, a continuous plane for the air barrier runs up the wall,

Fig. F.27 Pipe penetration: (1) ceiling, (2) tape, (3) sleeve, molded part, (4) cable tie
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across the soffit, and interfaces at the fascia with the roof water proofing layer. On
the right, a continuous plane for the air barrier runs up the wall, and interfaces at the
top of the parapet with a membrane roof system. Project drawings will identify
critical locations of both interfaces, with supplemental pages to provide necessary
details.

Figure F.29 shows two examples of the type and level of detail that is involved
with properly detailing the critical areas of interface of the building envelope with
the air, vapor, and water control layer.

Fig. F.28 Two examples of stud cavity walls showing the air, vapor, and water control layers
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Precast Concrete Walls

Figure F.30 shows two sections for a precast concrete wall assembly. The major
advantage of precast concrete walls is that the concrete material provides a complete
air, vapor, and water barrier. Details at critical interfaces are illustrated separately.

Fig. F.29 Type and level of
detail involved with
properly detailing the
critical areas of interface of
the building envelope with
the air, vapor, and water
control layer
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Fig. F.30 First of two sections for a precast concrete wall assembly
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CMU Walls

Figure F.32 shows an example of a CMU wall section. If a CMU wall is fully
grouted, it can act as an air barrier as it is. Typically, a water proofing material (an air
barrier rated material) is applied to the exterior face of the CMU under the façade to
act as an air, vapor, and water barrier.

Fig. F.31 Second of two sections for a precast concrete wall assembly
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Fig. F.32 CMU wall
section

Appendixes 393



Pre-engineered Walls

Figure F.33 shows pre-engineered metal wall systems, which are the most difficult to
ensure proper sealing for air, vapor, and water. Figure F.33 (left) shows a section of a
pre-engineered metal wall system with an SPF application as the air control layer in
this specific case as well as the insulation. In these assemblies all of the major points
of leakage need to be detailed and the call out details for these critical locations
shown in Fig. F.33 (right).

EFIS Walls

Figure F.34 shows the sections of an EFIS wall system. In EFIS wall systems, the
most common material used and the air, vapor, and water barrier is a fluid-applied
membrane. This is due to is uniform application and the need for back drains in the
EFIS system to prevent ice damage. Other materials may be used, but need to be
specifically considered for function in an EFIS application.

Fig. F.33 Pre-engineered metal wall systems
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Fig. F.34 EFIS wall system
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Roofs

The red line in Fig. F.35 shows the air barrier boundary for this building below the
roof assembly. This was a ventilated roof system and the air barrier plane was
constructed and worked in dual function with the fire-rated and sealed lid in this
building. Note that there was a second ceiling below this layer into which all of the
light fixtures and other typical penetrations of devices were built. This is a very
functional option especially with precast wall systems.

Fig. F.35 Air barrier
boundary below the roof
assembly
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Minor Renovations and Energy-Focused Projects

Before starting a retrofit project, a building enclosure assessment must be performed,
to determine the existing paths of air leakage. The results must be documented on
drawings of the building and by photographs of existing conditions. Open louvers,
conduit penetrations, and elevator or lift machine room vent shafts or like features
should be identified and inspected or tested to establish an overall condition of the
envelope. A full envelope test is often a good starting point for establishing a scope
for a potential renovation or retrofit project, particularly if there is no existing air
barrier within or as a component of the building envelope. This test can be performed
in accordance with national standards, e.g., ASTM E 779 Standard Method of
Determining Air Leakage Rate by Fan Pressurization as well as ASTM C 1060
Standard Practice for Thermographic Inspection of Insulation Installations in Enve-
lope Cavities of Frame Buildings in the United States. Other diagnostics such as
using a smoke tracer, either a handheld unit or theatrical smoke fog machine, can be
helpful in locating and determining the magnitude of leakage in a particular location.
Air leakage testing around openings can also be performed using ASTM E 1886,
Standard Practices for Air Leakage Site Detection in Building Envelopes and Air
Barrier Systems.

(continued)
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Preparing the building for an airtightness test should follow air barrier test
standards (e.g., USACE/ Air Barrier Association of America’s airtightness test
protocol) while using the smoke tracer; infrared thermography can also be helpful
in determining existing leakage problems.

The DER of an existing building can include one of three strategies in the retrofit
of airtightness:

1. Apply an air barrier to the exterior existing cladding during a re-clad of the
building.

2. Apply an air barrier to the interior of the building during a gut rehabilitation while
maintain the building exterior.

3. Individually seal existing leakage areas during partial renovation.

This section shows common areas of concern and recommends sequence of
building enclosure tightening.

1. Seal the top of the building
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Roofs
Low slope roofs are relatively easy to make airtight. During reroofing, a peel-and-
stick air/vapor barrier can be installed on the structural deck or on an underlayment
board. Peel-and-stick is preferable due to self-sealing characteristics of the mem-
brane to screw penetrations. These areas should be attended to in roofs:

1. Attics
2. Roof/wall intersections and plenum spaces
3. Mechanical penthouse doors and walls
4. HVAC equipment penetrations through the roof
5. Other roof penetrations, such as plumbing vent stack

Component Roof/wall intersection

Location Top of building

Examine Check for passive and direct venting to the exterior in this room. If there is venting,
no measures should be taken. If no ventilation is found, check for gap between roof
and wall intersection. If the exterior walls are a metal panel system, check the joint
between the wall and curb for leakage

Significance Many buildings use the space between the roof deck and the suspended ceiling as a
return air plenum. This makes the infiltration much more significant and causes
more energy loss

Test
Method

Check for visual indicators (cob webs, dirt streaking). Use a smoke pencil if access
to the joint is available. Check curb to wall joint in the same manner (if required).
Are there dirt streaks or cob webs by the joint? Is there mortar, insulation, or
boarding at the joint? If there are cracks around mortar, dirty insulation, or joints
around the boarding, then the joint will be leaky and requires sealing

Solution Seal roof-to-wall intersection (with foam if no combustion equipment is present;
fire-rated caulking if there is combustion equipment). Seal vertical joints in wall
panels if present. Seal curb to wall (typically two lines). Seal holes by posts as
required

Materials Small gaps in visible areas such as classrooms with no suspended ceiling will
require caulking. Slightly larger gaps will require one-part foam. Gaps approxi-
mately 1 to 4 in. will require two-part foam. Larger gaps will require a board

(continued)
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Component Roof/wall intersection

(drywall or other type of rigid material; fire-rated material may be required). Joints
and perimeters will require two-part foam

Quantify Lineal feet of roof-to-wall, wall to curb, and vertical joints. Specify material to be
used

Notes Note the access to the joint. (Stairwells and duct work will prohibit access.) Note
height of joint. If it is over 20 ft, a lift may be required, which is an additional line
item cost

Crackage
Size

1/8 to 1/16 in

Component Roof/wall intersection

Location Top of building

Examine Above ceiling tiles on top floors of buildings with flat roofs. Visually see and
access the underside of the roof deck (metal fluted, tectum, wood, or others) at
exterior walls or at roof level changes. This is done from below. Is there a gap
between wall and underside of roof deck? Is there a blocking (fiberglass or
neoprene pucks or mortar)? Is this open to a soffit beyond the exterior wall?

Significance This gap is at the top of the “chimney” (in chimney/stack effect) and will be a
significant contributor to air leakage

Test method Check visually and with smoke pencil when access to the actual joint is available.
Look for cobwebs, dirt streaking, etc. Check all ages of construction as well as
where roof level changes are located. This is all done from below the roof deck.
Check that access is available. Are there dirt streaks or cob webs by the joint? Is
there mortar, insulation, or boarding at the joint? If there are cracks around mortar,
dirty insulation, or joints around the boarding, then the joint will be leaky and
require sealing

Solution Seal the joint between roof deck and wall. (If metal and above suspended ceiling,
use foam. If exposed metal such as in a gym, one-part foam or caulking required.)
Large gaps may require a backing (fiberglass or some type of boarding such as a
Celotex-type product).

Materials Small gaps in visible areas such as classrooms with no suspended ceiling will
require caulking. Slightly larger gaps will require one-part foam. Gaps approxi-
mately 1 to 4 in. will require two-part foam. Larger gaps will require a board
(drywall or other type of rigid material; fire-rated material may be required). Joints
and perimeters will require two-part foam

Quantify Lineal feet as well as height of joint to be sealed (14 or 24 ft high). Costs vary as
well as access requirements (such as lifts). Count number of lines required to seal
the location.

Notes Note the access to the joint. (Stairwells and duct work will prohibit access.) Note
height of joint. If it is over 20 ft, a lift may be required, which is an additional line
item cost.

Component Roof/wall intersection

Location Floors below top floor

Examine Some buildings have continuous curtain walls or have a slab to exterior wall joints
between each floor. This can be identified by lifting ceiling tiles at the exterior
walls on a few floors below the top floor

(continued)

400 Appendixes



Component Roof/wall intersection

Significance Stack effect and smoke transfer

Test method Check for visual indicators such as cobwebs and dirt streaking. On these floors,
you may see directly into the floor above. This contributes greatly to stack effect.
Smoke pencil test will also demonstrate this effect. Look for visible gaps and air
movement with smoke pencil

Solution Seal between slab and exterior wall or curtain wall. Foam may not always be the
best-suited material (if curtain wall or large gap). Foam board or other type of fire-
rated boarding may be required to bridge the gap

Materials Two-part foam, 1-part foam or caulking

Quantify Note lineal footages. Note size of joint to be blocked and sealed, which type of
product to use, and which floors and locations on each floor

Notes Note accessibility and type of material. Also note the visibility of the joint after
completion (aesthetics)

Crackage
size

1/8 to 1/16 in. per foot

Roof wall joint in need of
sealing

Roof wall boards not effec-
tively sealed

Roof/wall above ceiling tiles
(foamed)

Other Roof Wall Before/After Photos

Testing roof/wall intersection Testing roof/wall once section completed
with air sealing foam tape

(continued)
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Roof/wall intersection before work Roof/wall intersection air sealing completed
with polyurethane foam

Roof/wall with cementitious wood fiber deck
with purlins on CMU wall above ceiling tiles
(foamed)

Seal the Bottom of the Building
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Defined as “the ground floor and anything below grade.” It is typically a unique area
of the building.

1. Exterior soffits, canopies, and ground floor access doors
2. Underground parking access doors and elevators
3. Exhaust and air intake louvers and vents
4. Pipe, duct, cable, and other service penetrations into core and shafts of building
5. Sprinkler head penetrations, inspection access doors, and hatches
6. Seal core wall to floor slab
7. Residential crawl spaces and penetrations, vented or unvented
8. Loading docks (Fig. F.36)

Seal the Vertical Shafts

Fig. F.36 Loading dock
levelers and doors can be a
significant source of
infiltration
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1. Stairwell fire doors
2. Fire hose cabinets
3. Plumbing, electrical, cable, and other penetrations within service rooms
4. Elevator rooms: cable holes, door controller cable holes, bus bar openings
5. Garbage chute perimeter and access hatches
6. Hallway pressurization grille perimeters
7. Smoke shaft access doors
8. Elevator shaft smoke control grilles
9. Service shafts

Conduit risers unsealed tofloor Duct and pipe sleeve unsealed and

Electric bus bar riser unsealed Penetrations such as hose/extin-
guisher cabinets can have penetra-
tions into shafts

Plumbing pipe and plumbing
accessory penetrations into
plumbing chases

Seal the Exterior Walls

404 Appendixes



Sealing of the exterior recladding can be an easy retrofit strategy for airtightness.

10. Air barrier applied to exterior of existing walls. Self-adhered membrane being
installed on exterior wall area in a retrofit of an existing school. Surfaces must be
clean, smooth, and dry and free of any foreign matter that would affect the
performance of the installed system.

Fluid-applied air barrier installed over an existing exterior wall area and insulated
with medium-density closed-cell spray polyurethane foam.

11. Air barrier applied to interior of existing walls. Medium-density SPF spray
polyurethane foam is being installed as an air/vapor and thermal insulation
barrier. The interior walls are framed out after the SPF is installed on the interior
of the exterior wall surface areas. This greatly reduces thermal bridging and the
SPF air seals the exterior walls in the process.
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12. Sealing individual leakage pathways with self-adhered membranes.

a. Step 1: Apply the manufacture’s approved sealant at the area where the penetra-
tion protrudes through the wall.

b. Step 2: Apply manufacture’s approved primer/adhesive to the wall in the
approved method and allow to flash off or cure according to the climactic
conditions for that day. These primers are required on all substrates that are
going to have a sheet rubberized asphalt membrane installed. If a butyl membrane
is being installed, primers are not required in some cases.

c. Step 3: Sealing round penetrations by cutting self-adhered membrane to fan out
around the penetration.
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d. Step 4: Install a sheet of self-adhering membrane over the previously installed
fanned out membrane. This can be done using two overlapping pieces or one
continuous piece over the detailed area.

e. Step 5: When the area has been covered with the self-adhered membrane and
rolled with a membrane roller, the installer can then apply a bead of sealant over
all non-factory areas that have been cut or where there are any chances of air or
water infiltration into the assembly. The sealant then needs to troweled to a
smooth finish.

f. Step 6: Detailing around windows and doors. Prime all surfaces as previously
mentioned. Then install a piece of membrane into each corner of the rough
opening with one half of the membrane folded onto the wall area as shown.
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g. Step 7: Then install a bow tie-shaped piece of membrane into each corner of the
rough opening. This piece is installed to prevent water or air from entering into
the assembly at the small hole that remains in each of the corners of the rough
openings.

h. Step 8: Next, install a strip of membrane across the sill of the rough opening that
extends past the jams by approximately 4 ½ in. if you are using 9-in.-wide
transition membrane. Then cut the membrane at each corner of the rough opening
and fold the membrane onto the sill.
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i. Step 9: Install strips of transition membrane on each of the jams, starting at the top
of the sill. Cut horizontally across the membrane from the edge of the rough
opening and fold into the rough opening.

j. Step 10: Now install a piece of transition membrane across the head of the
window. Then cut vertically to the inner edge of the rough opening and fold the
membrane up into the underside of the head area of the rough opening.
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k. Step 11: These installed pieces should now be rolled with a membrane roller to
properly adhere them to the substrate.

l. Step 12: All seams should be sealed with the manufacture’s approved sealant if the
wall is now going to be sprayed with a fluid-applied material. If the wall is going
to have a complete self-adhered application do not install any sealants until the
entire area has had the self-adhered membrane installed. This would prevent any
sealants that may be installed in an area where you would have to wait until it was
cured before installing the self-adhered membrane over it. You cannot install any
self-adhered membrane over uncured sealants.
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Brick masonry that is too deteriorated to repair Air barrier applied to the existing exterior wall

Adding interior air barrier and insulation results
in a wall that is colder in winter. Condensation
within the brick wall must be controlled so that
freeze-thaw cycles do not harm the softer brick
that is in the middle of the wall

Structural members penetrating the wall are
vulnerable to added wetting. Reduce insula-
tion thickness around existing structural
members and seal around the member

Component Windows
Location Throughout building

Examine Check windows for perimeter seals, glazing (seal between glass and frames), and if
they are operable. There are many different styles (awning, hopper, single/double
hung, casement, wood, aluminum, vinyl, steel), and each of these has different
points of failures such as weatherstripping, hardware, seals at trim to wall, seals to
perimeter, or mullions between each window. In curtain wall and aluminum
window systems, the cavities in mullions and frames can be hollow. This creates
thermal bridging and can result in ice and condensation buildup.

Significance There are many windows in most buildings. There are several points on window
systems that can be “drafty,” which will be a large contributor to comfort concerns

Test method Check windows for weatherstripping. If there is any, is it a fin seal or something
else? Can the existing weatherstripping be replaced? Visually inspect by rattling
the operable window to see if there is significant movement between the track and
sash. Test using a smoke pencil and look for dirt streaking around trim to wall.
Check window perimeters for gaps or cracks (include trim to wall and trim to
window joints as well as mullions between windows in banks of windows).
Visually inspect and use a smoke pencil. Tap on glass to see if the pane rattles; if it
does, then the glazing (the seal between the glass and frame) has failed. Check on
window mullions and frames to hear if the cavity is hollow. Check for signs of
moisture (stains, etc.). On double hung windows, check the upper window to see if
it has dropped

(continued)
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Solution Single/double hung windows can have either fin seal replaced if it is a newer unit.
Older-style windows may have sweeps installed on the sash or operable window
(but permission from customer is required due to aesthetics). Double hung win-
dows are the same, but if the upper window has dropped, installing a block to hold
the upper at the top as well as sealing the upper operable window (sides and top) is
required. In sliding, awning, and hopper windows, a fin seal product can usually be
used to retrofit (but it is critical to check and note the slot or track where the
existing weatherstripping is as T-slots typically come in two different sizes.) Many
are only L-slots and existing weatherstripping is glued in place. Some windows
require a cast-in-place methodology of weatherstripping (steel casements). This
must be noted

Materials Fin seal for aluminum windows; V-strip, silicone, latex caulking, and other
products can be specific to certain window manufacturers

Quantify Note overall dimension of window and dimension of fixed and operable windows
within the system. Note the type of operable window (sliding, hopper, etc.). Note
the type of weatherstripping required and location of where to install. Note lineal
footages of material required

Notes If weatherstripping double sliding windows, only the inner windows require
weatherstripping with fin seal. (There are weeping holes on the outer set, so there
will still be air leakage after weatherstripping the exterior set of double sliding
windows.) It is important to check the track accurately to correctly specify the type
of material to use

Crackage
size

Glazing 1/128 in. perimeter sealing 1/32 to 1/64 in. crack, w/s 1/16 to 1/32 in.
crack

Check corner gaskets,
which may shrink and
leak air.

Air leakage between glass and
frame

Double hung upper windows can
fall and need to be held up securely
and sealed

Fin seal will work well
in this slot

Rusted lip area is where cast-in-
place will go on steel casement
window

Aluminum hopper – If no slot or
track, do not weatherstrip
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Component Exterior doors (main, sliding)
Location All exterior entrances/exits

Examine Check all exterior doors, including stairwell, entrance, maintenance, shipping
receiving, courtyards, etc. Check type of doors (commercial, sliding, etc.). Check
for existing weatherstripping and whether it is good or bad

Significance Direct connection to the exterior temperatures

Test method Visual inspection and smoke pencil test. Do doors require full retrofit
weatherstripping or just bottom sweeps or vertical sweeps between double doors?
Commercial doors require fin seal replacement. Look for daylight under and
around door and dirt accumulating at jam

Solution Weatherstrip door and seal glass and perimeters as required. If door has handle,
DXL may be required due to location of handle and style of handle. A round knob
requires DXL where a lever may allow for DX

Materials DX(L), sweeps (3 and 7 ft), V-strip, caulking

Quantify Note the number of doors. (A double set of doors is counted as two doors). Note
the dimension of oversized doors. Note the type of material to be used (include
color if required). Note locations of doors on floor plans

Notes Note that certain type doors are offset hinges. Sliding doors can also require
specific materials along with centers between double doors

Crackage
size

1/16 in

Before

After
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Component Soffits (if accessible)
Location Soffits are typically found at the first floor, but can often be located near balconies

on upper floors

Examine Between the exterior wall and the roof deck, there can be a gap where the overhang
of the building is located. This allows conditioned air to enter the area and exit as
well as allow unconditioned air to enter via the cracks and gaps found in typical
soffits. Check above the vestibule and anywhere if there is an overhang at an
exterior wall of the building. There may be pipes and services running through
these, so investigate by asking questions to ensure that if this soffit is blocked and
treated as unconditioned space; we do not inadvertently cause pipes to freeze. This
generally is an issue when there is occupied space over the soffit.

Significance Connection to the exterior; sometimes ceiling spaces are under negative pressure,
which will pull OA into the building

Test method Visually inspect to see if there is an effective air barrier between the soffit and the
conditioned wall. Check to see if the exterior joints (top and bottom of soffit at
outer wall) have not been sealed. Check to see if exterior light fixtures are affected.
Look for visible daylight at soffit edges, lack of insulation on soffit floor, and cob
webs around light fixtures

Solution Ideally, boarding and sealing off the soffit directly above the exterior wall is
recommended. Insulated boarding may be required depending on the height of the
gap. If there is an existing blocking system (paper-faced batts or polystyrene), seal
the joints

Materials Rigid insulation, two-part foam, silicone

Quantify Count lineal footages. Note height of gap to be blocked or amount of lineal footage
required to seal perimeter of existing blocking system. Note locations. Inquire if
fire-rated material will be required to bridge gap

Notes Inquire if fire-rated materials are required. Note if it is more practical to seal the
joints in the soffit from the exterior (underside) and to seal light fixtures

Crackage
size

1/8 in. of lineal footage of soffit

Soffits are often blocked, but
seldom sealed. Often boards
have fallen down. This shows
both

Seal all joints in this soffit using
a Dymonic® color-matched
product. Need outside quotes
for this type of work

Typical soffit: either block
at exterior wall and seal or
seal joints from exterior

(continued)
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Images of open soffits to the conditioned space

Before

After. Typical soffit: usually can be blocked vertically from interior of building and sealed when
access is not possible for sealing joints from exterior

Component Service penetrations
Location Exterior walls

Examine Check exterior walls for penetrations such as fire suppression systems. Check for
seals around these. When found, look from the interior side of the building for
these penetrations.

Significance Connections from exterior or vented rooms (unconditioned spaces) can contribute
to stack effect

Test method Use a smoke pencil and check for daylight, dirt streaking, and visible gaps around
penetrations

Solution Seal perimeters of these penetrations from interior. Exterior side can be sealed for
water reflection, but energy savings are seldom the reasons for sealing from the
exterior

Materials Fire-rated caulking, polyurethane foam, silicone

Quantify Note dimension and number of penetrations. Note locations

Notes High-temperature pipes will require specific caulking or materials. Note accessi-
bility for the workers to work

Crackage
size

0.015 sq ft per penetration or 1/16 in. (Use diameter of penetrations.)
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Seal around service pene-
trations with fire-rated
materials

Typical service penetrations

Before

After
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Examples of Details of Possible Options to Seal the Various Penetration that
a Building May Have

Compartmentalize the Building
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Appendix G: Lighting Design Guide

The comprehensive “Lighting Design Guide” presented in this appendix is based on
the document developed for the US Army facilities (e.g., barracks, brigade and
battalion HQ, dining, facilities [EPDF], company operations facilities [COF], tacti-
cal equipment maintenance facilities [TEMF], hangars, educational and training
facilities, health clinics, warehouses) and their exterior lighting systems. Concepts
and recommendations described in this Guide are applicable to similar non-military
buildings. Lighting criteria and design strategies for the document are adapted from
the IESNA Recommended Practices, 10th Edition, the International Association of
Lighting Designers (IALD) principles, and collective professional experience with
high-performance, sustainable lighting design. The Guide was funded by the Office
of the Assistant Secretary of the Army (IE&E) and the US Army Corps of Engineers.

Sustainable Lighting Design Approach

The lighting strategies outlined in this Lighting Design Guide are drawn from
sustainable design principles. Providing sufficient functional lighting for visual
tasks while maintaining comfortable visual environment is required for a lighting
design to be considered successful. The goal of sustainable lighting design, and this
document, is to satisfy these lighting design criteria using the fewest materials and
least energy.

The three cornerstone strategies for sustainable lighting design that were used to
create these guidelines listed in the box should be considered in every design.

Cornerstone Design Strategies

• Provide appropriate illuminance levels without over-lighting
• Use efficient lamps, ballasts and luminaires
• Reduce electric lighting usage with controls

More specific energy-saving lighting design tactics that help create visually
comfortable, effective, and efficient lighted environments applicable to many
space types in addition to those outlined in this document are also listed on the right.

Specific Design Tactics

1. Optimize architecture to provide daylight in frequently occupied spaces
2. Apply light-colored (high-reflectance) surface finishes as appropriate.

Finish colors shall be functional, easily maintained and help hide soiling.

(continued)
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3. Cluster similar tasks to improve lighting system energy efficiency
4. Locate luminaires close to tasks that require higher illuminance
5. Use linear fluorescent and LED luminaires predominately
6. Use high efficiency ballasts with appropriate ballast factors if using

fluorescent sources
7. Use high-efficacy versions of lamps (e.g., 3100 lumen fluorescent T8)
8. Illuminate walls and ceilings to increase perception of brightness
9. Use daylight responsive lighting controls in frequently occupied spaces

with daylight access
10. Use vacancy sensors in spaces with daylight access especially in private

offices
11. Use luminaire integrated occupancy & daylight sensors with wireless

grouping & granular dimming functionality for maximized energy saving
strategy by offering light only when it is needed and where it is needed.

12. Use controls that offer luminaire wattage reductions or allow occupants to
adjust max trim levels.

13. Use occupancy sensors in spaces without daylight access control lighting
with astronomic time-clocks for building-wide energy conservation

Retrofitting

Considerations

This guide is intended as a Lighting Design Guide for major renovation projects, not
just a lighting a retrofit guide. All of the strategies contained within are applicable
both to new and existing buildings, but may not always be the most cost-effective
lighting relighting strategy use with minor renovation.

A one for one technology swap to keep first cost low is often not the most
effective improvement for energy savings and simple payback. As with all techno-
logical advancements, some are more cost-effective than others, and it is important
to perform a financial analysis to determine if there will be sufficient savings to
justify the project. Initial simple calculations that consider differences in technology
wattage as estimates of energy savings compared to cost are useful. However, the
variables of possible changes in operational hours, direct control savings, and any
possible maintenance savings should also be incorporated into the analysis for final
decisions. It is often control applications and related operational changes that
provide the majority of savings.

Ensure effective lighting quality – It is critical to ensure that the proposed new
lighting technology offer an effective match to the needs of the space or area. This
includes maintaining appropriate light levels as well as ensuring user satisfaction of
the lighting environment.
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In some cases spaces may be over-lit, and reductions to proper levels should be
part of the proposed change when energy savings are important. When considering
changes, verify the expected use of the space as far into the future as possible to
ensure that chosen project light levels will be appropriate.

Present and promote retrofit projects positively as new and more energy efficient.
Lighting education is important so that occupants will understand that reducing
energy consumption is important and they will be more accepting of any changes in
the case of retrofits. The human visual system does not actively notice changes of up
to 20% reductions in light levels when done gradually or when absent. Clean
refreshed systems will appear brighter even if illumination and energy are reduced.

This guide provides best practice design guidance for lighting systems for
deployment on military installations.

For more detailed information on lighting retrofits, please refer to Annex G-1 to
this appendix.

LAMPS

Considerations

A variety of commercially lamp types are available, each with their own unique
characteristics, which make some lamp types better suited for some applications.
Important lamp performance properties include light output, power consumption,
luminous efficacy, rated lamp life, lamp lumen depreciation, color temperature, color
rendering, dimmability, and sensitivity to voltage and temperature.

Below is a list of key lamp types used in energy-efficient lighting systems along
with recommendations for use.

Linear Fluorescent

These discharge lamps require a ballast to operate and are typically the most
efficacious (in lumens per Watt) lamp available for general interior lighting require-
ments. Linear fluorescent lamps are available today (2010) that operate more
efficiently, more quietly, and provide better color performance than those available
15 years ago or more. Linear fluorescent lamps have high efficacy (80–100 lumens
per Watt), turn on and warm up virtually instantly, can be dimmed, have rated long
lamp life (30,000–46,000 hours), and are relatively inexpensive. For these reasons,
linear fluorescent lamps should be considered for the general lighting needs of nearly
any interior space or application. Applications that call for small luminaires or
precise optics, such as an accent light, often require the use of a different lamp
type. With the products available today, 4 ft high-performance T8 lamps coupled
with NEMA premium ballasts are the most energy-efficient and cost-effective type
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of linear fluorescent lamps – exceeding T5/T5HO lamp and ballast combinations.
However, the smaller-diameter T5 lamps provide the advantage of greater luminaire
efficiency in many cases.

Compact Fluorescent

These smaller, bent versions of linear fluorescent lamps provide many of the benefits
of linear fluorescent lamps in a smaller form factor. Compact fluorescent lamps come
in many shapes, sizes, and wattages. These lamps typically have good efficacy (50–
60 lumens per Watt), turn on and warm up quickly, can be dimmed, and have a
reasonably long rated life (10,000–16,000 hours). The efficiency of luminaires that
use compact fluorescent is typically low compared to linear fluorescent and ceramic
metal halide, due to the size and shape of compact fluorescent lamps. LED is
replacing CFL in most applications.

Ceramic Metal Halide

Ceramic metal halide lamps are discharge lamps that are small enough to be
considered a “point-source” for most architectural lighting applications, but typically
cannot be dimmed and take several minutes to fully ignite. The size, shape, and
efficacy of ceramic metal halide lamps make them excellent source for accent
lighting or downlighting when instant starting or dimming are not required.
Low-wattage versions of these lamps typically have good efficacy (55–70 lumens
per Watt), cannot be dimmed, have excellent color rendering (80–95 CRI), and
reasonably long rated life (10,000–12,000 hours).

Light-Emitting Diodes (LED)

LEDs are a solid-state electronic light source. The performance of LED equipment
varies greatly, and the rapidly changing state of the technology can make this lamp
type challenging to specify. Generally, LEDs have a long rated life (50,000+ hours)
and are energy efficient, producing 50 to 100 lumens per Watt in many cases, and are
dimmable. LEDs are often a good choice for applications where the luminaire will be
placed close to the lighted surface (such as task lighting) or where dimming is
needed. Designers should specify LED luminaires from only the top five manufac-
turers that have been photometrically tested in accordance with IESNA LM-79 and
IESNA LM-80 methods.

Designers should also prefer the top five manufacturers that offer luminaire
integrated controls with wireless grouping and granular dimming.
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Technology Schedule

L01 Fluorescent 32WT8

Four-foot linear fluorescent lamp, nominal wattage not to exceed 32W, initial lumen
output of 3100 lm or greater, color rendering index of 80 or greater, rated lumen
maintenance of 94% or greater.

L02 Fluorescent 32WT8U

“U”-shaped fluorescent lamp, nominal wattage not to exceed 32W, initial lumen
output of 2800 lm or greater, color rendering index of 80 or greater, rated lumen
maintenance of 90% or greater.

L03 Compact Fluorescent Long Twin-Tube

Long twin-tube compact fluorescent lamp with double bi-pin base, nominal wattage
of 36W or 40W, initial lumen output of 2900 lm or 3300 lm, respectively, color
rendering index of 80 or greater, rated lumen maintenance of 90% or greater.

L04 Compact Fluorescent Triple-Tube

Compact fluorescent lamp in a triple-tube configuration; double bi-pin base; nominal
wattage of 18W, 26W, or 32W; color rendering index of 80 or greater; lumen
maintenance of 86% or greater.

L05 Compact Fluorescent GU24 Integrated Ballast

Compact fluorescent lamp with integral ballast and GU24 base, medium screw base
is not acceptable, nominal lamp wattage of 13W, 18W, or 26W.

L06 20/39W Ceramic Metal Halide

Ceramic metal halide lamps with nominal wattage of 20W or 39W, color rendering
index of 80 or greater.
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L07 Fluorescent 17WT8

Two-foot linear fluorescent lamp with a nominal wattage not to exceed 17W and
initial lumen output of 1400 lm or greater, color rendering index of 80 or greater,
rated lumen maintenance of 94% or greater.

L08 Fluorescent 39WT5HO

Four-foot linear fluorescent lamp, nominal wattage not to exceed 39W, initial lumen
output of 3500 lm or greater, color rendering index of 80 or greater, rated lumen
maintenance of 94% or greater.

L09 ceramic metal halide 150wmh, ceramic metal halide lamp with nominal
wattage of 150w, with mogul base and color rendering index of 80 or greater.

L10 Fluorescent 54WT5HO

Four-foot linear fluorescent lamp, nominal wattage not to exceed 54W, initial lumen
output of 5000 lm or greater, color rendering index of 80 or greater, rated lumen
maintenance of 90% or greater.

LED and LED Linear Replacement Tubes

Minimum 80% efficacy (80lm/W) and rated life of 50,000hrs or greater, based on
IESNA LM-80 -2008 at 70% lumen maintenance, with wattage and lumen output as
specified in luminaire schedule.

Recommended Lighting Power Density and Illuminance
Values

Space type Target illuminance Target LPD
Common spaces

• Conference room 40 fc 0.80 W/ft2

• Corridor 10 fc 0.50 W/ft2

• Dining 20 fc 0.60 W/ft2

• Dishwashing/tray return 50 fc 0.65 W/ft2

• Kitchen/food prep/drive thru 50 fc 0.65 W/ft2

• Living quarters 5–30 fc 0.60 W/ft2

• Mechanical/electrical 30 fc 0.70 W/ft2

• Office (open) 30–50 fc 0.70 W/ft2

(continued)
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• Office (enclosed) 30–50 fc 0.80 W/ft2

• Reception/waiting 15–30 fc 0.50 W/ft2

• Restroom/shower 20 fc 0.80 W/ft2

• Server room 30 fc 0.85 W/ft2

• Serving area 50 fc 0.70 W/ft2

• Stair 10 fc 0.50 W/ft2

• Storage (general) 10 fc 0.50 W/ft2

• Storage (dry food) 10 fc 0.70 W/ft2

• Telecom/SIPRNET 50 fc 1.20 W/ft2

• Vault 40 fc 0.70 W/ft2

Training

• Readiness bay 40 fc 0.75 W/ft2

• Training room (small) 15–30 fc 0.70 W/ft2

Vehicle maintenance

• Consolidated bench repair 50 fc 0.60 W/ft2

• Repair bay/vehicle corridor 50 fc 0.85 W/ft2

Exterior

• Exterior secured spaces (storage) 1–2 fc 0.07 W/ft2

• Parking 20 fc 0.80 W/ft2

• Roadway 30 fc 0.70 W/ft2

Education

• Kindergarten classroom 15–30 fc 0.70 W/ft2

• Active playroom 30–50 fc 0.50 W/ft2

• Staff lounge 15–30 fc 0.50 W/ft2

Warehouse/receiving/issue bay 40–60 fc 0.80 W/ft2

• Hangar

• Maintenance bays 50–70 fc 1.0 W/ft2

• Production control 25–30 fc 0.60 W/ft2

Athletic

• Gym 40–50 fc 0.70 W/ft2

• Racquetball 50 fc 1.10 W/ft2

• Combatives 50 fc 0.90 W/ft2

Health

• Resident work area 30–45 fc 0.40 W/ft2

• Exam room 30–50 fc 0.60 W/ft2

Ballasts/Drivers

Considerations

All discharge lamps, including fluorescent and metal halide, require a ballast to
operate. Specifying an efficient ballast with the appropriate ballast factor, start
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method and controllability is critical for minimizing the connected lighting load,
maintenance and energy use.

Start Methods

Fluorescent lamps are started using instant start or programmed start ballasts.
Instant start ballasts use the least power to operate lamps, but abruptly start the
lamp, which can shorten lamp life when the lamps are frequently switched.
Programmed start ballasts start lamps more gently so that lamp life is not as
adversely affected by frequent starting, but these ballasts typically require more
power than instant start ballasts. The lamp life and energy effects are typically minor,
but the ballast starting method should be chosen carefully in applications where lamp
switching cycles are less than 15 minutes or greater than 3 hours. Luminaires that are
left on for long periods of time should generally use instant start ballasts for energy
savings, and those that are switched on and off many times per day should use
programmed start for extended lamp life. Both instant start and programmed start
ballasts are widely available for linear fluorescent lamps. However, compact fluo-
rescent ballasts are typically only available as program start.

Metal halide lamps are manufactured to be started in one of two ways, probe
start or pulse start. Specify electronic pulse-start ballasts and lamps whenever
possible.

Controllability

Static output ballasts drive a given number of lamps at one specified ballast factor.
These are fixed output devices and are less expensive than ballasts with variable
ballast factors.

Multi-step ballasts can operate lamps at two or more ballast factors. This is often
referred to as stepped dimming as the lamp light output can be dimmed by incre-
mental steps. These ballasts provide a more visually comfortable environment
compared to multilevel switching, which essentially turns off a number of lamps
to save energy. Bi-level and tri-level are the most common and can be controlled by
multiple power feeds to a single ballast or by control wires.

Dimming ballasts have the ability to operate lamps with a variable ballast factor
so the lamps may be brightened or dimmed in a smooth fashion. The load of the
ballast is reduced when lamps are dimmed, providing energy savings. With LED
technology the cost of dimming drivers has come down substantially. Dimming
drivers should be the default choice when upgrading any lighting design plan to
LEDs. Dimming drivers also provide multilevel controls, which makes it easier to
meet ASHRAE 90.1 code requirements.
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Efficiency

The efficiency of ballasts can vary considerably. To specify the most efficient ballast,
choose the ballast with the lowest input wattage for the desired start method and
ballast factor. Programs are in place to distinguish efficient ballasts from less
efficient ones. The National Electrical Manufacturers Association (NEMA) has an
efficiency standard for ballasts designed to operate T8 fluorescent lamps. In this
program, ballasts that meet minimum performance criteria may be labeled as NEMA
premium. Specifying NEMA premium ballasts where applicable is a convenient and
effective way to guarantee that only the most efficient ballasts are used.

Ballast Factor (BF)

Ballast Factor is the ratio of a lamp’s lumen output on a particular ballast to the
lamp’s rated lumen output. By specifying the appropriate BF, the light output and
power usage of a luminaire can be carefully chosen to meet the needs of specific
applications. Ballasts for T8 linear fluorescent lamps are available in a range of BFs
from 0.71 up to 1.37 or higher, while ballasts for many lamp types are only available
with a 1.0 BF. Specifying ballasts with a higher ballast factor may allow for the use
of fewer lamps per luminaire, which often improves luminaire efficiency and also
reduces the number of lamps to be maintained in a building.

Ballasts/Drivers

Technology Schedule

B01 Multilevel

Electronic ballast capable of operating lamps with two or more ballast factors,
controlled by low-voltage control signal or multiple circuit feeds, ballasts for 4 ft
T8 fluorescent lamps should be labeled as NEMA premium (available for most linear
fluorescent lamps, limited availability for other lamp types)

B02 Dimming

Electronic ballast capable of smoothly dimming lamps with a range of ballast factors
with a minimum range of at least 10% to 100% of maximum light output, ballasts for
4 ft T8 fluorescent lamps should be labeled as NEMA premium, control signal may
be digital, 0-10V, or carried over the power wires.
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B03 Instant Start

Electronic ballast capable of operating lamps at one ballast factor ignites lamp using
the instant start method; typical ballast factors include 0.77, 0.88, 1.00, 1.18, or
higher for linear fluorescent lamps; ballasts for 4 ft T8 fluorescent lamps should be
labeled as NEMA premium.

B04 Program Start

Electronic ballast capable of operating lamps at one ballast factor ignites lamp using
the program rapid start method, typical ballast factors include 0.71, 0.88, 0.99, or
1.15 for linear fluorescent lamps, ballasts for 4 ft T8 fluorescent lamps should be
labeled as NEMA premium.

B05 Electronic CMH

Electronic pulse-start ballast for low-wattage ceramic metal halide lamps.

B06 LED Driver

A LED driver is a self-contained power supply that has outputs matched to the
electrical characteristics of an LED array. Typical drivers are static though drivers
may also offer dimming through several different means of control. Ensure compat-
ibility of drivers with any dimming controls that may be present or proposed for the
system.

B07 Smart Luminaire

A smart luminaire is a self-contained luminaire with dimmable LED driver and
integrated controls for occupancy sensing and daylight harvesting. In some cases, a
smart luminaire may also have a controller that allows for wireless connectivity with
other smart luminaires in the area for a synchronized group/zoned behavior. Smart
luminaires also offer additional features like wattage augmentation, automatic day-
light calibration, etc. and deliver aggressive energy savings without sacrificing
occupancy comfort levels.
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Luminaires

Considerations

Luminaires are a critical element of a lighting system as they determine how the light
from lamps is directed into a space. Luminaires include housing, mounting hard-
ware, and one or more lamps and may contain any or all of the following: ballast,
reflector, lens, and shielding media. Many factors play into the selection of the
optimal luminaire for a space or task. The luminaire categories listed below represent
the majority of luminaires installed in DoD building projects. Understanding the
advantages and disadvantages of these luminaires and the options with which they
are provided is critical for specifying high-performance lighting systems.

Recessed Troffers

Recessed troffers with flat prismatic lenses or high-performance non-planar lenses
are the most efficient troffers available. Specifying troffers with fluorescent T8 or
LED lamping offers the greatest flexibility for providing the appropriate light level in
a space with the thoughtful selection of lamp quantity and ballast factor. LED
luminaires with smart lighting technologies tend to offer more energy savings and
advanced functionalities. Higher luminaire efficiencies may be obtained by specify-
ing luminaires designed specifically around the lamp type specified. Specifying that
interior reflectors are painted after fabrication (PAF) often improves luminaire
efficiency by 10% or more. Typically, the fewer lamps in a troffer, the more
efficiently it operates. Two-foot by 4 ft (2x4) troffers are typically the most efficient
and least expensive to install; however, the form factor and size of 1x4 or 2x2
troffers may make them better suited for many applications. In general, 4-ft-long
troffers offer the best performance as they use 4 ft lamps, which are the most
efficacious and cost-effective.

Linear Pendants

Linear fluorescent pendants can offer an excellent combination of high-efficiency,
glare control, and light distribution and allow the location of the light source to be
closer to the task area. Pendants with one lamp in cross-section almost always
demonstrate the greatest luminaire efficiencies and the best optical performance.
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Specifying T8 lamps with high ballast factor ballasts or T5HO lamps are effective
ways to use a one lamp cross-section without sacrificing light output.

Recessed Downlights

Recessed downlights are one of the least efficient luminaire types available. These
luminaire are often specified when low light levels are required or when the size and
shape of downlight luminaire makes it easy to incorporate into a design. When
specifying a downlight, consider those with open optics as they offer the highest
efficiency. In many cases, led downlights are good alternatives to compact fluores-
cent downlights as the LED versions often provide greater light output using fewer
watts. Larger aperture downlights are typically more efficient than smaller aperture
downlights. High bays – The most efficient and effective high bay luminaires use
fluorescent lamps. Luminaires that use T5 or T5HO are often more optically efficient
than those that use T8 lamps; however T8 lamp and ballast combinations offer
greater flexibility and system efficiency than T5/T5HO systems. In general, T8 high
bays are the best choice except for when the increased light output provided by
T5HO lamps is required. Designers should carefully consider the effect of the
ambient air temperature at high bay mounting locations as fluorescent lamps are
sensitive to temperature. Consult with the luminaire manufacturer to determine the
best specification for the environment in which the luminaire will be used. Specify-
ing high ballast factors will reduce the number of luminaires or lamps per luminaire,
which will provide easier system maintenance.

Task Lights

Task lights are an extremely effective way to deliver high illuminance to a work area
with the minimal energy use. As the luminaire is typically within 1 to 2 ft from the
task, it can be easy to “over-light” a task area. When specifying a task light, choose
the lowest wattage option that provides the appropriate illuminance at the task. LED
task lights often provide better optics and lower wattage options than fluorescent task
lights. Consider task lights with integrated occupancy sensors or wiring task lights
though occupancy sensor-controlled power strips for maximum energy savings.
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Controls

Occupancy Considerations (Some of These May Be Mandatory to Meet
Energy Codes Such As ANSI/ASHRAE/IESNA 90.1
and the International Energy Conservation Code)

Automatically reducing electric lighting when spaces are unoccupied provides
significant energy savings. There are several factors to consider when specifying
automatic occupancy-based lighting controls for user acceptance and maximum
energy savings.

Occupancy Sensors

These devices use infrared or ultrasonic sensing or both to determine if the area
within its sensing zone is occupied by humans. The sensors automatically power on
electric loads when occupancy is detected and power off electric loads after a set
timeout period after vacancy is detected. These sensors offered with smart lumi-
naires provide manual override and wireless grouping functionality for additional
savings. Most areas only have intermittent occupancies, and therefore with a wire-
less grouping scenario, these sensors force only those luminaires that detect local
occupancy at bright levels while other unoccupied areas operate at a lower back-
ground light level.

Vacancy Sensors

These devices are specialized occupancy sensors. When vacancy is detected, these
sensor units automatically power off electric loads after a set time. Once the load has
been switched off, it must be manually powered back on by switch or other devices.
In daylighted spaces, this technology increases energy savings by enabling users to
leave lights off when daylight is sufficient. Most occupancy/vacancy sensor units
have an internal setting to allow facility management to select either occupancy or
vacancy mode.

Mounting

Sensors should be located and aimed to provide the best coverage for a given area.
For smaller spaces, such as a private office or storage closet, a sensor integrated into
a standard wallbox provides sufficient coverage and is typically the most cost-
effective approach. For larger spaces such as corridors or open offices, one or
more ceiling-mounted sensors are required to ensure enough coverage to all areas.
Such spaces should use smart luminaires with integrated sensors that offer wireless
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grouping and granular dimming functionality since these fixtures offer maximum
coverage area and the flexibility to provide group lighting suitable to various
occupancy layouts. Less labor is required to install smart luminaires because the
installer need only replace the existing lighting with smart wireless LED luminaires;
there is no need to rewire circuits.

Timeout

The time period between when a sensor detects vacancy in a space and when the load
is switched is adjustable in the field. For areas with intermittent occupancy of short
durations, a short timeout period, such as 5 minutes, should be used. For areas that a
false vacancy reading and subsequent darkness may create a safety or security
concern, longer timeout periods of 20 minutes or more should be considered. Typical
timeout periods between 10 and 20 minutes are suitable for most applications. Smart
luminaires offer two types of timeout – one when the lights dim down from a high
level to a background level after detecting vacancy and the other timeout from
background level to off. The two-step approach allows for additional energy savings
within a lighting group without disturbing the occupants through abrupt on/off
cycles and also provides a uniform light distribution in the space without dark
spots due to luminaires that randomly turn off within the space.

Sensing Technology

Occupancy and vacancy sensors typically use either ultrasonic or infrared sensing or
both to determine if a space is occupied by people. Infrared sensors detect occupancy
by changes in infrared signals created by people moving within the coverage area.
These sensors are best used in spaces where there is a direct line of sight to the sensor
from all areas where people will be within a space. Ultrasonic sensors detect
changing ultrasonic frequencies created by movement within a space. Ultrasonic
sensors are best used in spaces where obstructions prevent a direct line of sight to the
sensor occupied areas. Dual-technology sensors may be used in spaces where using
only infrared or ultrasonic sensors may not provide adequate coverage or for
increased assurance that the sensors will sense occupancy.

Daylight Considerations

Considerable energy savings can be achieved by reducing electric lighting loads
when there is sufficient daylight in a space. Daylight responsive lighting controls
must be designed and commissioned with care to ensure that the system operates
effectively and without disruption of the occupants within the space. Shading
devices, skylights, and glazing should be specified and sized to provide usable
daylight without excessive glare or heat gain.
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Automatic Dimming

Photosensors can be specified to dim electric lighting according to available day-
light. Dimming systems provide the most seamless integration of electric light
daylight. Dimming systems typically do not turn luminaire power completely off
when ample daylight is available; instead lamps are reduced to 5% or 10% of full
light output, which requires 20% or more of the ballast rated power.

Automatic Switching

Photosensors can be specified to switch off lighting when enough daylight is
available. Switching systems open the circuit, so that luminaire power and light
output are completely off. Photosensor setpoints for switching systems should be set
to a higher value than with dimming systems to minimize the perception of the
abrupt change in the lighting condition.

Manual Switching

Many spaces are not regularly occupied during daylight hours or may have inter-
mittent occupancy patterns. When occupancy sensors are used in intermittently
occupied spaces, daylight responsive controls may not be needed as the electric
lighting can be turned off by a vacancy sensor for much of the day. If ample daylight
is available, an occupant entering a space will be less likely to manually power on the
electric lighting. If the occupant does choose to turn on the lighting, it will stay on
until they leave the room or manually turn the lighting off. This strategy works
especially well with multilevel ballasts, as users will often elect to turn the electric
lighting to a lower level when daylight is available.

Sensors and Daylight Controlled Luminaires

Daylight sensors and daylight-controlled luminaires should be located approxi-
mately one window height from the window wall and should be unobstructed by
ceiling surface-mounted equipment or structural columns. Because the optimal
location and configuration of daylight responsive lighting systems is dependent on
variables such as climate zone, ceiling height, orientation of the fenestration, as well
as glazing properties, the location of daylight sensing equipment should be deter-
mined on a case-specific basis. In case of smart luminaires, every luminaire is a
daylight zone by default, so no additional work is required for zone planning. If
smart luminaires do not detect ambient light levels they do not dim down, but if they
do detect it, then additional savings can be achieved because of daylight dimming.
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Technology Schedule

C01 Infrared Occupancy/Vacancy Sensor

Sensor capable of detecting motion by changes in the infrared signals may be
recessed or surface-mounted, single or bi-pole; occupancy sensors may be
low-voltage or line voltage; low-voltage sensors and low-voltage wall switches
must be used for vacancy sensor mode.

C02 Ultrasonic Occupancy/Vacancy Sensor

Sensor capable of detecting motion by changes in the ultrasonic signals may be
recessed or surface-mounted, single or bi-pole; occupancy sensors may be
low-voltage or line voltage; low-voltage sensors and low-voltage wall switches
must be used for vacancy sensor mode.

C03 Dual Tech Occupancy/Vacancy Sensor

Sensor capable of detecting motion by changes in the ultrasonic and infrared signals
may be recessed or surface-mounted, single or bi-pole; occupancy sensors may be
low-voltage or line voltage; low-voltage sensors and low-voltage wall switches must
be used for vacancy sensor mode.

C04 Wallbox Occupancy/Vacancy Sensor

Sensor mounted in a wallbox control station capable of detecting occupancy by
either infrared or ultrasonic signals.

C05 Luminaire Integrated Occupancy and Daylight Sensor (Smart Luminaire)

Occupancy sensor mounted into a luminaire is capable of detecting motion by
changes in the infrared signal it receives; the sensor can also be configured to
work in vacancy mode. Daylight sensor responds to ambient light levels and dims
the lighting accordingly. The daylight sensor can also be configured for daylight
switching functionality.

C07 Dimming Photosensor

Sensor that responds to incident light to determine the quantity of daylight available,
capable of sending low-voltage signal to dim electric lighting.
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C08 Switching Photosensor

Sensor that responds to incident light to determine if the quantity of daylight present
meets a determined setpoint, capable for sending a signal to switch off the electric
lighting.

C09 Astronomic Timeclock

Device that controls building systems based on the time of day based on astronomic
events such as sunset or sunrise accounting for geographic location and time of year.

Space-Specific Recommendations

Description of Typical Design Guide Page

Lighting technologies Target illuminance Target LPD

Lamp Luminaire
L01 Fluor 32WT8

Ballast/driver Controls 30 fc 0.80 W/ft2

Target Illuminance

The target average maintained horizontal illuminance measured at the task area. For
most spaces, a variance of 10% is acceptable.

Target LPD

Target LPD for the space type. The actual LPD will vary for actual designs based on
conditions of actual spaces, but the LPD for the space type shown here is achievable
in most cases.

Lighting Technologies

Lighting technologies that are specifically applicable to the space type. The use of all
technologies shown will not be required for every space. More detailed descriptions
of these technologies are found in the previous section.
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Space Description

General description of the space type.

Considerations

Summary of space-specific considerations that inform the lighting design.

Lighting Approach

A short description of a lighting design approach, which may be used to minimize
LPD while maintaining a quality visual environment.

Controls

A brief summary of the type of automatic lighting controls that should be
implemented in the space to reduce lighting energy use.

Conference Room

Lighting technologies Target
illuminance

Target
LPDLamp Luminaire

L01 Fluor 32WT8 F03 Non-planar Lensed
Troffer

F04 Suspended Direct/
Indirect

F12 Wallwash

Downlights

Ballast/driver Controls 40 fc 0.80 W/ft2

B06 Dimming/LED driver F03 Non-planar Lensed
Troffer

B07 Smart Luminaires
(scenes)

F04 Suspended Direct/
Indirect

F12 Wallwash

Downlights
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Space Description

Conference rooms may host audio/visual (AV) presentations, meetings, videocon-
ferences, and teleconferences. These spaces typically have a large table in the center
of the room and a presentation wall.

Considerations

Due to varying space functions, conference rooms should be equipped with lighting
systems that can provide multiple lighting scenes. For reading and writing tasks, the
lighting system should be able to provide 40 fc or more on the work plane. For AV
presentation mode, the general work plane illuminance should be able to be reduced
to between 10 and 25 fc, with no more than 20 fc on the presentation wall. Harsh
shadows on occupants’ faces seated at the table should be avoided, especially if the
space is equipped with videoconferencing equipment.

Lighting Approach

Use highly efficient recessed fluorescent luminaires with non-planar lenses in spaces
with ceiling heights below 9 ft, 6 in.; otherwise use suspended direct/indirect
fluorescent pendants. To provide for multiple uses of conference rooms, the lighting
system should be divided into two or more zones. Each luminaire in the general
lighting zones should be capable of two or more light output modes to achieve
recommended illuminances for reading and AV mode. There should be two zones at
a minimum – one for general lighting and one for the presentation wall. An
additional dedicated lighting zone for lighting videoconferencing participants and
the wall immediately behind them may be required.

Controls

Use smart luminaires to set wireless groups and subzones for scenes that can be
recalled from a compatible wall station. Any scene or manual override action should
take precedence and should be maintained as long as the space is occupied.

Occupancy sensors that automatically set the general lighting to low output mode
are acceptable for rooms with no daylight access. If the space has access to daylight,
then daylight dimming sensors are recommended. In the case of a networked system,
integration with AV and shades is also recommended.
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Sample layouts

Sample schematic lighting layouts (not to scale)

Comments Type key
Average LPD ¼ 0.71 W/ft2 F04: (2) lamp 32WT8, direct/indirect, 0.88 BF,

bi-level ballast

Maintained illuminance on conference table
¼ 40–60 fc

F12: (1) lamp 32WT8, 1x4 ft wallwasher, 0.88 BF

F04 mounted at 8 ft, 6 in. AFF

Ceiling height ¼ 9 ft, 6 in. AFF

Corridor

Lighting technologies Target
illuminance

Target
LPDLamp Luminaire

L01 Fluor 32WT8 F01 Lensed Troffer

L02 Fluor 32WT8U F01-LED Lensed Troffer

L03 CFL 40W Long Twin-
Tube

F03 Non-planar Lensed
Troffer

F03-LED Lensed Troffer

Ballast/driver Controls 10 fc 0.50 W/ft2

B01 Multilevel C01 IR Occ/Vac Sensor

B06 LED dimming driver CR 05 Integrated occ./day
sensorsB07 Smart luminaires

Considerations

Corridors experience intermittent occupancy; therefore, any controls should mini-
mize the disturbances caused to occupants near the corridors. Abrupt switching
on/off action due to passing motion should be avoided, but at the same time the
system should not force occupants to pass in a dark environment.
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Lighting Approach

Use highly efficient recessed LED luminaires with non-planar lenses in spaces with
ceiling heights below 9 ft, 6 in.; otherwise use suspended direct/indirect LED
pendants.

Controls

Smart luminaires with integrated occ./day sensors that run the lights at lower
background level, but ramp up when stable occupancy is detected (e.g., discussions
in corridor), are recommended. Any passing by motion should be ignored, but
sensors only react when there is stable motion. Lower occupancy timeouts are also
recommended to maximize energy savings potential.

Alternately, ceiling-mounted external occupancy sensors that can achieve the
same intent as smart luminaires are acceptable.

Dining

Lighting technologies Target
illuminance

Target
LPDLamp Luminaire

L01 Fluor 32WT8 F10 Suspended Indirect

L02 Fluor 32WT8U F16 Suspended Direct

L03 CFL Long Twin-
Tube

F31 or F52 Downlight

L04 CFL Triple-Tube F32 Performance Round

Ballast/driver Controls 20 fc 0.60 W/ft2

B01 Multilevel C01 IR Occ/Vac Sensor

B06 LED luminaires C07 Dimming Photosensor

B07 Smart luminaires C08 Switching Photosensor

C05 Integrated occ./day
sensors
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Space Description

Dining areas area primarily used for personnel to eat meals. Seating is provided for
counter tops as well as for small, medium, and large table dining. Large dining areas
will seldom be used for special events; however smaller (or private) dining areas
may occasionally be used for such events.

Considerations

High color rendering lighting is recommended for appealing food appearance.
Lighting on the tables should be 20 fc in dining areas per TB MED 530 (for
reference, the IESNA level is 10 fc). Furniture arrangement in these areas is subject
to change, so lighting should be independent of furniture layout. Dining areas are
often expansive with relatively low ceilings with architectural features to break up
the space into smaller sections. Lighting uniformity is not a priority on the table
surfaces, but because of the furniture layout changes, the zoning of the lighting
system should be easily reconfigurable without any wiring changes.

Lighting Approach

Use high color rendering (85+ CRI) sources distributed relatively evenly throughout
the space. Use some semi-decorative high-efficiency luminaires to add visual inter-
est. Use linear fluorescent or LED luminaires for general lighting; use LED lamps
when linear lamps are not appropriate. Minimize the use of recessed downlights;
consider LEDs when recessed downlights must be used. An independent zone of
lighting in the daylight zone (approximately two times the window head height) may
be switched or dimmed based on available daylight. Select luminaires, lamps, and
ballast factor combinations appropriately to provide sufficient illuminance without
over-lighting.

Controls

Lighting should be controlled with occupancy sensors and building timeclock. Large
sections of lighting should be zoned together and controlled by occupancy sensors.
Critical zones, those near primary entrances and exits, can be left on to encourage
seating in these areas, with other zones left off – only turning on when occupants
move into that zone; smart luminaires with wireless grouping and sub-zoning can
deliver the necessary flexibility. Daylight sensors (switching or multilevel) should be
used in areas in the daylight zone.
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Sample Layouts (Fig. G.1)

Dishwashing/Tray Return

Lighting technologies Target illuminance Target LPD

Lamp Luminaire
L01 Fluor 32WT8 F01 Lensed Troffer

F01-LED Lensed Troffer

Ballast/driver Controls 50 fc 0.65 W/ft2

B03 Instant Start C01 IR Occ/Vac Sensor

B06 LED dimming driver C04 Wallbox occ./vac. sensor

COMMENTS
LPD = 0.59 W/ft2

Maintained illuminance = 24 fc
Ceiling height = 10 ft, 0 in.
F10 and F16 mounted at 8 ft, 6 in. AFF

TYPE KEY
F10: (1) lamp cross-section F32WT8, suspended linear 
indirect, 1.18 BF
F16: (1) lamp cross-section F32WT8, suspended linear direct, 
0.88 BF
F52: 25W recessed LED downlight, lensed

Fig. G.1 Sample schematic lighting layout (not to scale)
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Space Description

The primary task in dishwashing areas is loading and unloading industrial dish-
washers with dishes and utensils as well as inspecting items for cleanliness.

Considerations

High illuminance of 50 fc or more at equipment or utensil washing work areas (per
TB MED 530, the IESNA level is also 50 fc). Luminaires need to be sealed and
gasketed to withstand spray down at low pressure.

Lighting Approach

Use high color rendering (85+ CRI) and high-efficacy sources located near/above
task surfaces. Do not add additional lighting over circulation areas or directly above
large dishwashing machines (that do not have work surfaces above them). Use
sealed and gasketed linear fluorescent luminaires. Select luminaires, lamps, and
ballast factor combinations appropriately to provide sufficient illuminance without
over-lighting.

Controls

Lighting should be controlled primarily via building timeclock. All lighting, includ-
ing equipment integrated lighting, should be switched off at closing time (with a
warning flash for to allow the occupant to override). During operating hours,
occupancy sensors can be used to turn the luminaires to a reduced power level
when vacancy is detected.

Kitchen/Food Prep/Drive Thru

Lighting technologies Target illuminance Target LPD

Lamp Luminaire
L01 Fluor 32WT8 F01 Lensed Troffer

Ballast/driver Controls 50 fc 0.65 W/ft2

B03 Instant Start C01 IR Occ/Vac Sensor

B06 LED dimming driver
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Space Description

Low contrast and potentially dangerous tasks are performed in kitchen and food
preparation area. Kitchen staff must be able to properly inspect food items and use
sharp kitchen utensils and equipment accurately at a fast pace. Equipment is typi-
cally washed down with a low-pressure wash.

Considerations

High color rendering sources are strongly desired for food appearance. High illumi-
nance of 50 fc or more on the food preparation surfaces is required by TB MED
530 (for reference the IESNA level is also 50 fc). Lamps must be shielded, coated, or
otherwise shatter resistant (TB MED 530). Luminaires need to be sealed and
gasketed to withstand spray down at low pressure. Many of the kitchen appliances
will come with integrated lighting. Circulation areas do not require high light levels.

Lighting Approach

Use high color rendering (85+ CRI) sources located near/above task surfaces. Do not
add additional lighting over circulation areas. Use sealed and gasketed linear fluo-
rescent luminaires. Linear fluorescent lamps should have a long rated life to mini-
mize maintenance over food service areas. Select luminaires, lamps, and ballast
factor combinations appropriately to provide sufficient illuminance without over-
lighting.

Controls

Lighting should be controlled via building timeclock. All lighting, including equip-
ment integrated lighting, should be switched off at closing time (with warning flash
for override). Using a long occupancy sensor timeout period, such as 30 minutes or
more, will help prevent luminaires being turned off when the space is occupied.
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Living Quarters

Lighting technologies
Target
illuminance

Target
LPD

Lamp Luminaire 5–30 fc 0.60 W/ft2

L01 Fluor 32WT8 F02 Wall bracket Direct/
Indirect

L02 Fluor 32WT8U F05 Furniture Integrated

L04 CFL 26W/42W Triple-
Tube

F07 Narrow Lensed Wrap

L05 CFL GU24 Integ. Ballast F08 Wide Lensed Wrap

L07 Fluor 17WT8 F09 or F51 Task

F12 Wallwash

F13 Strip

F14 Vanity

F30

Lamp

Ballast/driver Controls
B04 Program Start C04 Wallbox Occ/Vac

Sensor

B06 LED dimming driver C05 Integrated Occ Sensor

Space Description

Living quarters are similar to a small apartment or dorm suite. Most contain a
bathroom, lavatory, an eat-in kitchen, and two private bedrooms each with a bed,
night stand, desk, dresser, and a closet. Bedrooms typically are against an exterior
wall with a window to outdoors. Kitchens have a refrigerator, oven and range,
counter top space, and may be equipped with a microwave and toaster.
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Considerations

Reading and food preparation areas require higher illuminance than other areas in the
space. Low illuminance is sufficient away from counter and desk tops; 5 to 10 fc is
sufficient for most areas. Visually comfortable, effective, permanently installed
lighting should be used to prevent the use of uncontrolled plug load lighting.
Luminaires may be unintentionally left on when spaces are unoccupied if they are
not automatically controlled. Spaces within the living quarters along the core wall
can become extremely dim at night time, which may result in some occupants
leaving lights on as night lights for wayfinding purposes.

Lighting Approach

Use highly efficient surface-mounted luminaires with appropriate lamps and ballasts
to provide sufficient illuminance for localized tasks without over-lighting. For areas
that have low light level requirements, this can be achieved by using one lamp
luminaires or low ballast factors or both. Provide task lighting at desk with a wall-
mounted or furniture integrated luminaire. Provide a reading light on the night stand
with a socket specific for compact fluorescent lamps. Low-energy LED nightlights
should be provided in rooms without exterior windows.

Controls

Vacancy sensors should be used in each sub-space including bedrooms, bathrooms,
kitchens, and other areas. Luminaire integrated occupancy sensors may be appro-
priate in closets. Some electrical outlets in bedrooms, vanities, and bathrooms should
be controlled by vacancy sensor switch.
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Sample Layouts (Fig. G.2)

COMMENTS
LPD = 0.50 W/ft2

Maintained illuminance at work-surfaces = 30 
- 40fc

TYPE KEY
F02: (1) lamp F32WT8, 4’ wall bracket direct/indirect, 0.88 
BF, wall mount
F07-2: (1) lamp F32WT8. 2’ narrow lensed wrap, 0.77 BF
F07-4: (1) lamp F32WT8, 4’ narrow lensed wrap, 0.73 BF
F08: (2) lamp F32WT8, 4’ wide lensed wrap, 0.88 BF
F09: (1) lamp F17WT8, 2’ undercabinet task, 0.77 BF
F13: (1) lamp F17WT8, 2’ strip light, 1.00 BF, wall mount 
above door
F14: (2) lamp F17WT8, 2’ vanity wrap, 0.73 BF
F30: (1) lamp CF13W/GU24, table lamp with dedicated CFL 
socket

Fig. G.2 Sample schematic lighting layout (not to scale)
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Mechanical/Electrical

Lighting technologies Target illuminance Target LPD

Lamp Luminaire 30 fc 0.70 W/ft2

L01 Fluor 32WT8 F07 Narrow Lensed Wrap

F13 Strip

Ballast/driver Controls
B04 Program Start C02 Ultra Sonic Occ/Vac Sensor

Space Description

Mechanical and electrical rooms contain equipment that may include motors,
pumps, air handlers, boilers, transformers, lighting controls, circuit breakers, and
other similar devices required for building operation. These spaces are typically only
occupied by maintenance staff in time of repair or routine maintenance.

Considerations

Facilities personnel must be able to read small print on the surfaces of equipment and
perform routine maintenance tasks. Lighting should be provided primarily for the
working surfaces of the equipment. Task areas such as the face of a circuit breaker or
name plates should be lighted to 30 fc; spaces in between tasks areas should be
lighted to 5 fc or more as in corridor spaces.

Lighting Approach

Use high-efficacy sources located near/above task surfaces arranged to light critical
task surfaces. Do not add additional lighting over circulation areas. Use linear
fluorescent strip or wrap luminaires on chain mounts. Select luminaires, lamps,
and ballast factor combinations appropriately to provide sufficient illuminance
without over-lighting.

Controls

Ultrasonic occupancy sensors may be used in these areas, but should be placed and
commissioned with care to prevent false vacancy readings. Due to obstructions and
the typical lack of daylight in these spaces, using a long timeout period, such as
60 minutes, will also help prevent luminaires being turned off when the space is
occupied.
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Office (Open)

Lighting technologies
Target
illuminance

Target
LPD

Lamp Luminaire 30–50 fc 0.70 W/ft2

L01 Fluor 32WT8 F03 Non-planar Lensed Troffer

LED F04 Suspended Direct/Indirect

F05 Furniture Integrated

F09 or F51 Task

F12 Wallwash

F40 or F50 Adjustable Accent

Ballast/driver Controls
B01 Multilevel C05 Integrated occ./day

sensorsB02 Dimming

B06 LED dimming
driver

B07 Smart luminaires

Space Description

Open offices are designed to accommodate multiple individual work areas, typically
separated by movable partitions and circulation areas. Individual work areas typi-
cally contain a computer, telephone, personal storage, and desk space for reading
and writing. Furniture locations are not permanent and may change with needs and
staffing. Open offices typically have one or more perimeter window walls that can
provide views to the outdoors and usable daylight.

Considerations

Users’ age, job function, and occupancy vary in each open office area. Work plane
illuminance, as suggested by the IESNA, ranges from 30 fc to 50 fc for most office
reading tasks. The visual needs of an older occupant in one work area may be
different than that of a younger occupant. In most cases, the circulation space
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between work areas requires little if any lighting in addition to that provided for
work areas. It is typical to find some work areas occupied and some vacant
throughout the work day. Direct and reflected glare should be considered. Direct
sunlight on work surfaces can contribute to glare and make it difficult to perform
work. Lighting in the daylight zone (approximately twice the window head height)
can often be turned off or reduced to a low power setting during the day.

Lighting Approach

The lighting system in these spaces should be easily adaptable to suit the needs of
occupants. Providing a task/ambient solution is an effective way to minimize energy
use while providing sufficient lighting for the occupants. This can be achieved by
providing a 15 to 25 fc of ambient (furniture-mounted or overhead) lighting –

enough for computer use, facial recognition, and circulation – supplemented by
individually controlled task lighting at each workstation. The lack of full height
partitions and low-level ambient lighting may leave the space feeling dim in some
cases. To avoid this perception, interior full height partitions should be lighted with
wallwashers or similar. This is especially effective when lighting the wall opposite
the window wall in deeper spaces to balance vertical brightness in the field of view.

Controls

Because of the intermittent occupancy patterns, a lot of energy is wasted in open
offices’ traditional controls approach, either the entire zone is ON or OFF
irrespective of where actual occupancy is. Smart luminaires that offer wireless
grouping and granular dimming functionality (bright light levels when there is
local occupancy, but dim levels where there is vacancy within a zone/group).
Without integrated approach, multiple ceiling-mounted sensors are required to
achieve the desired sensing coverage, and the controllability is limited to how lights
are wired; there is no room for space churn and easy adaptability, but with smart
luminaires these limitations could be overcome. Smart luminaires also offer daylight
sensing with automatic daylight calibration thereby making the system immune to
space orientation and churn.
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Sample Layouts

A: SAMPLE SCHEMATIC LIGHTING LAYOUTFOR CEILING HEIGHTS AT OR BELOW 9 FT, 0 IN. (NOT TO SCALE)

B: SAMPLE SCHEMATIC LIGHTING LAYOUT FOR CEILING HEIGHTS ABOVE 9 FT, 0 IN. (NOT TO SCALE)
COMMENTS
LPD with task lights = 0.77 W/ft2

LPD without task lights = 0.61 W/ft2

Maintained task illuminance = 40 - 54 fc
Maintained ambient illuminance = 27 - 50 fc
TYPE KEY
F03: (1) lamp F32WT8. non-planar lensed troffer, 1.15 
BF
F51: 6W Undercabinet LED task light (furniture 
mounted)

COMMENTS
LPD with task lights = 0.72 W/ft2

LPD without task lights = 0.56 W/ft2

Maintained task illuminance = 37 - 53 fc
Maintained ambient illuminance = 20 - 45 fc
TYPE KEY
F04: (1) lamp F32WT8, suspended direct/indirect, 
1.00 BF
F51: 6W undercabinet LED task light (furniture 
mounted)
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Office (Enclosed)

Lighting technologies Target illuminance Target LPD

Lamp Luminaire 30–50 fc 0.80 W/ft2

L01 Fluor 32WT8 F03 Non-planar Lensed Troffer

LED F04 Suspended Direct/Indirect

F05 Furniture Integrated

F51 Task

LED luminaires

Ballast/driver Controls
B01 Multilevel C01 IR Occ/Vac Sensor

B06 LED dimming driver C05 Integrated occ./day sensor

B07 Smart luminaires

Space Description

Enclosed offices are typically intended for use by one person, though some enclosed
offices may be used by two people. A typical enclosed office contains a computer,
telephone, personal storage, and desk space for reading and writing and may contain
an additional seating area.

Considerations

Users of private offices vary by age and job function. Work plane illuminance, as
suggested by the IESNA, ranges from 30 fc to 50 fc for most office reading tasks.
The visual needs of an older occupant in one office may be much different than that
of a younger occupant in another. Private offices often have a window to the
outdoors and are frequently unoccupied.

Lighting Approach

The lighting system in these spaces should be easily adaptable to suit the needs of
occupants. Providing a task/ambient solution is an effective way to minimize energy
use while providing sufficient lighting for the occupants. This is achieved by
providing 15 to 25 fc ambient lighting – enough for computer use, facial recognition,
and circulation – supplemented by individually controlled task lighting at each
workstation. Alternatively, a bi-level or dimmable overhead lighting system can
provide similar savings as many occupants may choose the lower lighting level.
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Controls

Vacancy sensors should be used in offices with daylight access. For interior private
offices, occupancy sensors that activate a low light output should be used. All task
lighting should be controlled by independent vacancy sensor. Dimmers that can
control the overhead lighting throughout its dimming range are recommended. Smart
luminaires that are wirelessly linked to a compatible wireless dimmer switch offer
the most flexibility.

Lighting technologies Target illuminance Target LPD

Lamp Luminaire 30–50 fc 0.80 W/ft2

L01 Fluor 32WT8 F03 Non-planar Lensed Troffer

LED F04 Suspended Direct/Indirect

F05 Furniture Integrated

F51 Task

LED luminaires

Ballast/driver Controls
B01 Multilevel C01 IR Occ/Vac Sensor

B06 LED dimming driver C05 Integrated occ./day sensor

B07 Smart luminaires

Space Description

Enclosed offices are typically intended for use by one person, though some enclosed
offices may be used by two people. A typical enclosed office contains a computer,
telephone, personal storage, desk space for reading and writing and may contain an
additional seating area.
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Considerations

Users of private offices vary by age and job function. Work plane illuminance, as
suggested by the IESNA, ranges from 30 fc to 50 fc for most office reading tasks.
The visual needs of an older occupant in one office may be much different than that
of a younger occupant in another. Private offices often have a window to the
outdoors and are frequently unoccupied.

Lighting Approach

The lighting system in these spaces should be easily adaptable to suit the needs of
occupants. Providing a task/ambient solution is an effective way to minimize energy
use, while providing sufficient lighting for the occupants. This is achieved by
providing 15 to 25 fc ambient lighting – enough for computer use, facial recognition,
and circulation – supplemented by individually controlled task lighting at each
workstation. Alternatively, a bi-level or dimmable overhead lighting system can
provide similar savings as many occupants may choose the lower lighting level.

Controls

Vacancy sensors should be used in offices with daylight access. For interior private
offices, occupancy sensors that activate a low light output should be used. All task
lighting should be controlled by independent vacancy sensor. Dimmers that can
control the overhead lighting throughout its dimming range are recommended. Smart
luminaires that are wirelessly linked to a compatible wireless dimmer switch offer
the most flexibility.
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Sample Layouts

A: SAMPLE SCHEMATIC LIGHTING LAYOUTFOR CEILING HEIGHTS AT OR BELOW 9 FT, 0 IN. (NOT TO SCALE)
COMMENTS
LPD with task lights = 0.77 W/ft2

LPD without task lights = 0.61 W/ft2

Maintained task illuminance = 40 - 54 fc
Maintained ambient illuminance = 27 - 50 fc

TYPE KEY
F03: (1) lamp F32WT8. non-planar lensed troffer, 
1.15 BF
F51: 6W Undercabinet LED task light (furniture 
mounted)

B: SAMPLE SCHEMATIC LIGHTING LAYOUT FOR CEILING HEIGHTS ABOVE 9 FT, 0 IN. (NOT TO SCALE)
COMMENTS
LPD with task lights = 0.77 W/ft2

LPD without task lights = 0.70 W/ft2

Maintained task illuminance = 37 - 65 fc
Maintained ambient illuminance = 20 - 40 fc

TYPE KEY
F04: (1) lamp F32WT8, suspended direct/indirect, 
1.00 BF
F51: 6W Undercabinet LED task light (furniture 
mounted)
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Reception/Waiting

Lighting technologies
Target
illuminance

Target
LPD

Lamp Luminaire 15–30 fc 0.60 W/ft2

L05 Compact Fluor F03 Non-planar Lensed Troffer

L07 Fluor 17WT8 F30 Task

LED luminaires

Ballast/driver Controls
B06 LED dimming
driver

C02 Ultra Sonic Occ/Vac
Sensor

B07 Smart luminaires C07 Dimming Photosensor

C05 Integrated occ./day sensor

Space Description

Reception area typically serves as a transitional space between the exterior and the
rest of the interior. Activities expected in this space include egress, reading, and
writing at the reception desk task plane. This space also serves as an initial impres-
sion of the function and value of the facility.

Considerations

As an initial impression of the function and value of the facility, the reception area
should be relatively congruent in light color (expressed in �k) and illuminance to the
corridors throughout the facility. Reading and writing activities can be reasonably
expected by users from 25 years to >65 in the reception desk area.

Lighting Approach

In waiting areas and circulation areas 15 to 20 fc ambient lighting facilitates facial
recognition, and circulation and short reading tasks. The lighting system at the
reception desk area should be easily adaptable to suit the needs of occupants.
Providing a task/ambient solution is an effective way to minimize energy use
while providing sufficient lighting for the occupants. This is achieved by providing
15 to 30 fc ambient lighting – enough for computer use, facial recognition, and
circulation – supplemented by individually controlled task lighting at the worksta-
tion. Alternatively, a bi-level or dimmable overhead lighting system can provide
similar savings since many occupants may choose the lower lighting level.
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Controls

Because of intermittent occupancy patterns in this space and overall dynamics more
closely associated with an open office, smart luminaires with wireless grouping and
granular dimming are recommended.

Lighting controlled by occupancy set at a predetermined delay of 10–20 minutes,
with auto-off when unoccupied. All task lighting should be controlled by indepen-
dent vacancy sensors at each workstation. Daylight responsive lighting controls
should be used in areas with sufficient access to daylight.

Sample layout

Sample schematic lighting layout (not to scale)
Ceiling = 2’x2’ acoustical ceiling tile, 8 ft, 8 in. AFF Typical
COMMENTS
LPD = -2: 0.54 W/ft2 -LED: 0.58 W/ft2

Illuminance on work surface = -2: 18-30fc -LED: 25-
35 fc
Maintained average illuminance in circulation areas 
= 10-30 fc
Calculated with 80%/70%/20% ceiling/wall/floor 
reflectance and 95% Luminaire Dirt Depreciation

TYPE KEY
F03-2: (2) Lamp 17WT8, 2’x2’ Non-Planar Lensed 
Troffer, 0.88 BF
F03-2: 2’x2’ Non-Planar LED Lensed Troffer, 0.75 BF
F30: (1) 18WCFL Desktop Task
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Restroom/Shower

Lighting technologies Target illuminance Target LPD

Lamp Luminaire 20 fc 0.80 W/ft2

L01 Fluor 32WT8 F01 Lensed Troffer

F06 Perimeter

F14 Vanity

F31 or F52 Downlight

Ballast/driver Controls
B04 Program Start C02 Ultra Sonic Occ/Vac Sensor

C04 Wallbox Occ/Vac Sensor

Space Description

Restrooms include one or more toilets and lavatories with a mirror for grooming.
Some restrooms include showers and changing facilities.

Considerations

Restrooms are intermittently occupied and used for short durations. The primary
visual task is hand washing and grooming. The IESNA illuminance for this space is
5 fc, though lighting the walls and providing illuminances in the range of 10 fc to
20 fc near the sinks and toilets can help make the space feel brighter, which may
promote cleanliness. The illuminance provided between the sink and toilets is
non-critical and may be as low as 5 fc. Luminaires in the shower areas need to be
rated for wet locations.

Lighting Approach

Provide overhead perimeter lighting above the sinks and along the toilet wall. Some
restrooms may require an additional luminaire near the room entry, though often the
perimeter luminaires are all that is necessary. Luminaires with one lamp may and a
low ballast factor should be considered. Overhead lighting provided above the
showers and near the locker areas is often all that is required in these areas.

Controls

Ultrasonic occupancy sensors should be used in these spaces to prevent false
vacancy readings that may occur with infrared sensors due to interior partitions.
These systems should be automatic-on, automatic-off.
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Server Room

Lighting technologies Target illuminance Target LPD

Lamp Luminaire 30 fc 0.85 W/ft2

L01 Fluor 32WT8 F01 Lensed Troffer

F07 Narrow Lensed Wrap

LED luminaires

Ballast/driver Controls
B07 Smart luminaires C02 Ultra Sonic Occ/Vac Sensor

C05 Integrated occ./day sensor

Space Description

Server rooms house semi-permanently installed computer equipment in racks, typ-
ically arranged in rows to allow for easy access to the front and back of server
equipment.

Considerations

IT personnel must be able to identify computer equipment, data connections, and
cables and install components with small fasteners. Lighting should be provided to
illuminate the vertical faces of each server rack. These spaces are frequently unoc-
cupied and seldom have access to daylight.

Lighting Approach

Locate and specify highly efficient luminaires between server racks to light vertical
surfaces to 30 fc.

Controls

Server rooms have very rare movements, but in some cases for safety reasons, the
lights need to remain on. With smart LED luminaire, it is possible to deliver high
light output when the space is occupied and low light levels during periods of
vacancy. Alternately, ultrasonic occupancy sensors should be used in these areas.
Multiple sensors and zones may be required for larger spaces with several server
racks. Sensors integrated into wall switches should be used in small areas.
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Serving Area

Lighting technologies
Target
illuminance

Target LPD

Lamp Luminaire 50 fc 0.70 W/ft2

L01 Fluor 32WT8 F01 Lensed Troffer

L06 20/39W CMH F16 Suspended Direct

F40 Adjustable Accent

F31 or F52 Downlight

LED luminaires

Ballast/driver Controls
B03 Instant Start C01 Occ/Vac Sensor

B05 Electronic CMH C05 Integrated occ./day sensor

B06 LED dimming drivers C08 Switching Photosensor

Space Description

The serving area is in buffet format with food serving areas arranged around the
perimeter of the space with a central island with circulation space in between. The
space behind the food serving areas is used for light food preparation and storage.

Considerations

High color rendering lighting is recommended for appealing food appearance.
Lighting on work surface and food presentation areas should be 50 fc. Spill light
from lighting the food displays will often be enough to light the circulation areas.
Lensed luminaires are required.

Lighting Approach

Use high color rendering (85+ CRI) sources. Use linear fluorescent lensed troffers
for lighting larger food displays and work areas. Use ceramic metal halide accent
luminaires to highlight special food display areas or those in a center island, for
example. Minimize the use of recessed downlights; consider LEDs when recessed
downlights are to be used.
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Controls

Lighting should be controlled with a building timeclock. All luminaires, including
equipment integrated lighting, should be switched off at closing time. Occupancy
sensors may also be used in these areas for further energy savings.

Sample layout

SAMPLE SCHEMATIC LIGHTING LAYOUT (NOT TO SCALE)
COMMENTS
LPD = 0.58 W/ft2

Illuminance on food displays = 39-54 fc
Illuminance in circulation area = 11-33 fc

TYPE KEY
F01: (1) lamp F32WT8, 1x4 ft recessed lensed 
troffer, 1.18 BF
F16: (2) lamp F32WT8, suspended linear direct, 0.88 
BF
F40: (1) lamp 39W CMH, adjustable accent, 1.0 BF
F52: 25W recessed LED downlight, lensed

460 Appendixes



Stair

Lighting technologies
Target
illuminance

Target
LPD

Lamp Luminaire 5 fc 0.50 W/ft2

L01 Fluor 32WT8 F07 Narrow Lensed Wrap

F15 Bi-level Occ Sens
Wrap

Ballast/driver Controls
B01 Multilevel C05 Integrated Occ

SensorB06 and BO7 LED dimming
drivers

Space Description

Stairwells are typically enclosed and often contain a landing between two building
floors. These spaces are used for daily circulation as well as for egress in the case of
emergency.

Considerations

Stairways are typically critical exit paths in the case of an emergency. The IESNA
recommended target illuminance for stairs is measured at 5 ft, 0 in. above the
finished floor. These spaces are intermittently occupied, and some stairwells are
used only in case of an emergency. There are conflicting code requirements that
stipulate minimum illuminance on stair treads. Building codes typically require a
minimum illuminance level even when occupied. Refer to applicable building and
safety codes in determining compliance of stair lighting.

Lighting Approach

Locate luminaires at each landing, mounted on wall or ceiling at door locations while
meeting applicable safety code requirements.

Controls

Use luminaire integrated occupancy sensors to reduce luminaire to low light output,
low power setting when vacancy is detected.
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Storage (General)

Lighting technologies Target illuminance Target LPD

Lamp Luminaire 10 fc 0.50 W/ft2

L01 Fluor 32WT8 F01 Lensed Troffer

F13 Strip

Ballast/driver Controls
B04 Program Start C01 IR Occ/Vac Sensor

C02 Ultra Sonic Occ/Vac Sensor

C04 Wallbox Occ/Vac Sensor

Space Description

Storage areas typically contain shelving to store items vertically. These spaces are
typically occupied for brief periods to store or retrieve items.

Considerations

Occupants must be able to identify stored objects and read labels. Lighting should be
provided to light the faces of stored items. Lighting the top of shelves is not useful,
while light on the front face of shelving will allow for quick identification of items.

Lighting Approach

Use high-efficacy sources located near/above task surfaces arranged to light critical
task surfaces to 10 fc. Do not add additional lighting over circulation areas or directly
above shelving units. Use linear fluorescent strip or wrap luminaires. Select lumi-
naires, lamps, and ballast factor combinations appropriately to provide sufficient
illuminance without over-lighting.

Controls

IR and/or ultrasonic occupancy sensors should be used in these areas depending on
shelving and other obstructions. Sensors integrated into wall switches should be used
in small storage areas.
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Storage (Dry Food)

Lighting technologies Target illuminance Target LPD

Lamp Luminaire 10 fc 0.70 W/ft2

L01 Fluor 32WT8 F01 Lensed Troffer

Ballast/driver Controls
B04 Program Start C02 Ultra Sonic Occ/Vac Sensor

Space Description

Dry food storage area used to store food and contain movable shelving. Kitchen staff
must be able to identify labels and textures of stored food items.

Considerations

Relatively low light levels are required, 10 fc (per TB MED 530, the IESNA level is
5 fc). Lighting on vertical surfaces is critical as items are typically stored on
shelving. If movable shelving units are used, lighting should be sufficient on shelf
surfaces for all typical storage positions. Lamps need to be shielded if storage areas
will contain open packages or other exposed food.

Lighting Approach

Use high-efficacy sources located near/above task surfaces arranged to accommo-
date movable storage units if in use. Do not add additional lighting over circulation
areas. Use sealed and gasketed linear fluorescent luminaires. Select luminaires,
lamps, and ballast factor combinations appropriately to provide sufficient illumi-
nance without over-lighting.

Controls

Lighting should be controlled with an occupancy sensor.
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Telecom/SIPRNET

Lighting technologies
Target
illuminance

Target
LPD

Lamp Luminaire 50 fc 1.20
W/ft2L01 Fluor 32WT8 F01 Lensed Troffer

F07 Narrow Lensed Wrap

Ballast/driver Controls
B04 Program Start C02 Ultra Sonic Occ/Vac

Sensor

B06 and B07 LED dimming
drivers

C04 Wallbox Occ/Vac
Sensor

C05 Integrated Occ sensors

Space Description

Telecom and SIPRNET rooms house semi-permanently installed computer and
telecommunications equipment arranged in racks or against walls.

Considerations

Personnel must be able to identify computer equipment, data connections and cables
and install components with small fasteners. Lighting should be provided to illumi-
nate the vertical faces of equipment. These spaces are frequently unoccupied and
seldom have access to daylight.

Lighting Approach

Locate and specify highly efficient luminaires to light critical surfaces to 50 fc, avoid
locating luminaires directly above or behind equipment to maximize the light falling
on critical surfaces.

Controls

Ultrasonic occupancy sensors should be used in these areas. Multiple sensors and
zones may be required for larger spaces, for such scenarios to get optimum coverage
areas smart luminaires with integrated sensors are recommended. Sensors integrated
into wall switches should be used in small areas.
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Vault

Lighting technologies Target illuminance Target LPD

Lamp Luminaire 40 fc 0.70 W/ft2

L01 Fluor 32WT8 F01 Lensed Troffer

F09 or F51 Task

Ballast/driver Controls
B04 Program Start C01 IR Occ/Vac Sensor

Space Description

Vaults are secure spaces used to temporarily store sensitive items, such as weapons
and ammunition, non-sensitive items with high value, serial numbered items, or
secure telecommunication items. Typically there is an administrative workstation
and in some cases a workbench area in each vault.

Considerations

Personnel must be able to identify stored objects and read serial numbers with fine
print. Lighting should be provided to light the faces of stored items and the
workbench and desk area.

Lighting Approach

Use high-efficacy sources located near/above task surfaces arranged to light critical
task surfaces to 40 fc. Do not add additional lighting over circulation areas. Use
linear fluorescent strip or wrap luminaires. Select luminaires, lamps, and ballast
factor combinations appropriately to provide sufficient illuminance without over-
lighting.

Controls

IR occupancy sensors should be used in these areas.
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Training Room (Small)

Lighting Technologies
Target
illuminance

Target
LPD

Lamp Luminaire 30–35 fc 0.80
W/ft2L01 Fluor 32WT8 F03: Non-planar Troffer

L07 Fluor 17WT8 F03-LED: Non-planar
Troffer

L10 54WT5HO F04 Suspended Direct/
IndirectLED

Ballast/driver Controls
B02 Dimming C05 Integrated occ./day

sensors

B04 Program Start C01 Dual Tech Occ/Vac
Sensor

B06 and B07 LED dimming
drivers

C07 Dimming Photosensor

Space Description

Training rooms are multi-use spaces accommodating lecture, discussion, interactive/
collaborative exercises, AV presentations, reading, and note taking.

Considerations

These spaces are small areas where highly interactive and visual activities often take
place. Smart boards in these areas act as projection surfaces as well as writing
surfaces. Glare control is imperative for clarity during AV presentations. Due to
the adaptive nature of this room, training rooms should be equipped with lighting
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systems that can provide different lighting scenes (multi-scene controllers or manual
switches/dimmers). For reading and writing tasks, the general lighting system should
be able to provide an average of 35fc on the work plane. When a smart board is in
use, general lighting should be able to dim to preset levels, or manually dimmed to
the presenter’s preference. Lighting on the teaching wall should be separately
controlled by a wall control located adjacent to the smart board.

Lighting Approach

Primarily indirect lighting is preferred in spaces where AV presentations are fre-
quent. In spaces with ceilings over 9 ft, 0 in., dimmable, 70–75% indirect distribu-
tion pendants provide ergonomic, low-glare lighting from a maximum of 25–35fc
with levels variable according the preference of the presenter to accommodate
reading, note taking, and facial recognition. In ceilings below 9 ft, 0 in.,
non-planar lensed troffers provide similar high-efficiency, indirect lighting.

Controls

These spaces are similar to conference rooms where a minimum of two zones are
required in these spaces, one for the teaching wall, one for the general lighting, and
another may be required for spaces with access to daylighting to allow for daylight-
ing dimming of luminaires adjacent to windows. Wall-mounted dimming interfaces
should be provided at room entries and additional scene recall controls at the
teaching wall are desirable. Smart luminaires with wireless grouping functionality
are recommended to allow for flexibility in zone creation as per user preferences.
The controls should also allow for light levels to be stored at different levels as scene.
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Sample Layout

A: SAMPLE SCHEMATIC LIGHTING LAYOUT FOR CEILING HEIGHTS BELOW 9’ AFF (NOT TO SCALE)
B: SAMPLE SCHEMATIC LIGHTING LAYOUT FOR CEILING HEIGHTS ABOVE 9’ AFF (NOT TO SCALE)
COMMENTS
LPD = 0.8 W/ft2

Illuminance on work surface = 30-35 fc -LED: 25-
40 fc
Maintained average illuminance in circulation areas 
= 30-50 fc
Vertical illuminance teaching wall: 15 -19 fc wallwash 
off/ 30-34 fc wallwash on
Calculated with 80%/70%/20% ceiling/wall/floor 
reflectance

TYPE KEY
F03: (2) lamp F17WT8. non-planar troffer, 0.88 BF 
Bi-level ballast
F03-LED: 2’x2’ LED non-planar troffer, 0.75 BF
F04: (1) lamp F54WT5HO, suspended 
direct/indirect, 1.0 BF, mounted 8’AFF
F12: (1) Lamp 32WT8 1x4 ft/ (1) 17WT8, 1’x2’ 
Wallwasher, 0.88 BF
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Parking

Lighting technologies Target illuminance Target LPD

Lamp Luminaire 4.0 fc 0.10 W/ft2

L09: 150W CMH B01 Multilevel

139W LED B04 Program Start

Ballast/driver Controls
B01 Multilevel C05 Integrated Occ Sensor

B04 Program Start C09 Timeclock

Space Description

Open parking facilities accommodating vehicular traffic and pedestrians.

Considerations

Safe operation of vehicles day or night as well as the safety of pedestrians in the area
is of primary concern. Energy usage during times when the lot is not in use should be
kept at a minimum. For the safety and comfort, the uniformity of illuminance levels
should also be taken into consideration with the ratio of the average level of
illuminance to the minimum should be less than 4:1.

Lighting Approach

Type II distribution ceramic metal halide or LED roadway lighting on 24 in. arm
mounted on 22 ft poles, respectively, provide maximum spacing with a maintained
average of 4 fc.

Cut off fixtures prevent light pollution by not directing any light above 90 �F
(32 �C).

Controls

LED lighting should be specified with integrated occupancy sensors and
programmed to reduce to 50% when area unoccupied and come up to 100% when
pedestrian or vehicular traffic is detected.

Metal halide roadway fixture should be controlled by timeclock to switch off
when ambient natural lighting can predictably exceed target.

Maximum energy savings are achieved through LED roadway/sight lighting due
to low-level setting during periods of inactivity.
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Sample Layout

SAMPLE SCHEMATIC LIGHTING LAYOUT (NOT TO SCALE)
COMMENTS
LPD = F53: 0.08 W/ft2

F53-LED: 0.04 W/ft2

Maintained average illuminance =
F53: 3.2 fc F53-LED: 1.9 fc
Minimum illuminance: F53: 0.5 fc F53-LED: 0.4 fc
Maximum/Minimum Ratio = F53: 19.6:1
F53-LED: 19.5:1
Calculated with ground = 0.10% reflectance

TYPE KEY
F53: Type II distribution Ceramic Metal Halide (CMH) 
roadway luminaire BF 1.0 Mounting = 24’ pole
F53-LED: Type II distribution LED roadway luminaire
Mounting = 22’ Pole
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Roadway Lighting

Local with Medium Pedestrian Activity

Lighting technologies Target illuminance Target LPD

Lamp Luminaire 1 fc 0.50 W/ft2

L09: 150W CMH F53 CMH Roadway

F53-LED LED Roadway

Ballast/driver Controls
B01 Multilevel C05 Integrated Occ Sensor

B04 Program Start C09 Timeclock

Space Description

Local roadways with medium pedestrian conflict as defined by the IES in roadway
lighting RP-8-00 are generally used for direct access to residential or commercial or
industrial facilities, tend to carry light vehicular traffic. Few pedestrians (11–100/
hour in a typical 200 meter (656 ft.) section) are expected to frequent the area during
the night hours.

Considerations

Pedestrian safety and comfort is a primary concern for local roadways. Roadways
should be useful and welcoming during night hours as well as the daytime.

Vehicular operation should also be facilitated and encouraged with proper levels
of visibility and contrast to minimize night accidents and maximize the utility of a
roadway investment.

Lighting Approach

Type II distribution CMH or LED roadway lighting on 24 in. arm mounted on 24 ft
poles provide maximum horizontal beamspread with minimal light behind the
luminaire directed toward pedestrian ways, thereby minimizing the number of
fixtures required to light a designated span of roadway. Cutoff fixtures prevent
light pollution by not directing any light above 90 �F (32 �C).
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Controls

LED lighting should be specified with integrated occupancy sensors and
programmed to reduce to 15% when area is unoccupied and come up to 100%
when pedestrian or vehicular traffic is detected.

Metal halide roadway fixture should be controlled by timeclock to switch off
when ambient natural lighting can predictably exceed target.

Local with Medium Pedestrian Activity: Sample Layout

SAMPLE SCHEMATIC LIGHTING LAYOUT (NOT TO SCALE)
COMMENTS
LPD = F53: 0.03 W/ft2

F53-LED: 0.02 W/ft2

Maintained illuminance in circulation areas = 
F53: 0.5-4 fc
F53-LED: 0.6-3.5 fc
Calculated with ground = 0.10% reflectance

TYPE KEY
F53: Type II distribution CMH roadway luminaire BF 1.0
Mounting = 24-ft pole with 24-in. arm
F53-LED: Type II distribution LED roadway luminaire BF 
0.75
Mounting = 24-ft pole with 24-in. arm
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Education: Kindergarten/Preschool Classroom

Lighting technologies
Target
illuminance

Target
LPD

Lamp Luminaire 15–30 fc 0.70 W/ft2

L01 Fluor 32WT8 F01-LED: LED Troffer

F01-2: Fluorescent Troffer

F12 Wallwash

Ballast/driver Controls
B01 Multilevel C05 Integrated occ./day

sensorB06&B07 LED dimming
drivers

Space Description

Classrooms may be used for any or all of the following activities: teaching, AV
presentations, team exercises, reading, and fine motor activities.

Considerations

Due to space activities, classrooms should be equipped with lighting systems that
can provide different lighting scenes (multi-scene controllers or manual switches/
dimmers). For reading and fine motor tasks, the lighting system should be able to
provide 40 fc or more on the work plane. For AV presentation mode, the general
classroom work plane illuminance should be able to be reduced to between 10 and
20 fc, with no more than 20 fc on the presentation wall. Lighting on teaching walls
should be independent from general lighting system.

Lighting Approach

Use highly efficient lensed recessed fluorescent luminaires for general lighting. To
provide for multiple uses of classrooms, the lighting system should be divided into
two or more zones. Each luminaire in the general lighting zones should be capable of
two or more light output modes to achieve recommended illuminances for reading
and AV mode. At a minimum, this should include one for general lighting and one
for the teaching wall. For larger perimeter classrooms with daylight access, three or
more zones may be required, minimally including a general lighting zone, a general
lighting daylight zone, and a teaching wall zone.
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Controls

Wall-mounted lighting controls should be provided at room entries as well as
additional scene recall controls at the teaching wall are desirable for larger class-
rooms. Smart luminaires with integrated occ./day sensor and wireless grouping
functionality are preferred for maximum savings and for providing flexibility to
teachers to define various lighting zones and scenes based on their preference. All
luminaires must be able to dim to accommodate AV presentations.

In some instances modern technology like Tunable White could be used to help
teachers’ condition student activities and their mood settings by simply altering the
color temperature and intensity of the lighting systems.

Education: Kindergarten Classroom

Sample Layout

SAMPLE SCHEMATIC LIGHTING LAYOUT (NOT TO SCALE)
CEILING = 2X2 FT ACOUSTICAL CEILING TILE, 8 FT, 8 IN. AFF TYPICAL
COMMENTS
LPD = F01-2: 0.60 W/ft2

F01-LED: 0.50 W/ft2

Maintained illuminance on work surface = F01-2: 
30-50 fc
F01-LED: 25-40 fc
Maintained average illuminance in circulation areas 
= 30-50 fc
Vertical illuminance teaching wall: 45 fc

TYPE KEY
F01-2: (2) Lamp 32WT8, 2x4 ft Lensed Troffer, 0.88 
BF
F01-LED: 2x4 ft LED Lensed Troffer, 0.75 BF
F12: (1) Lamp 32WT8, 1x4 ft Wallwasher, 0.88 BF
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Education: High School Classroom

Lighting technologies
Target
illuminance

Target
LPD

Lamp Luminaire 15–30 fc 0.70 W/ft2

L01 Fluor 32WT8 F01-LED: LED Troffer

F01-2: Fluorescent Troffer

F12 Wallwash

Ballast/driver Controls
B01 Multilevel C01 IR Occ/Vac Sensor

B06&B07 LED dimming
drivers

C07 Dimming Photosensor

C05 Integrated occ./day
sensor

Space Description

Classrooms may be used for any or all of the following activities: teaching, AV
presentations, team exercises, reading, and note taking.

Considerations

Due to space activities, classrooms should be equipped with lighting systems that
can provide different lighting scenes (multi-scene controllers or manual switches/
dimmers). For reading and writing tasks, the lighting system should be able to
provide 40 fc or more on the work plane. For AV presentation mode, the general
classroom work plane illuminance should be able to be reduced to between 10 and
20 fc, with no more than 20 fc on the presentation wall. Lighting on teaching walls
should be independent from general lighting system.

Lighting Approach

Use highly efficient lensed recessed fluorescent luminaires for general lighting. To
provide for multiple uses of classrooms, the lighting system should be divided into
two or more zones. Each luminaire in the general lighting zones should be capable of
two or more light output modes to achieve recommended illuminances for reading
and AV mode. At a minimum, this should include one for general lighting and one
for the teaching wall. For larger perimeter classrooms with daylight access, three or
more zones may be required, minimally including a general lighting zone, a general
lighting daylight zone, and a teaching wall zone.
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Controls

Wall-mounted lighting controls should be provided at room entries as well as
additional scene recall controls at the teaching wall are desirable for larger class-
rooms. Smart luminaires with integrated occ./day sensor and wireless grouping
functionality are preferred for maximum savings and for providing flexibility to
teachers to define various lighting zones and scenes based on their preference. All
luminaires must be able to dim to accommodate AV presentations.

In some instances, modern technologies like Tunable White could be used to
improve the mood in office or classroom settings by simply altering the color
temperature and intensity of the lighting systems.

Sample Layout

SAMPLE SCHEMATIC LIGHTING LAYOUT (NOT TO SCALE)
CEILING = 2’X2’ ACOUSTICAL CEILING TILE, 8 FT, 8 IN. AFF TYPICAL
COMMENTS
LPD = -2: 0.63 W/ft2 -LED: 0.50 W/ft2

Illuminance on work surface = -2: 30-45 fc -LED: 25-
40 fc
Maintained average illuminance in circulation areas 
= 30-50 fc
Vertical illuminance teaching wall: 45fc Calculated 
with 80%/70%/20% ceiling/wall/floor reflectance

TYPE KEY
F01-2: (2) Lamp 32WT8, 2x4 ft Lensed Troffer, 0.88 
BF
F01-LED: 2x4 ft LED Lensed Troffer, 0.75 BF
F12: (1) Lamp 32WT8, 1x4 ft Wallwasher, 0.88 BF
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Education: Active Play Area

Lighting technologies
Target
illuminance

Target
LPD

Lamp Luminaire 30–50 fc 0.50 W/ft2

L01 Fluor 32WT8 F01-2: Fluorescent Troffer

F01-LED: LED Troffer

Ballast/driver Controls
B01 Multilevel C01 IR Occ/Vac Sensor

B06&B07 LED dimming
drivers

C07 Dimming Photosensor

C08 Switching Photosensor

C05 Integrated occ./day
sensors

Space Description

Multifunctional space that accommodates indoor physical education, as well as
various unrelated activities including team exercises, after-school recreation, dining,
and small-scale dramatic presentations.

Considerations

Furniture arrangement in these areas is subject to change so lighting should be
independent of furniture layout. The most visually demanding task expected –

reading – should be accommodated with 20–30 fc for reading. Low illuminance is
sufficient for most other activities with 10 to 15 fc being sufficient for most.

Lighting Approach

High-efficiency recessed fluorescent or LED troffers provide 30–50 fc diffuse
general lighting for facial recognition, short reading, and writing tasks, and various
physical activity. Each luminaire in the general lighting zones should be capable of
two or more light output modes to achieve recommended illuminances for reading
and AV mode.

Controls

Wall-mounted lighting controls should be provided at room entries. Vacancy sensors
are preferred in spaces with access to daylight. Occupancy sensors that automatically

Appendixes 477



set the general lighting to low output mode are acceptable for rooms with no daylight
access.

Smart luminaires with integrated occ./day sensor and wireless grouping function-
ality are preferred for maximum savings and for providing flexibility to teachers to
define various lighting zones and scenes based on their preference. All luminaires
must be able to dim to accommodate AV presentations.

In some instances modern technology like Tunable White could be used to help
teachers’ condition, student activities, and their mood settings by simply altering the
color temperature and intensity of the lighting systems.

Sample Layout

SAMPLE SCHEMATIC LIGHTING LAYOUT (NOT TO SCALE)
CEILING = 2x4 ft GRID ACOUSTICAL CEILING TILE 8 FT, 8 IN. TYPICAL
COMMENTS
LPD = F01-2: 0.50W/ft2

F01-LED 0.40W/ft2

Maintained illuminance on work surface = F01-2: 
30-50 fc
F01-LED: 20-30 fc
Maintained average illuminance in circulation areas 
= 25 fc

TYPE KEY
F01-2: (2) Lamp 32WT8, 2x4 ft Lensed Troffer, 0.88 
BF
F01-LED: 2x4 ft Non-Planar LED Lensed Troffer, 
0.75 BF
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Education: Staff Lounge

Lighting technologies
Target
illuminance

Target
LPD

Lamp Luminaire 15–30 fc 0.50 W/ft2

L01 Fluor 32WT8 F01-LED: LED Troffer

F01-2: Fluorescent Troffer

F51: LED Task

Ballast/driver Controls
B01 Multilevel C01 IR Occ Sensor

B04 Program Start C02 Ultra Sonic Occ/ Vac
Sensor

B06&B07 LED dimming
drivers

C07 Dimming Photosensor

Space Description

The staff lounge includes facilities for minor food preparation, storage (lockers,) and
seating. Kitchenettes have a refrigerator, dishwasher, counter top, and storage space
and may be equipped with a microwave and toaster.

Considerations

Food preparation areas require higher illuminance than other areas in the space. Low
illuminance (5 to 10 fc) is sufficient for all other areas. Luminaires may be
unintentionally left on when spaces are unoccupied if they are not automatically
controlled.

Lighting Approach

Use highly efficient recessed lensed luminaires with appropriate lamps and ballasts
to provide sufficient general illuminance for anticipated tasks without over-lighting.
Provide localized integrated under cabinet task lighting at kitchenette.

Controls

Wall-mounted lighting controls should be provided at room entries. Vacancy sensors
are preferred in spaces with access to daylight. Occupancy sensors that automatically
set the general lighting to low output mode are acceptable for rooms with no daylight
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access. Luminaire integrated occupancy sensors may be also appropriate in these
spaces.

Sample Layout

SAMPLE SCHEMATIC LIGHTING LAYOUT (NOT TO SCALE)
CEILING = 2’X2’ ACOUSTICAL CEILING TILE, 8 FT, 8 IN. AF TYPICAL
COMMENTS
LPD = F01-2: 0.4W/sf2

F01-LED: 0.36W/ft2

Maintained illuminance 3’ AFF = F01-2: 20-45 fc 
F01-LED: 10-30 fc
Maintained average illuminance in circulation areas 
= 10-20 fc

TYPE KEY
F01-2: (2) Lamp 32WT8, 2x4 ft Lensed Troffer, 0.88 
BF
F01-LED: 2x4 ft LED Lensed Troffer, 0.75 BF
F51: 10.5W Undercabinet LED task light (furniture 
mounted)
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Athletic: Gym

Lighting technologies
Target
illuminance

Target
LPD

Lamp Luminaire 40–50 fc 0.70 W/ft2

L01: Fluorescent 32WT8 F03 Non-planar Lensed
Troffer

L08: Fluorescent 39WT5HO F12 Wallwash

LED luminaire

Ballast/driver Controls
B06&B07 LED dimming
driver

C05 Integrated occ./day
sensor

C07 Dimming Photosensor

C09 Timeclock

Space Description

Fitness areas accommodate basic workout and conditioning and may also accom-
modate video watching and conversation. Various moving equipment is located
throughout the space, and one wall adjacent to free weights may be entirely mirrored.

Considerations

Personal and strength training require a minimum of 40 fc according to the IES
standards for lighting of fitness facilities. Harsh, directional sources that cause
unflattering shadows and glare experienced by the user while horizontally positioned
should be avoided. Screens also present potential for glare from direct sources.

Additional vertical illuminance may be required at a mirrored wall location.

Lighting Approach

Harsh, directional sources that cause unflattering shadows and glare experienced by
the user while horizontally positioned should be avoided. Non-planar recessed
indirect troffers that provide adequate ambient lighting – 40 to 50 fc – will provide
an esthetically pleasing, diffuse lighting that flatters the user and provides an
aesthetic form on the ceiling plane.
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Controls

In spaces with daylight access, daylight dimming photosensors will ensure steady
light levels and maximum energy efficiency. Smart luminaires with integrated occ./
day sensor will provide greatest accuracy in sensing occupancy/ vacancy.

Sample Layout

SAMPLE SCHEMATIC LIGHTING LAYOUT (NOT TO SCALE)
CEILING HEIGHT = 14’ AFF
COMMENTS
LPD = 0.66W/ft2

Maintained illuminance on 30-in. AFF work surface = 
40-50 fc
Maintained average illuminance in circulation areas 
= 35-50 fc
Calculated with 80%/50%/40% ceiling/wall/floor 
reflectance

TYPE KEY
F03: (2) lamp F39WT5HO. non-planar troffer, 0.88 
BF Bi-level ballast
F12: (1) Lamp F32WT8, 1x4 ft Wallwasher, 0.88 BF
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Athletic: Two-Court Gym With Jogging Track

Lighting technologies
Target
illuminance

Target
LPD

Lamp Luminaire 50–60 fc 0.80
W/ft2L01 Fluor 32WT8 F11 High Bay

20W LED F52 LED Downlight

Ballast/driver Controls
B06&B07 LED dimming
driver

C05 High Bay integrated occ./day
sensor

C08 Switching Photosensor

Space Description

Two-court gym with tournament court and jogging track above. Class III facility
(Competition play with some spectator accommodations) according to the IESNA
Recommended Practice for Sports Lighting. Bleachers located on two walls behind
basketball net. Matte finish, 40% reflective floors typical.

Considerations

Basketball is a multi-directional, aerial sport with a minimum of 50 fc required at
floor level. Jogging must be accommodated by a minimum of 30 fc. Ceiling height
should be kept unobstructed to minimum of 22 ft (6.71m). Suspended fixtures must
be able to withstand impact.

Lighting Approach

General lighting provided by suspended fluorescent high bay luminaires with wire
guards provide durable, highly efficient general lighting for the courts (40 to 50 fc)
and jogging track (35 to 40 fc). Higher level lighting in the circulation areas
accommodates for facial recognition and circulation for users acclimation to and
from the courts.

Controls

For gyms with access to daylighting, vacancy sensors and daylight dimming can
minimize energy usage during hours where daylight can supplement electric sources.
Not all courts are used at the same time; with smart high bay luminaires offering
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wireless grouping functionality, one can create flexible lighting zone per courts, and
the granular dimming functionality will deliver high output levels only for occupied
courts, while vacant courts operate at low light levels, thereby maximizing energy
savings in such spaces.

Sample Layout

SAMPLE SCHEMATIC LIGHTING LAYOUT (NOT TO SCALE)
CEILING NOTE: EXPOSED STRUCTURAL AND MECHANICAL SYSTEMS TYPICAL; 28’ AFF UNOBSTRUCTED
COMMENTS
LPD = 0.8W/ft2

Maintained illuminance on floor plane = 40-50 fc
Maintained average illuminance in circulation areas 
= 30 fc; jogging track = 35-40 fc
Calculated with 80%/50%/40% ceiling/wall/floor 
reflectance 

TYPE KEY
F11: (3) lamp F32WT8, open high bay, 1.0 BF, bi-
level circuiting
Mounting height = 28’AFF
F52: 20W (880lm) LED recessed downlight
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Athletic: Racquetball

Lighting technologies Target illuminance Target LPD

Lamp Luminaire 50 fc 1.1 W/ft2

L01 Fluor 32WT8 F01 Fluorescent Lensed Troffer

Ballast/driver Controls
B04 Program Start C01 IR Occ/Vac Sensor

Space Description

Racquetball Class III facility (competition play with some spectator accommoda-
tions) according to the IESNA Recommended Practice for Sports Lighting. Specta-
tors are located at the opposite side of the window wall. Matte finished wall, ceiling
and floor panels with of 70–80% reflectance (wall and ceiling) and 50% reflectance
typical.

Considerations

Racquetball is a multi-directional, aerial sport that requires a minimum of 50 fc
average horizontal illuminance as well as a maximum ratio of maximum illuminance
levels to minimum no greater than 2.5. Luminaires should be fully recessed and
capable of withstanding impact.

Lighting Approach

General lighting provided by recessed fluorescent 2x4 luminaires with high-impact
lenses, providing highly efficient uniform lighting for the court – average of 50 fc.
Higher level lighting may be provided at the front playing wall, but where the walls
are of a minimum of 70% reflectance, uniform illuminance levels are acceptable.

Controls

Infrared occupancy/vacancy sensors provide appropriate control to ensure that
players are never left in darkness and deliver maximum energy efficiency. Controls
can be programmed with a 20–30 minute delay and should be directed toward the
center and back of room to avoid activation by passers-by.
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Sample Layout

SAMPLE SCHEMATIC LIGHTING LAYOUT (NOT TO SCALE)
CEILING NOTE: PREFORMED HIGH DENSITY RESIN CORE RACQUETBALL COURT PANELS ON T-GRID SYSTEM 20’ 
AFF TYPICAL
COMMENTS
LPD = 1.1W/ft2

Maintained average horizontal illuminance = 54.0 fc
Maintained average vertical illuminance = 25 fc
Ratio Max/Min = 1.4
Calculated with 80%/70%/50% ceiling/wall/floor 
reflectance 

TYPE KEY
F01-3: (3) Lamp 32WT8, 2x4 ft Lensed Troffer, 0.99 
BF

Athletic: Combatives

Lighting technologies Target illuminance Target LPD

Lamp Luminaire 50 fc 0.90 W/ft2

Fluor 32WT8 F01: Lensed Troffer

F03: Non-planar Lensed Troffer

Ballast/driver Controls
B01 Multilevel C03 Dual Tech Occ/Vac Sensor

B04 Program Start
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Space Description

Combatives Class IV facility (competition play with no spectator accommodations)
according to the IESNA Recommended Practice for Sports Lighting. Matte finishes
throughout.

Considerations

Combatives encompasses a variety of hand fighting techniques and are a multi-
directional, ground-level sport, which requires a minimum of 50 fc average hori-
zontal illuminance, as well as a maximum ratio of maximum illuminance levels to
minimum no greater than 2.5. Luminaires should be fully recessed and avoid any
fatiguing and unpleasant glare.

Lighting Approach

High-efficiency, recessed non-planar fluorescent luminaires with holographic film
coating provide evenly distributed illuminance without offensive or fatiguing glare
in the main combatives room. High-efficiency recessed direct fluorescent luminaires
provide average illuminance levels in the vestibule and storage rooms of 20 fc.

Controls

Dual tech occupancy/vacancy sensors provide high-sensitivity motion-sensored
control to bring general lighting on to 50% when activated; lights must be switched
to come on to 100% to provide maximum energy efficiency and ensure the safety
and comfort of the user.
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Sample Layout

SAMPLE SCHEMATIC LIGHTING LAYOUT (NOT TO SCALE)
CEILING = 2’X2’ ACOUSTICAL CEILING TILE, 10’ AFF TYPICAL
COMMENTS
LPD = 0.9W/ft2

Maintained average horizontal illuminance = 53.5 fc
Ratio Max/Min = 4
Calculated with 80%/50%/20% ceiling/wall/floor 
reflectance 

TYPE KEY
F03-4: (4) Lamp 32WT8, 2x4 ft Lensed Troffer, 0.99 
BF
F01-3: (3) Lamp 32WT8, 2x4 ft Lensed Troffer, 0.88 
BF
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Healthcare: Resident work area

Lighting technologies
Target
illuminance

Target
LPD

Lamp Luminaire 30–45 fc 0.70 W/ft2

L01 Fluor 32WT8 F03 Non-planar Lensed
Troffer

20W LED F51 Task

F52 LED Downlight

Ballast/driver Controls
L01 Fluor 32WT8 C03 Dual Tech Occ/Vac

Sensor

20W LED C05 Integrated occ./day
sensors

B06&B07 LED dimming
drivers

C07 Dimming Photosensor

Space Description

Open offices are designed to accommodate multiple individual work areas, typically
separated by movable partitions and circulation areas. Individual work areas typi-
cally contain a computer, telephone, personal storage, and desk space for reading
and writing. Furniture locations are not permanent and may change with needs and
staffing. Open offices typically have one or more perimeter window walls that can
provide views to the outdoors and usable daylight.

Considerations

Users’ age, job function, and occupancy vary in each open office area. Work plane
illuminance, as suggested by the IESNA, ranges from 30 fc to 50 fc for most office
reading tasks. The visual needs of an older occupant in one work area may be
different than that of a younger occupant. In most cases, the circulation space
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between work areas requires little if any lighting in addition to that provided for
work areas. It is typical to find some work areas occupied and some vacant
throughout the work day. Direct and reflected glare should be considered. Direct
sunlight on work surfaces can contribute to glare and make it difficult to perform
work. Lighting in the daylight zone (approximately twice the window head height)
can often be turned off or reduced to a low power setting during the day.

Lighting Approach

The lighting system in these spaces should be easily adaptable to suit the needs of
occupants. Providing a task/ambient solution is an effective way to minimize energy
use while providing sufficient lighting for the occupants. This can be achieved by
providing a 15 to 25 fc of ambient (furniture-mounted or overhead) lighting –

enough for computer use, facial recognition, and circulation – supplemented by
individually controlled task lighting at each workstation. The lack of full height
partitions and low-level ambient lighting may leave the space feeling dim in some
cases. To avoid this perception, interior full height partitions should be lighted with
wallwashers or similar. This is especially effective when lighting the wall opposite
the window wall in deeper spaces to balance vertical brightness in the field of view.

Controls

Because of the intermittent occupancy patterns, a lot of energy is wasted in open
offices’ traditional controls approach, either the entire zone is ON or OFF
irrespective of where actual occupancy is. Smart luminaires that offer wireless
grouping and granular dimming functionality (bright light levels when there is
local occupancy, but dim levels where there is vacancy within a zone/group).
Without an integrated approach, multiple ceiling-mounted sensors are required to
achieve the desired sensing coverage, and the controllability is limited to how lights
are wired; there is no room for space churn and easy adaptability, but with smart
luminaires these limitations could be overcome. Smart luminaires also offer daylight
sensing with automatic daylight calibration, thereby making the system immune to
space orientation and churn.
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Sample Layout

SAMPLE SCHEMATIC LIGHTING LAYOUT (NOT TO SCALE)
CEILING = 2’X2’ ACOUSTICAL CEILING TILE, 9’ AFF TYPICAL
COMMENTS
LPD with task lights = 0.68 W/ft2

LPD without task lights = 0.4 W/ft2

Maintained task illuminance = 30-45 fc
Maintained ambient illuminance = 27 - 50 fc
Calculated with 80%/50%/40% ceiling/wall/floor 
reflectance and 95% luminaire dirt depreciation 
(LDD)

TYPE KEY
F03: (2) lamp F32WT8 non-planar lensed troffer, 
1.00 BF
F51: 10.5W Undercabinet LED task light (furniture 
mounted)
F52: 20W Recessed LED downlight
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Healthcare: Nurses Station

Lighting technologies Target
illuminance

Target
LPD

Lamp Luminaire 15–30 fc 0.80 W/ft2

L07 Fluor 17WT8 F03 Non-planar Lensed
Troffer

F03-LED Non-planar
Troffer

F12: Wallwash

Ballast/driver Controls
B04 Program Start C01 IR Occ/ Vac Sensor

B06&B07 LED dimming
drivers

C09 TIMECLOCK

Space Description

Serves as secondary reception desk for patients and is typically located centrally to
10+ exam rooms. Contains one or two workstations for nursing staff including filing
and storage, work surface, and seating.

Considerations

Facial recognition and color rendering are important considerations in this space
since conversation and informal diagnosis can be expected to take place on a regular
basis. Reading and writing activities can be reasonably expected by users from
25 years to >65 in the reception desk area.

Lighting Approach

In circulation areas 15 to 20 fc ambient lighting facilitates facial recognition and
circulation and short reading tasks. Providing a task/ambient solution is an effective
way to minimize energy use, while providing sufficient lighting for the occupants.
This is achieved by providing 15 to 30 fc ambient lighting – enough for computer
use, facial recognition, and circulation – supplemented by individually controlled
task lighting at the workstation. Recessed fluorescent T8 wallwash luminaires
highlight the space as a landmark and a destination for patients and provide indirect
lighting for short chart and schedule reading tasks.
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Controls

The general lighting and the wallwash should be controlled separately; during
evening hours the user may choose to use only the wallwash and task lighting
since frequency of reading and writing activities are reduced. If the area is not
occupied during evening hours, pre-programmed timeclock control may be
acceptable.

Sample Schematic Lighting Layout (Not to Scale)

CEILING = 2’X2’ ACOUSTICAL CEILING TILE, 8 FT, 8 IN. AFF TYPICAL
COMMENTS
LPD = -2: 0.70 W/ft2 -LED: 0.80 W/ft2

+ Task = -2: .87 W/ft2 -LED: 0.99 W/ft2

Maintained illuminance on workplane = -2: 20-35 fc -
LED: 20-45 fc
Maintained illuminance on back wall = -2: 15-30 fc -
LED: 25-35 fc
Calculated with 80%/70%/20% ceiling/wall/floor 
reflectance

TYPE KEY
F03-2: (2) Lamp 17WT8, 2’x2’ Non-Planar Lensed 
Troffer, 0.88 BF
F03-LED: 36W 2’x2’ Non-Planar LED Lensed Troffer, 
0.75 BF
F12: (1) 32WT8 Recessed Linear Wall Wash, 0.88 BF
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Healthcare: Exam Room

Lighting technologies Target illuminance Target LPD

Lamp Luminaire 15–250 fc 0.64 W/ft2

L01 Fluor 32WT8 F02 Direct/Indirect Wall mount

F03 Non-planar Lensed Troffer

F03-LED Non-planar Troffer

Ballast/driver Controls
B01 Multilevel C03 Dual Tech Occ/Vac Sensor

B02 Dimming

B04 Program Start

Space Description

Exam rooms accommodate (1) patient and (1) medical personnel for brief waiting,
examination, and diagnosis. Verbal communication, computer use, and brief reading
and writing tasks can also be expected.

Considerations

Accurate color rendering and shadow-free lighting is essential in exam spaces where
visual diagnostic screening can be reasonably expected.

Supplementary task lighting for detailed examination may be required and may
require fixed or portable task-specific luminaires. Another option that may be
desirable is to provide lower lighting levels for waiting rooms.

Lighting Approach

An ambient/task strategy provides maximum energy efficiency. General lighting
provided by fluorescent direct/indirect wall-mounted lighting minimizes shadows
and provides general illuminance level of 15-25fc to accommodate facial recogni-
tion, some computer use, and reading and writing tasks. Fluorescent or LED
non-planar troffer provides additional 20–35 fc for up to 60 fc to accommodate
visually demanding diagnostic tasks. Minimum CRI of 80 ensures accurate visual
diagnostic. Supplemental task lighting whether fixed or portable will vary by
application and examination task.
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Controls

Occupancy sensors should be used to control general lighting. Task lighting should
be manually switched, with minimum of two levels of output.

Sample Layout

F03 EXAM LIGHT
Exam Light Is Not Considered to Be Included in the General Illumination and Provides Additional Illumination 
up to 60 fc for Medical Use. per ASHRAE Guidelines, It Is Not Part of the LPD Calculation. Exam Light Must Be 
Operated from Separate Switch.

SAMPLE SCHEMATIC LIGHTING LAYOUT (NOT TO SCALE)
CEILING = 2’X2’ ACOUSTICAL CEILING TILE, 8’ AFF TYPICAL
COMMENTS
LPD = -2/-LED: 0.640 W/ft2

Maintained illuminance on workplane =
Ambient only: 15-25fc
With Task: -2: 25-50 fc -LED: 20-45 fc
Calculated with 80%/70%/20% ceiling/wall/floor 
reflectance and 95% Luminaire Dirt Depreciation

TYPE KEY
F02: (1) Lamp F32T8 Fluorescent Direct/Indirect 
Wall Mount
F03-2: (2) Lamp F32WT8, 2x4 ft Non-Planar Lensed 
Troffer, 0.88 BF
F03-LED: 63W 2x4 ft Non-Planar LED Lensed Troffer, 
0.75 BF
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Table G.1 Interior lighting recommendations

Existing
technology

Recommended
improvement technology

Recommended (ideal)
upgrade

Dos and don’ts (for
ideal upgrade)

Incandescent LED retrofit lamps Replace standard incan-
descent applications with
LED luminaires with
integrated LED drivers.
For locations where
luminaires cannot be
replaced, use screw-
based replacement LEDs

Do not use dimming
controls unless the LED
driver is specified for
dimming operation

Note: CFLs are an improvement from incandescent lamps, but are not recommended due to their
low service life and low efficacy

Manual
switches

Occupancy-based
sensors:

Apply PIR for small
spaces, ultrasonic where
there might be minimal
movement or no direct
line of sight. Use
vacancy sensors where
manual-on can eliminate
false starts such as con-
ference rooms, private
offices with daylight, etc.
Ensure that sensors are
calibrated to perform as
required – test units to
eliminate false starts and
timeouts

Do not use vacancy
sensors where being
able to turn lights back
on might be an issue if
they turn off
accidentally

Occupancy sensors
(auto-on, auto-off)

Vacancy sensors
(manual-on, auto-off)

Note: Occupancy sensors are a simple and effective upgrade to the lighting system that can yield
great energy savings. Ensuring that lights in conference rooms, restrooms, lunchrooms, copy
rooms, and other shared spaces are off when not in use has shown a significant reduction in
lighting energy consumption

Over-lit
spaces

T8 or T5 lamps with
appropriate electronic
ballasts

Redesign lighting system
with efficient T5 or T8
luminaires to achieve
appropriate light levels
or replace ballasts with
ballasts of a different
ballast factor that will
lower lights to provide
only what is
recommended and nec-
essary (refer to IES
guidelines for
recommended light
levels)

Consider de-lamping
only as a last resort
option

Lower ballast factor
ballasts

Integrate daylighting
controls if there is suffi-
cient daylight

Note: It will be important to educate existing occupants to transition to lower light levels if
needed. There are current theories that suggest spectrally enhanced lighting (more bluish light)
will allow light levels to be dropped even lower than current IES recommendations. While this
idea may have merit, it has not been verified to provide superior lighting environments than
standard light reductions in field applications.

(continued)
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Glossary

Ballast Factor (BF): The ratio of a lamp’s lumen output on a particular ballast to the
lamp’s rated lumens in the testing environment. Allows for the prediction of
actual lamp light output for commercially available lamp-ballast combinations.

Brightness: The attribute used to describe perceived luminous flux per unit area.
Cannot be measured or quantified.

Color Rendering Index (CRI): A measurement that describes how similar objects’
colors appear under a specific light source as compared to a reference source of
like color temperature.

Daylight Zone: An area within a space with enough exposure to daylight that
electric lighting may be turned off or dimmed for a portion of the day. For spaces
that are primarily sidelighted with daylight, this area extended two times the
window height into the spaces.

Efficacy: A measure of a lamp’s effectiveness in converting electrical energy into
light. Expressed in units of lumens/watt [lm/W].

Table G.1 (continued)

Existing
technology

Recommended
improvement technology

Recommended (ideal)
upgrade

Dos and don’ts (for
ideal upgrade)

Daylit spaces Daylighting step or con-
tinuous dimming con-
trols and photosensor(s)

Integrate a daylight
harvesting system with
photocontrols and dim-
mable fluorescent lumi-
naires. Incorporate
vacancy sensors where
manual-on is practical.
Commission the system
to reduce light output in
response to daylight. Use
a ballast with the capa-
bility to continuously
dim the lights in consis-
tently occupied spaces,
or step dim the lights in
intermittently occupied
spaces. Daylighting con-
trols will only be cost-
effective when there is
sufficient daylighting
available

Ensure that photocells
are located to provide
accurate sensing of use-
ful daylight

Vacancy sensors
(to achieve further sav-
ings during unoccupied
hours and allow occu-
pants to leave lights off if
desired)

Commission the system
to ensure effective
operation throughout
the day

Note: Daylighting can usually be cost-effective in new buildings where skylights and windows are
correctly sized and located and appropriate controls can be integrated. The conditions in existing
buildings for retrofits make it more difficult to implement the most effective daylighting strategies,
but larger open spaces are still a prime candidate for daylighting control.

Source: Adapted from Energy and Water Conservation Design Requirements for SRM Projects

8.1 Section 8.2.
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Energy: The generation or use of electric power over a period of time. Expressed in
units of kilowatt-hours.

Glare: An unpleasant or disabling visual sensation stimulated by luminance in the
field of view that is significantly higher than the adaptation level of the visual
system.

Illuminance: Measures light incident on a point or surface, defined as luminous flux
per unit area incident on a point or surface. Expressed in units of foot-candles
[fc] or [lm/ft2] and lux [lm/m2].

Lamp Lumen Depreciation (LLD): Describes the decrease in lumen output of a
lamp during its operable life. Usually expressed as the percentage of initial light
output that a lamp emits at 40% of its rated lamp life.

Luminaire Efficiency: The ratio of lumens that exit a luminaire to the lumens that
are emitted by the lamp(s) contained within.

Luminance: The magnitude of light energy propagating in a specific direction from
an area. Expressed in units of candela/m2.

Luminous Flux: The time rate flow of light energy. Used to describe the total light
output of lamps. Expressed in units of lumens.

Luminous Intensity: The magnitude of light energy propagating in a specific
direction from a point. Expressed in units of candelas.

Power: The amount of work done by an electric current in a unit time. Expressed in
watts or kilowatts.

Rated Lamp Life: Time, in hours, after which half of a statistically large group of
lamps are still in operation, under specific operating conditions.

Reflectance: The ratio of luminous flux reflected off of a surface to the incident
luminous flux. Usually expressed as a percentage.

Window Head Height: The distance from the floor to the top of the glazing.

Annex G-1: Strategies for Minor Renovations

Considerations

While many of the strategies of this lighting design guide are applicable to existing
buildings, they may not always be the most cost-effective relighting strategy.
Opportunities for improved lighting control in existing conditions should always
be evaluated since the greatest energy saving benefits are derived from lighting
control strategies including occupancy sensors, bi-level ballasts, and daylighting
responsive controls.

A dual purpose should be achieved in lighting renovation, improved energy
efficiency, and increased user comfort. To this purpose, recommended luminaires
generally offer higher efficacies and improved distribution over typical pre-existing
luminaires.
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Recommendations

For renovation projects, one should consider switching to LED luminaires with
integrated sensors because they not only provide the benefit of energy savings
from LEDs but also enable the renovation project to be code compliant (ASHRAE
90.1) with respect to additional controls functionality. These smart luminaires also
offer additional flexibility and functionality that can increase the overall visual
comfort and impression in these spaces.

Because many typical spaces are already wired for two-circuit control, it is
recommended that bi-level ballasts are used to provide two levels of illumination.
The maximum light level provided by the new system will be within IES
recommended levels to provide satisfactory ambient lighting quantity with a reduced
connected lighting energy load. Users that prefer lower light levels will be able to
reduce their illuminance and energy usage accordingly. The better photometric
performance of the new luminaires recommended throughout this guide will
improve the balance of horizontal task and vertical wall illuminance to increase
overall visual comfort and the impression of brightness in these spaces.

The existing luminaires in offices, corridors, classrooms, training rooms, and
reception areas typically consists of a variety of inefficient recessed 2x2 and 2x4
fluorescent troffers with prismatic lenses or deep cell parabolic louvers lamped with
3–4 fluorescent T8 lamps per luminaire. Existing lighting levels should be evaluated
before fixture replacement. In some cases, spaces may be over-lit, and reductions to
proper levels should be part of the proposed change. The new, lower level of
illumination provided by the luminaires recommended in this guide specific to
each space type will often seem brighter and more pleasant to the users of the
space because the emphasis on indirect lighting reduces glare and emphasizes the
illumination of vertical surfaces, thereby increasing the perceived level of general
illumination.

In spaces where maintaining luminaires is difficult and time-consuming such as
warehouse spaces and maintenance areas with high ceilings, high-performance LED
high bay luminaires offer a long rated life (50,000+ hours) and are an energy-
efficient alternative to CMH or high-pressure sodium and require far less mainte-
nance than 8-10 lamp fluorescent luminaires.

When considering changes, verify the expected use of the space as far into the
future as possible to ensure that chosen project light levels will be appropriate. Refer
to Space-Specific Recommendations in this guide for General Target Illumination
Levels, as well as task-specific illumination levels described in the Lighting
Approach.

In all typical areas, select ceiling tiles will require replacement as 2x4 and 2x2
luminaires are to be removed, leaving voids in the ceiling. Pendant luminaires
require a full tile at the ceiling plane with cutouts for the mechanical and electrical
connections to pass through.

A key to energy savings throughout renovation is high-performance T8 lamp
technology. These lamps, often called super T8 lamps, have a cost premium, but
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provide more light, better color, and better maintained light output and last longer
than the 735 series T8 lamps. By using high lumen lamps coupled with highly
efficient luminaires, the proposed changes improve the lighting maintenance require-
ments by reducing the quantity of lamps that need to be stocked and maintained as
well as reduce the relamping frequency. LED non-planar lensed troffers are becom-
ing more cost-effective. As of this writing, the first cost and energy savings have
made them almost compatible with high-performance T8 systems (Table G.1).

Analyzing the Cost of a Lighting System (Source: Energy and Water
Conservation Design, Section 8.6.)

The implementation of advance lighting systems varies in cost and complexity. The
application options discussed in this appendix will incrementally reduce lighting
energy consumption and have been proven to be cost-effective for most applications.
The following general simple payback calculation illustrated below can provide a
basic indication of the potential cost-effectiveness of a lighting project.

YPayback ¼ Cost of upgrade= TA � ERate �W=100ð Þ

where:

YPayback ¼ length of time (in years) it takes for energy savings to pay for new
lighting system

TA ¼ annual length of time affected luminaires are operated
ERate ¼ cost of electricity (per kWh)
W ¼ (difference in) wattage of affected luminaires

The simple payback calculation for lighting systems is highly dependent on the
method of control, hours of operation, and complicated utility rates. For a more
in-depth cost analysis, be sure to find a more complete method of analysis that
characterizes all of the variables specific to the project (the IEA lighting templates
are a great place to start understanding the affects specific technologies can have on
energy consumption).

Summary

By carefully considering retrofit strategies and integrating task/ambient approaches to
spaces that previously have not had task lighting (or were over-lighted), large energy
savings can be gained. The tendency to simply replace existing fixtures one for one with
new technology often leads to the lowest acceptable savings. Deep retrofits that take into
account not only lighting energy savings, but the potential to resize HVAC components
also offers the greatest potential for overall energy savings.
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Appendix H: Product Delivery Quality Assurance Process
(PDQA) for Deep Energy Retrofit (DER)

Introduction

A DER building project must be properly implemented through all phases to
accomplish the goals and required performance levels of the Owner. Like all
construction projects, there are many steps, decisions, and operations that require
an orderly and logical process to be successful. A properly implemented DER will
increase a building’s value, improve its indoor climate and thermal comfort, and
meet Owner’s energy and sustainability goals. DER is best accomplished by
adopting a project-specific PDQA process. The process as described in this docu-
ment supplements those procedures addressed in current standards and guides of
which specifically address DER, sustainability, and energy conservation in buildings
(NIBS 2012, ASTM 2015 and ASHRAE Guideline 0-2013). The PDQA for a
specific project must be developed to suit the needs and goals of that specific project.

A solid PDQA for a DER project starts with:

• Formulation of detailed definition for project requirements and criteria, such as
the SOW or Owner’s Project Requirements Document. These documents estab-
lish the basis for the design of the building, against which tenders (i.e., bids) will
be made for both design and construction services. Acceptance of these criteria
indicate verification of understanding of the criteria by those proposing to provide
design or construction services.

• Proper definition in SOW/OPR of areas of major concern to be addressed and
checked during the entire design construct, commissioning, and post-occupancy
phases.

• Clear delineation of the responsibilities and qualifications of stakeholders in this
process.

• In addition to defining the Owner’s Project Requirements and criteria through the
SOW/OPR process, the methodology for validating that both the design and
construction will deliver the desired results must be considered and identified
within the project contract documents for each step of the process.

• Funding sources and business model which will be used to implement the project
need to be identified early that adequately cover the scope of the project. Well-
intended underfunded projects will fail to meet all of the intended goals in some
manner.

This PDQA process is applicable to DER projects using both design-bid-build
(DBB) and design/build (DB) procurement methods. Select elements of the PDQA
process may be adaptable for use with even minor renovation and system replace-
ment projects. Based on whether the enclosure work includes full removal and
replacement only or also additions, much of the field PDQA process that has been
applied to the retrofits would be applied to enclosure of addition as well.
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When properly implemented, a PDQA process will have a significant effect on
the building enclosure performance improvement of the completed work.

Annexes H-1, H-2, H-3, and H-4 to Appendix H provide additional support for
the user:

• H-1 Selected Energy-Related Parameters and Their Targets for DER Projects to
be Included in the SOW/OPR

• H-2 Examples of Accountability and Responsibilities Matrix
• H-3 Mock-ups
• H-4 Mock-Up Process

How It Works
The PDQA process can be considered as an eight-phase operation, one for each of
the basic phases for all construction projects.

The eight phases of construction projects can be viewed as:

1. Predesign/Programming
2. Design Procurement
3. Design
4. Construction Procurement
5. Preconstruction
6. Construction
7. Acceptance
8. Post-occupancy Evaluation

In addition to these eight phases, there is the commissioning process, which cuts
across all of these phases. Not every construction project will be recognized to fall
into these specific defined steps; however nearly every project contains these steps in
one form or another. The one phase that is least often accomplished formally is the
last post-occupancy evaluation.

The following provides a brief summary of each of the eight phases.

1. Predesign/Programming –Development of SOW/OPRmust provide a clear and
concise documentation of the Owner’s goals, expectations, and measurable
performance criteria, cost considerations and benchmarks, and success criteria
to be obtained by the DER for a building renovation. The SOW or OPR shall be
used throughout the project delivery to provide an informed baseline for the
renovation and focus for design development and for validating building’ energy
and environmental performance. Based in part on this document, bidders for both
design and construction services will be selected on demonstrating their ability to
deliver a DER renovation project that will accomplish the goals of the Owner as
defined in the SOW or OPR of the project. Use quality-based sampling for
verification of each activity or task to determine how well it meets or relates to
the OPR in the Predesign phase. This includes programming documents, defined
scope-of-design services, special reports and workshop outcomes, and other
activities in the Predesign phase. The determination of the type of procurement
process to be used will help frame how the design and construction is selected and
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the amount of funding required for each phase of the project. In some cases, the
Owner may elect to obtain assistance in writing the SOW and/or OPR, and in
evaluating the proposals before future phases of the project are awarded. Owners
with little experience in building projects in particular should consider seeking
guidance.

2. Design Procurement –The purpose of this phase is to procure the services of a
designer who the Owner determines will be well suited to provide professional
leadership and the design and technical services necessary for the project. The designer
must demonstrate a clear understanding of the Owner’s Project Requirements, as
established by the owners SOW and OPR during the predesign phase of the project.
In addition, the designer must demonstrate previous design and analytic experience,
ability to successfully coordinate different design disciplines, and the ability to deliver
the deep energy renovations that meets the SOW/OPR criteria.
The procurement method for establishing the project contractual basis may be
different from project to project. However all parties should be experienced in the
specific project delivery process selected, should demonstrate a clear understand-
ing of the process, and should be comfortable with the approach. Proposals for
design services shall be solicited in explicit and clear language. Include a
statement regarding design professional commissioning responsibilities and
scope in the request for design services. In some cases, the Owner may elect to
obtain assistance in writing the SOW and/or OPR, and in evaluating the proposals
before award. Owners with little experience in building projects in particular
should consider seeking guidance.

3. Design – The design phase starts with concept development by the designer and
continues through the completion of documents for bidding or negotiating.
During the design phase, the following is established: the appearance, configu-
ration, basic system selections, terminations, materials, performance criteria, and
interface conditions with other building systems. There is a set of procedures that
the designer must follow at this time to make sure the exterior enclosure systems
are appropriately considered, designed, specified, and drawn to attain an enclo-
sure that performs properly, and in compliance with the OPR. Assign operations
and maintenance personal to participate in the design phase coordination meet-
ings. The designer must identify how any work excluded to meet budget con-
straints will affect the OPR and adjust evaluation criteria accordingly.

4. Construction Procurement – This should include analysis of construction
bidder’s qualifications, their understanding of the OPR, previous construction
and validation of experience and ability to coordinate different construction
trades, performance to meet established schedule and budget, and deliver the
deep energy renovations in compliance with the SOW/OPR. Bidders should
provide evidence of experience installing any type of specialty system that is
not commonly used on all types of construction projects.

5. Preconstruction – As with the procurement phase, there are provisions the
designer can build into the documents, including drawings, technical specifica-
tions, and front-end documents for the Preconstruction phase, the exterior enclo-
sure systems, and other DER provisions.
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The Preconstruction phase covers the activities between award of the contract and
delivery of materials, products, and systems to the building site. This includes
final design and engineering, completion of mock-up construction and testing
necessary before production, and fabrication and delivery of materials and sys-
tems for incorporation into the building.

6. Construction –When implementing quality assurance procedures (QAP) during the
Construction phase, it may be necessary to explain the intent and process of the QAP to
all parties. Many site representatives, manufacturers, and tradesmen may not be
familiar with the process and may not understand the goals and objectives. However,
if you can successfully explain the program and gain their active support and partic-
ipation, the results can be impressive. Assign operations and maintenance personal to
participate in the construction phase coordination meetings.
During the construction phase of the project, the previous efforts of the Owner,
designers, consultants, fabricators, material suppliers, and contractors are brought
together for the true test. Will it work, will it fit, will it look right, will it perform
properly, and can the work be completed on time? If the project team has
performed their jobs correctly, and if they have communicated properly, and
paid attention to the details, the answer will be yes.

In-progress testing and inspection of the constructed work, as it occurs, is one
of the primary tools of the Owner to assure compliance with the project require-
ments and the SOW/OPR for deep retrofit work.

7. Acceptance – Acceptance can be considered an ongoing process applicable to
any or all of the phases indicated for a DER, including post DER occupancy and
use of the facility. It can be applied in different forms for different projects.
Acceptance should include a specific and predetermined approach that is included
within the SOW/OPR, and the construction contract documents. Testing and
inspection of the completed work is often the last opportunity to assure compli-
ance with contract documents and performance levels of the various systems
before the building is accepted on behalf of the Owner.

8. Post-occupancy Evaluation – Within the warranty period, key DER project
performance should be evaluated to determine whether primary project goals
related to energy reduction and system operation are being met. The post-
occupancy evaluation should be conducted by members of the original PDQA
team or a third-party commissioning specialist separately contracted by the
building Owner.
Post-occupancy evaluation can be tailored depending on Owner budget and
project goals. The primary deliverable of the post-occupancy phase is an ongoing
commissioning report that documents key building performance metrics includ-
ing extrapolated annual EUI, zone temperature set point deviation profiles, and
HVAC system trend data summaries. Secondary deliverable is an updated Issues
and Resolutions Log. Require in the SOW/RFP that the contractor perform
corrective action for issues determined to be unrelated to deviations from design
or unforeseen conditions within the warranty period. Additional optional deliver-
ables include seasonal endurance testing, occupant comfort surveys, Lessons
Learned Workshop, and DER project document updates based on the Ongoing
Commissioning (OCx) Report results.
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Predesign: Phase I

Development of Statement of Work/Owner’s Project Requirements
(SOW/OPR)

The SOW/OPR are intended to define the scope, goals, and functional performance
requirements of the building undergoing DPR renovation. These documents must
address both the design and construction phases of the project, and the expectations
of the Owner relative to the intended use, occupancy, and service life of the DER
aspects of the project. These documents must be prepared in sufficient detail to
define criteria for both design and construction services and will provide the basis for
verification of understanding and ability to provide services meeting these goals by
potential designers and constructors.

The project SOW/OPR should clearly define each goal of the DER project andmust be
established with realistic and definable goals and criteria. These goals and criteria must be
established with the recognition of the limitations and opportunities of the existing
building; the goals must be reasonably accomplishable as demonstrated by concept
level engineering analysis, and in the recognition of limitations of contemporary available
design and analytical tools, and constructionmaterials, systems, and products. SOW/OPR,
which are anticipated to require advanced analytic, design/engineering or materials,
products, or systems beyond those readily attainable in contemporary terms, may require
a different and specialized approach beyond the scope of this Appendix.

It is important that the SOW and bids include specific energy targets, energy
security, and system redundancy requirements to be achieved through the DER.
Providing the appropriate level of specificity in the SOW/OPR is the first step in
assuring that these requirements become contractually binding and will be attained.

There are currently Standards and Guidelines in place through many standards
and governmental organizations providing detailed guidance for development of
these documents. A current list of such standards and guides and the corresponding
agencies is annexed to the end of this Appendix.

Each project and building will be unique and each will require considerable
thought in preparing appropriate and attainable SOW/OPR requirements. However,
the list below provides a starting point for discussion and perhaps preparing a first
draft of an SCW/OPR for many projects. Since each project and building are unique,
this list will serve as a guide, but is not exhaustive or fully applicable for all projects.

The SOW/OPR may be prepared by the Owner when they have knowledgeable staff
skilled in providing such services. Preparation of the SOW/OPRmay also be contracted to
consultants specializing in the specific areas of DER work being considered.

• In addition to defining the Owner’s Project Requirements and criteria through the
SOW/OPR process, the methodology by which the goals and expectations have
been established must be cross-checked before finalization to confirm that they
are both reasonable and attainable within the project definition of scope, budget,
and schedule.

• SOW/OPR, which are not reasonably attainable and do not confirm to other
project constraints, will not lead to successful projects.

Appendixes 505



Building Utility Consumption Data

This information provides the baseline for measuring the energy savings of the
completed DER project. To determine proper goals, and compliance with these
energy goals, it is necessary to determine/obtain the following before construction:

1. Building use and operating schedule before renovation
2. Number of occupants, occupant schedule, and activity level before the

renovation
3. Requirements to indoor air temperature, ventilation rate, and RH before the

building renovation
4. Design drawings for the building enclosure showing construction of existing

walls, floors, and roofs (as-builts if possible)
5. Design drawings showing building/floor plans and any drawings for modifica-

tions from original construction
6. Building orientation
7. Building elevations showing existing opening/fenestration characteristics,

including materials, anticipated performance characteristics, sizes, numbers,
and locations

8. Types of HVAC system and equipment list (for both cooling and heating
systems) currently installed and known modifications from original building
construction.

9. List of existing lighting fixtures (types and quantities)
10. Plug loads (types, quantity, and power consumption requirements)
11. Sub-metering data, if available
12. Building envelope data as determined by investigation, including:

a. Air infiltration as determined by blower door tests
b. Infrared camera investigation indicating thermal short circuits and air infil-

tration/exfiltration locations
c. Building geographical location with the weather file source.

13. Building area breakdown by end-use.
14. HVAC sequences of operation.
15. Interval sub-metering of separate equipment or processes, at least 1 week.
16. Site-source utility factors, from utility source preferred.
17. A pre-renovation building energy model can be calibrated against utility data

using one of the following standard approaches:

a. If the use and building schedules remain unchanged by renovation, the input
data listed in items 1 through 16 above is usable for modeling of the post-
renovation scenario.

b. If the use and schedules of the building will change, this information must be
provided in the SOW/OPR and used for the post-renovation building model.
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Design Procurement: Phase 2

For the bidding process, it is important that the contractor presents a review of the
energy requirements for the project to include site and source energy targets, energy
calculation and modeling methodologies, and a discussion and resolution of any
conflicts or questions to the SOW/OPR. Rather than a restatement of RFP content
(which will not be allowed), this review document will demonstrate the contractor’s
understanding of project and system-level performance goals through description of
solutions, challenges, and potential mitigation. The models presented during the
bidding and design processes shall provide an initial list of all energy parameters for
the project to include operational runtimes, load peaks/schedules, equipment effi-
ciencies/set points/sizes, insulation values, etc. Each entry/value shall be identified
as being supplied from the project SOW, a specific design guide, a specific energy
standard. These models have to be calibrated against the baseline energy values of
the building before DER and should show building schedules before and after
renovation. The modeling results should verify that the proposed design meets the
Owner’s energy targets and shall be reviewed by the Owner to assure assumptions
and calculations are valid.

Procurement of design services for DER renovations in buildings is similar to
procuring services from a professional for any design service. The following steps
are recommended for all DER projects:

• Prequalify those competing for the contract by following a two-step process.
• Submit request for qualifications (RFQ) to establish a list of the most qualified

candidates.
• Obtain specific proposals from the list of candidates determined to be most

qualified.
• Follow a specific process when issuing the RFQ. The goal is to identify the firms

or individuals most likely to provide the required design services most success-
fully. Projects are sometimes not successful due to the failure to properly vet the
qualifications of those invited to perform services in the RFQ.

• Provide clear, unambiguous parameters describing the types of services and
expertise to be provided:

• Obtain third-party assistance when the Owner’s organization does not have
sufficient levels of expertise to adequately define and evaluate specific aspects
of the qualifications required to provide the stated project needs.

• Provide the same information to all parties invited to submit qualifications.
Provide the SOW/OPR for review by those submitting qualifications.

• Indicate the related design criteria which the designers need to be knowledge-
able in applying to the project.

• Indicate the related design criteria that the designers need to be knowledgeable
in applying to the project.

• Evaluate qualifications based on the criteria issued.
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• Meet with the likely finalists to be invited to submit proposals for services
before making final determination of bidders list.

• Evaluate the qualifications of each organization on the same basis, the stated
goals.

• Evaluation is best performed by a team representing various aspects of the
Owner’s organization and the technical needs of the project.

• Evaluate bidders on the basis of past performance, technical capacity, and
understanding of industry standards and guidelines relating to energy and
sustainability practices for design and construction.

• Bidders must/should show their proficiency in executing work as required by
the RFP.

• Require bidders for design services contracts to provide the following items as
part of their pre-qualification, or as part of their proposal for services:

• Information reflecting past experience with energy-focused building renova-
tion projects. Including narratives and examples of technical solutions that are
relevant to the DER project or similar building type: e.g., how air barriers were
selected and designed, tested, and verified; examples of proper detailing of
continuous insulation; examples of energy-efficient HVAC and lighting sys-
tems designs; adjustments made for unexpected conditions.

• Qualifications and past experience on energy modeling and calculations.
Including narrative description of design approach, distinguishing between
site and source energy to comply with energy requirements of RFP. If possible,
submit examples of previous energy models/calculations for renovation
projects.

• Demonstration of past proper understanding of energy calculation strategy as
outlined in RFP; specifically how site and source energy will be calculated and
reviewed.

• If possible submit experience with renovations of similar building type. If not
available, provide examples of other types of successful energy renovation
projects.

• A review of the energy requirements for the project to include site and source
energy targets; energy calculation and modeling methodologies.

• Demonstration of the designer’s understanding of project and system-level
performance goals through description of solutions, challenges, and potential
mitigation strategies.

• Examples of probable design cost to actual construction cost and percentage of
difference related areas outside of design control.

• At a minimum, the designer may need to be familiar with the following
procurement methods to provide adequate service to the Owner during this
phase of the project:

– Design/Bid/Build – “traditional” in the past
– Design/Build
– Design Assist
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Integrated Project Delivery.
• Evaluation Criteria: Bidders will be evaluated on past performance. Specifically,

proficiency in designing similar building type renovation, and in designing a
renovation inside a constrained building shell and how well they met the energy
objectives.

• During the pre-bidding process, require prospective bidders for design services to
attend a site visit with a building walk-through to get an idea of the existing
building conditions and space available for mechanical equipment and to validate
information for the energy model and clarify issues that can arise during the
SOW/OPR review.

• In addition to defining the Owner’s Project Requirements and criteria through the
SOW/OPR process, the methodology for validating that the design will deliver
the desired results must be considered and identified within the project contract
documents for design.

• The bidder shall provide a preliminary results of modeling analysis to demon-
strate theoretical feasibility of meeting energy targets and understanding what it
will take to achieve energy goals using simulation program allowing for monthly
analysis along with an initial list of all energy parameters for the project to include
operational runtimes, load peaks/schedules, equipment efficiencies/set points/
sizes, insulation values, etc. Each entry/value shall be identified as being supplied
from the project SOW, a specific design guide, a specific energy standard.

• Follow a specific process when issuing the RFP. The goal is to determine the firm
or individual most likely to provide the required design services.

• Provide clear, unambiguous parameters for method of submitting proposals for
service.

• Provide a clear understanding of intended method of selection including any
scoring or grading parameters that Owner intends to follow in selection process.

• Provide clear, unambiguous, description of SOW/OPR.
• Provide opportunity for all proposing to provide services to meet with the Owners

project team before submitting proposals for services, including any consultants
participating in establishing SOW/OPR.

• Allow adequate time for response to RFP.
• Allow opportunity for those proposing to provide services to submit questions

regarding proposed services and any information provided by Owner.
• Distribute questions and Owner response to all proposing to provide services.
• Answer questions honestly and directly.
• Remove ambiguities whenever possible. Document meeting and agreements

made during meeting and distribute to all involved parties.
• Revise SOW/OPR if necessary when questions from designers indicate a problem

that may not be able to be overcome.
• Provide questions and answers to all proposing to provide services.
• Require (mandatory) all proposing to provide design services to attend a meeting

at the building before proposals.
• Make reports, record documents, and provide other information addressing the

project and existing building available to all proposing to provide services.

Appendixes 509



• Validate scope of work, fee and schedule with apparent successful bidder before
award of contract.

• Confirm apparent successful bidder has appropriate staff to perform the services
in a timely manner.

• Resolve any outstanding issues or questions before award of contract.
• Do not enter into a contract without clear documentation of any concerns.
• In the event that agreement cannot be reached with first choice bidder, move on to

next bidder and perform same validation process.
• Hold a project kick off meeting to confirm protocols, procedures, and schedule as

soon as possible after award of contract.

Design: Phase 3

These guidelines apply to the renovation of exterior building enclosure systems for
DER projects. During the design phase, attention must be paid to architectural details
to be used for the building enclosure renovation; continuity of thermal; water, vapor,
and air barriers; enclosure systems coordination; and constructability of the design.
Third-party review, or commissioning, can provide a valuable tool in this effort.

It is important to clearly understand at the commencement of the design phase
that the design shall not be accepted until it is adequately demonstrated that the
energy targets can be met by the proposed design. If the designer cannot produce a
design that meets the energy targets and criteria of the SOW/OPR, a review of the
problems or constraints shall be presented along with a list of the proposed changes
to the requirements.

At a minimum, the following should be considered during the design phase:

• Wind exposure
• Precipitation conditions
• Ambient outdoor conditions of temperature and humidity
• Daylighting improvements
• Solar exposure
• Interior pressurization
• Interior ventilation temperature and humidity conditions
• Energy goals stated in the SOW/OPR
• Constructability
• Review and approval schedules
• Mock-up and testing requirements
• Manufacture/fabrication schedules
• Construction/erection schedules
• Compatibility with adjacent systems
• Appearance criteria
• Durability/service life
• Initial cost
• Life cycle cost
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• Code/regulatory approvals
• Maintenance requirements
• Water resistance
• Ability to carry structural loads:

• Wind
• Seismic
• Maintenance
• Gravity

• Air infiltration/exfiltration resistance
• Fire performance
• Acoustical performance
• Blast/glass shard resistance
• Ballistic resistance
• Security or forced entry resistance
• Thermally induced movement
• Thermal isolation of exterior and interior
• Moisture migration resistance
• Durability of finishes
• Durability of base materials
• Chemical resistance
• Required phasing for occupation of spaces or connection to critical equipment/

systems during renovations

QA efforts by the designer during the design phase should include the following
basic steps:

• Evaluate project criteria that establish characteristics of the acceptable end
product.

• Make sure the items in the list above have been addressed.
• Review the schedule for completion of the project including consideration for:

• Owner reviews
• Design team checking
• Cost estimating
• Manufacturers/fabricators review and comment
• Consultant reviews
• Review by regulatory or code agencies
• Peer reviews, redesign
• Special testing or analysis such as wind tunnel load analysis

• Confirm that good communication procedures between the project team have
been established including:

• Design team
• Owner/tenant
• Contractor/construction manager
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• Consultants/testing agencies
• Cost estimators
• Manufacturers/fabricators/erectors

• Implement periodic reviews and sign-off of the criteria and design as they are
developed. These can be “on-board” reviews that do not stop the project devel-
opment, or they can be scheduled for a longer length of time with envelope
development halted until the review is completed and the review comments are
received. All review comments should be addressed and resolved.

• Require final sign-off for the documents before they are released for bidding or
negotiations. The documents will often receive a more conscientious review
when formalized sign-off procedures are established.

• Models presented during the design phase shall provide an initial list of all energy
parameters for the project to include operational runtimes, load peaks/schedules,
equipment efficiencies/set points/sizes, insulation values, and other applicable
points of information affecting model validity. Each entry/value shall be identi-
fied as being supplied from the project SOW, a specific design guide, or a specific
energy standard. These models are to be calibrated against the baseline energy
values of the building before DER and show building schedules before and as
predicted after renovation. The modeling results should verify that the proposed
design meets the Owner’s energy targets and shall be reviewed by the Owner or
their representative to assure assumptions and calculations are valid.

• On completion of 65% design, the designer shall provide results of detailed
energy modeling using computer-based program such as DOE-2, Energy Plus
or similar per the ASHRAE Standard 90.1, Section G2.2.1, to demonstrate
theoretical feasibility of meeting energy targets.

Construction Procurement: Phase 4

The following guidelines apply to all disciplines within specific DER projects.
The procurement phase may include negotiating or bidding, as a means of

selecting a contractor to provide the exterior wall construction. In today’s construc-
tion market, there sometimes seem to be as many methods of contracting for
construction as there are projects. The specific method selected may depend on a
number of factors including:

• Size of the project
• Cost of the project
• Complexity of the design
• Local or regional market conditions
• Overall project delivery system
• Material availability
• Schedule requirements
• Local or regional practices
• Client purchasing preferences or requirements
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The following precautions are designed to assist in attaining an accurate under-
standing of the project criteria on the part of the bidders, or in the case of award by
negotiation, the parties making proposals, and on the part of those considering the
bids and proposals (the designer and Owner). All major issues should be understood
by both sides before a contract agreement is reached. To this end, follow these
guidelines to assist in the success of the procurement phase:

• Allow adequate time for the preparation of bids or proposals.
• Make complete sets of documents available to all bidders.
• Require pre-bid conferences to allow bidders the opportunity to ask questions

regarding the documents. If the project is a retrofit or renovation include on-site
walk-through.

• Require mandatory attendance at the pre-bid meeting as a condition of bid.
• Require certification by bidders that their bid is based on full contract documents

including addenda and that they meet the quality standards of the documents for
length and type of prior experience.

• Limit the number of pre-bid addenda to avoid confusion. However, if pertinent
and legitimate questions arise during bidding, make sure that they are answered
by an addendum communicated to all bidders.

• Do not provide verbal responses to bidders’ questions. If a response is required,
include it in an addendum or in some logical manner to assure all bidders have the
same information available to them.

• Document the results of the pre-bid meeting to all participants by addendum. Do
not allow dependence on the spoken word. Require that only the written minutes
issued by an addendum be relied on.

• On receipt of bids, allow adequate time for evaluation of each bid. Review each
bid individually to ascertain that the bid is responsive and is comprehensive in
nature and that the proper bidder certifications are provided.

• Do not base contract award on price alone. Award of contract based on a
combination of quality, price, and schedule can provide a more successful
selection process.

• Require proposal drawings for performance-based bids. Test reports and calcu-
lations should also be submitted for evaluation. Fully evaluate these documents
and resolve any concerns before contract award.

• Meet with the bidders for a face to face review of their bids during the bid
evaluation process. Perform a detailed review of their bids to confirm compliance
with project requirements.

• Allow time for the bidders to consider and respond to any questions that may
result from the detailed review. If necessary, allow the bidders to modify their
bids in response to these issues.

• For projects with complex phasing, scheduling, or other special schedule-related
concerns, provide this information and require the bidders to confirm their ability
to comply with these special needs. It is prudent to require the bidders to submit a
detailed response indicating their plans on how to handle these conditions.
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• In addition to defining the Owner’s Project Requirements and criteria through the
SOW/OPR process, the methodology for validating both the design and con-
struction will deliver the desired results must be considered and identified within
the project contract documents for all parties of the process.

Preconstruction: Phase 5

As with the procurement phase, there are provisions the designer can build into the
documents, including drawings, technical specifications, and front-end documents
for the Preconstruction phase, that will help to increase the quality of the completed
project and the exterior envelope.

The Preconstruction phase covers the activities between award of the contract and
delivery of materials, products, and systems to the building site. This includes final
design and engineering, completion of mock-up construction and testing necessary
before production, and fabrication and delivery of materials and systems for incor-
poration into the building.

The critical point regarding QA during this phase is to maintain control of the
process through communication and attention to detail.

The following guidelines apply to all disciplines within specific DER projects:

• A submittal schedule from the contractors should be the first issue to be consid-
ered. This schedule needs to provide a comprehensive listing of all expected and
required submittals and should include time for multiple submittals and reviews.
It is recommended that a sampling strategy of randomly selecting 5% to 10% of
the submittal be used to focus on the quality and ability of the submittal to achieve
the OPR. Special attention must be paid to substitutions and proposed deviations
from the contract documents and the Basis of Design (BoD) that could adversely
impact the OPR.

• Require pre-submittal meetings to review submittal requirements and expecta-
tions. Review the technical and procedural requirements of the project as well as
any revisions that may be required or that may be found to be helpful as the
project develops. Require documentation of these meetings and distribute
minutes to those involved.

• Require distribution of approved submittals to contractors of adjacent construc-
tion for purposes of coordination review. Conversely, provide submittals of
critical construction systems adjacent to the contractors of adjacent systems for
coordination. It is essential that coordination problems be resolved during this
phase, not on the job site.

• Include a requirement to establish and identify means and methods of communi-
cations between the construction team members. Whatever the details are to be,
make sure that communication is facilitated not hindered. It is not the designers or
Owner’s job to manage or control such communication. It is however within their
means to encourage, and require contractually, open lines of communication to
foster a valuable exchange of information and coordination.
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• Require regularly scheduled meetings to review project development. These
should be planned to keep the team in tune with the progress of development
and identify problems that may require resolution. These meetings serve to notify
the team of what level of activity will be required. This will help each team
member perform in a timely fashion by providing advance notice of the type and
amount of effort required of them. Again, it is not the designer or Owner’s role to
control or run these meetings. However, it is within their purview to require such
meetings and require that it is demonstrated that they occur.

• Encourage separate problem resolution or working meetings outside of the
regular progress meetings. These meetings can often be held with fewer people,
will be more focused on specific technical or coordination issues, and are more
likely to conclude with solutions to specific problems or concerns.

• Establish adequate review, transmittal, and response times for each cycle and
each item required by the submittal process. Submittals that are prepared or
reviewed in a rush are more likely to contain errors or be inadequately prepared
or reviewed. This leads to frustration on the part of the team and too often to
unacceptable or inadequate construction.

• Evaluate and resolve problems as they are discovered. At this stage of the project,
there is no time available to push problems downstream. Questions that go
unanswered at this point are likely to result in delays or unacceptable “field
solutions.” Additional costs are often the direct result of not adequately
addressing issues remaining at this time.

• Require submittal of mock-up, production, fabrication, delivery, and erection/
installation schedules. These are necessary to ascertain that adequate time will be
available to deliver and install the wall system to meet the overall project
schedule. These schedules should be provided in a format common to the overall
project to allow integration and coordination. Projects that encounter schedule
difficulties are likely to have a higher degree of systems failures.

• Resolve monetary issues as expeditiously as possible. If requests for additional
compensation are submitted due to problems discovered during this phase, resolve
them. If resolution is not possible, at least document the issue thoroughly and fairly
for future resolution. Money problems have a way of disrupting good thinking and
common sense, often subsequently leading to envelope performance problems.

The following procedures are suitable for use with projects of varying size, degree
of difficulty, and delivery method, with modification to suit the specific project.

• In addition to defining the Owner’s Project Requirements and criteria through the
SOW/OPR process, the methodology for validating both the design and con-
struction will deliver the desired results must be considered and identified within
the project contract documents for all parties of the process.

Construction: Phase 6

The efforts required of the QAP during this phase may vary by the complexity of the
building project and systems included. However some general guidelines should be
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followed for any project. These procedures are suitable to projects of varying size,
degree of difficulty, and delivery method, with modification to suit the specific
project. In all cases, the goals should be to communicate and pay attention to detail.

During the Design and Construction phases, special attention needs to be paid to
details related to building enclosure systems renovation, with regard to continuity of
thermal, water, vapor, and air barriers, and their systems coordination and installa-
tion. Testing and third-party review or commissioning provide valuable tools to
successfully accomplish these tasks.

It is important to clearly understand at the commencement of the Construction
phase that the work will not be accepted until it is adequately demonstrated that the
energy targets are being met by the completed work. If the contractor cannot produce
construction meeting the energy targets and criteria of the SOW/OPR, a review of
the problems or constraints shall be presented along with a list of the proposed
changes to the requirements.

Fabrication and Delivery Sub-phase. By following the proper QAP procedure
during the fabrication and delivery sub-phase of construction, performance problems
related to materials and systems can be minimized or avoided entirely. Action items
during this phase should include:

• Periodic inspections of fabricated materials to ensure that the required quality is
being attained.
Fabricated products and assemblies should be checked to confirm that they
conform to the project requirements and the systems as approved by testing and
mock-ups. This will include any revisions made as a result of mock-ups and/or
testing.

• Review erection drawings and installation instructions to confirm that any revi-
sions required as a result of the mock-ups and/or testing have been included.

• Monitoring of the procurement of components to be delivered directly to the job
site from separate suppliers. Confirm that it will be the correct material and will fit
with other products being fabricated.

• Delivery dates and locations should be confirmed.
• Confirmation that the on-site construction schedule has been considered and

accommodated by the fabrication and delivery schedule. The order of on-site
erection and/or assembly can be critical.

• Review delivery requirements to confirm that the phasing of material delivery
will accommodate the amount of available and appropriate on-site storage loca-
tions. Materials and fabricated systems that are not properly stored are more
subject to problems in the finished construction.

• Review of the method of delivery as related to on-site materials handling capa-
bility. Fabricated assemblies that are improperly handled on-site may be subject
to damage that can be avoided by planning ahead.

• Monitoring of packaging practices and procedures. Improperly packaged mate-
rials can be damaged to the point of being unusable on receipt at the job site. This
can result in schedule problems and the attendant risk of errors in fabrication as
pressure builds for the damaged material to be replaced or, worse, incorporated
into the building.
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• Review of the packing lists and manifests to confirm that all of the required
components are delivered to the correct location, and on time. Missing items may
be replaced with the incorrect material or left out completely in the rush to keep
the project moving. This can result in problems.

• Verify that products and assemblies are packaged and shipped in a manner that
will prevent damage. This is especially true of large metal windows or frames that
can move during handling or transport, thus possibly opening corner joints.
Confirm that needed bracing and/or packaging material is provided and that
these assemblies will be correctly placed and secured in the shipping vehicles.
Finished surfaces are also prone to damage by improper packaging and delivery.

• Require the erecting or installing contractor to check or “shake-out” the delivered
material and assemblies for completeness and condition as it arrives. Erection or
installation should not be started before this process is completed. It is critical to
get the process for replacement of damaged or otherwise unacceptable material,
or the delivery of missing material started as soon as possible. In this way,
problems can be resolved before they become schedule critical.

• In addition to defining the Owner’s Project Requirements and criteria through the
SOW/OPR process, the methodology for validating both the design and con-
struction will deliver the desired results must be considered and identified within
the project contract documents for all parties of the process.

Mock-Up: Construction and Performance Testing Sub-phase. Many exterior
envelope systems will require mock-up or performance testing to confirm that the
wall design will conform to the desired appearance and provide performance to meet
the criteria of the project. This process is especially important to those systems with
appearance, design, or performance criteria that are unusual or that have not been
previously constructed. Mock-ups may be performed and tested under laboratory
conditions, on the construction site, or both. For more information on mock-up
construction, see Annex H-3.

Preconstruction Meeting Before Arrival of Specific Materials and Systems
on the Job Site. Issues to be addressed include:

• Phasing and schedule of construction.
• Owner occupancy and ongoing use of the facility for existing occupied buildings

being repaired or retrofit.
• Review of previously constructed wall mock-ups where appropriate.
• Review of erection and installation drawings and instructions and systems inter-

face details.
• Communications between designer, consultants, owners, and contractors.
• Review of problem resolution techniques and procedures to be followed.
• Lift schedules where common use of cranes or material hoists is provided.
• Site access for cranes where common use cranes or material hoists are not

provided.
• Weather limitations for specific systems work.
• Meeting schedule for coordination with other work.
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• Review of acceptance criteria for substrates to which multiple systems interact
and corrective procedure requirements and procedures.

• Acceptable tolerances of the finished all trades.
• Cleaning procedures.
• Protection of completed work.
• Inspection and acceptance procedures and criteria for work in progress.
• Acceptance procedures for completed work.
• Convene a pre-installation meeting between the designer, consultants reviewing

construction, the general contractor or construction manager, the trade contrac-
tors, and the tradesmen. During this meeting the following should be reviewed:
the systems designs, the critical details, acceptable practices, unacceptable prac-
tices, and inspection procedures. This meeting helps to establish a strong working
relationship that can provide great benefits, especially for systems that are labor
intensive on-site.

• Schedule and hold regular progress meetings to review the status of work as it
proceeds.

• Review storage conditions periodically to identify and correct deficiencies that
may occur.

• Review in-place work regularly to assure conformance to project requirements,
including protection as necessary. Notify contractors of required remedial work.

• Review typical detail conditions with contractors and tradesmen as the work is
started. This is often the last opportunity to be sure that the work will be
performed correctly.

• Identify examples of acceptable work for each system condition and review with
contractors and tradesmen. When part of the project, the accepted and approved
on-site mock-up should be used as the acceptable level of quality.

• Resolve problems as they are identified; do not procrastinate. Once on-site work
is started, delays are not acceptable and may lead to unacceptable construction if
not resolved quickly.

• Require a complete set of project documents be available on-site at all times,
including submittals, samples, and installation instructions. Refer to these docu-
ments regularly.

• Check materials that are being incorporated into the buildings. Read labels, check
manufacturer’s precautions, and compare to approved submittals and project
usage.

• Establish clear lines of communications between the designer, consultants, con-
tractor/construction manager, manufacturers/fabricators, and installing or erec-
tion contractors. This is necessary to facilitate identification and resolution of
problems with a limited amount of conflict and delay.

• Establish and foster working relationships on individual as well as organizational
levels. Good individual working relationships have the potential to provide a very
successful QA tool.

• Arrange access for inspection of the work, even and especially at hard to reach
locations. If these locations are difficult to access, they may well be difficult to
work on also and represent locations more likely to be a source of problems.
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• Establish schedule and requirements for in situ progress testing and reporting.
Involve all parties and distribute the results of meetings and testing.

• Perform “proof” or compliance testing early in the project to detect potential
concerns at the earliest possible time. If you do not, a significant amount of
non-conforming work may result before detection.

• Require cleaning test areas to establish acceptable methods, tools, and cleaning
materials and end results. Document the results and identify an acceptable
example area. Manufacturers of chemicals to be used and finished materials or
systems should be represented at these meetings and test cleanings.

• Where possible, perform acceptance review of work as the work is completed by
area or system. This will allow corrections to be completed while there is still
ready access and help to discover unacceptable conditions that may have been
missed. This will also facilitate correction of the problems in the ongoing work.

• Records of job site weather and progress are important and should be rigorously
obtained and recorded. These can be valuable in identifying the sources of
problems or likely problem areas.

• Require daily reports of work in progress, problems encountered, crew sizes and
individuals, and planned areas of work for all exterior envelope work. These
records may also prove valuable in problem resolution and can help the exterior
wall contractor in planning their work.

Acceptance: Phase 7

The following guidelines apply to all disciplines within specific DER projects.
To assure that the Owner has received systems that meet the requirements of the

contract documents, the design team and contractor/construction manager are
required to review and confirm the completed product conforms to the contract
requirements.

• Require submission of “as-built” records indicating the final construction of the
systems. The project contract documents should contain detailed requirements for
submission of these documents.

• Review qualifications of the specialized consultants or testing agencies to ensure
that they possess the proper knowledge and experience required to perform and
evaluate the results of the in situ testing procedures. Perform this review before
they proceed.

• Hold a pre-acceptance meeting with the project team to review and confirm the
acceptance process and schedule. Document and distribute the results of this
meeting to all parties.

• Require that installing contractors, general contractor/construction manager,
design team, and manufacturer or fabricator of the systems be represented at
testing and/or acceptance reviews. This will facilitate understanding of written
review comments and test reports.

• Require system manuals to be submitted and approved.
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• For unique systems, require system training to be completed.
• Require written comments documenting the results of review and inspections.

Depending on the nature of the project, comments or a legend and elevation
drawings and details may also be required. Beware of tagging or marking
comments directly on completed construction. Tags tend to blow away or wash
off, and markings may damage finishes. If tagging or marking are to be used,
review proposed methods with contractors and obtain their permission before
proceeding.

• Review results of acceptance observations, inspections, and testing before cor-
rections are implemented. All corrective procedures should be agreed on by the
project team before they are started.

• If required, perform on-site testing or observations on examples of proposed
corrective procedures before they are implemented. This may be limited to critical
conditions where there is a serious flaw and doubts regarding the ability of the
proposed corrective procedures to perform.

• Require final sign-off of the work by the designer, consultant, envelope systems
sub-contractors, Owner’s representative and general contractor, or construction
manager.

• In addition to defining the Owner’s Project Requirements and criteria through the
SOW/OPR process, the methodology for validating both the design and con-
struction will deliver the desired results must be considered and identified within
the project contract documents for all parties of the process.

• When used, the third-party agent will assess the acceptance for commissioning.

Post-Occupancy Evaluation: Phase 8

The following guidelines apply to all disciplines within specific DER projects.
QA continues into the occupancy phase of a DER project. Certain post-

occupancy tasks are critical for ensuring that DER-related energy performance
goals as formalized in the Owner’s Project Requirements, Basis of Design, energy
simulation models, and construction documents are being met.

• Require the third-party commissioning specialist to return on-site for an inspec-
tion and performance data analysis of the DER project within the warranty period
and to resolve all outstanding commissioning related issues. Schedule this
inspection between 6 and 9 months after beneficial occupancy of the facility to
allow for sufficient building operation and enough time for deficiency correction
before warranty period expiration.
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• Develop an Ongoing Commissioning (OCx) Report targeting certain key factors
that best characterize and qualify building performance. Ongoing Commissioning
is a continuation of the commissioning process well into the Occupancy/Opera-
tions phase to verify that a project continues to meet current and evolving
Owner’s Project Requirements. Ongoing Commissioning Process Activities
occur throughout the life of the facility. Report shall include, at a minimum,
evaluation of observed or reported facility use that deviates from design, sum-
mary of energy and water usage during the occupancy period, operation of
RFP-required energy and water systems, and any other indicators or qualifiers
of DER project performance. Highlight any deviation between actual and
expected site and source energy intensities.

• Develop and administer occupant comfort surveys. Include survey questions on
overall satisfaction with thermal, lighting, and space controllability that capture
space areas/times associated with any systemic dissatisfaction. Require online
surveys for easy distribution, collection, and analysis of survey content.

• Develop or update the Issues and Resolutions Log. Indicate
completed vs. outstanding resolutions and describe whether observed or reported
deficiencies are the result of facility use or operation that deviates from design
conditions. Quantify the energy and water performance effect calculated or
estimated for each resolved and unresolved issue logged. Develop a corrective
action plan for any deficiencies that were not resolved.

• Require in the DER SOW/RFP that the contractor correct any issues that are not
the result of abnormal facility use or operation relative to design during the
warranty period.

Other DER post-occupancy tasks may be considered optional and dependent on
Owner budget, QA team preferences, project goals, and post-occupancy facility
conditions.

• Perform seasonal testing by repeating endurance performance required in the
Construction phase of the DER project. Reuse commissioning trend length and
interval requirements for data logging of control systems and evaluate a period no
less than 1 operational week (168 consecutive hours).

• Conduct a Lessons Learned Workshop. Attendees shall include representatives
from Owner, contractor, designer, maintenance, and commissioning teams. Doc-
ument all project shortcomings, missed opportunities, process inefficiencies, and
any other improvements to be applied to future DER efforts.

• Update relevant project documents based on OCx Report results including
equipment inventories, systems manuals, and as-builts.
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Annex H-3. Mock-ups

H3.1. Mock-ups: What Are They?

“Mockups are full sized erected assemblies used to ensure understanding and
coordination of required construction for testing and observation and for establishing
standards by which workmanship will be judged.” – CSI Definition. Examples of
mock-ups are shown in Fig. H3.1.

Fig. H3.1 Examples of mock-ups
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H3.2. Mock-up Construction

The major QAP points the designer must address during this phase of the project
include the following procedures:

• Review submittal procedures relative to the mock-up/testing. This process should
have been completed in the previous stage and should be confirmed at this point.
Any energy performance criteria determined to validate mock-ups are correctly
constructed must be agreed to and appropriate tests defined.

• Verify that mock-ups will be erected/constructed by the individuals who will
erect/construct the envelope systems on the building.

• Verify location of testing or mock-ups on site (or on the building) have been fully
coordinated. In the interest of the other aspects of the project, all ongoing
construction activities must be considered.

• Verify the length of time that the mock-ups are required to be retained has been
clearly communicated to the construction team. Premature destruction or removal
of mock-ups can lead to problems.

• Confirm required levels of performance, and test procedures to be used are clearly
verified with the construction team, including those parties performing the
testing.

• Review configuration of the envelope mock-ups and the sequence of testing with
the construction team. Sequence is particularly important if any of the testing will
be destructive.

• Clearly state conditions to be tested and the acceptance criteria. Obtain verifica-
tion from the construction team.

• Address conditions under which re-testing will be required and who will be
responsible for the cost of re-testing. Obtain verification from the
construction team.

• Meet with Owner and construction team to review procedural requirements for
witnessing of the testing.

• Re-evaluate and confirm schedules for production of test panel or mock-up
material, erection of the mock-up, and how access will be provided for on-site
testing.

• Confirm the schedule for testing, whether on the building separate from building
on-site or at a separate location such as a testing facility, has been properly
addressed by the construction team.

• For on-site mock-up or testing, confirm the conditions if any, for which the mock-
ups will be acceptable for inclusion in the finished envelope systems.

After these QAP efforts have been completed, the mock-up drawings have shall
be developed (see Figs. H3.2 and H3.3), and construction and/or performance testing
can proceed.

Additional QAP procedures to be followed for the remainder of mock-up/
performance testing include:

• Document each step in the mock-up/performance testing. Include photographic as
well as video documentation.
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Fig. H3.2 Mock-ups drawings
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• Take special note of any differences between the mock-up/performance testing
specimens and the material to be installed. It is critical that the constructed work
match the mock-ups as constructed and tested.

• Allow adequate time for sealants and other “wet” components to cure before
testing.

• After mock-up construction and before testing, remove and reglaze sample panels
to demonstrate procedures (metal or glass curtain walls in particular).

• Monitor testing procedures and results to confirm compliance with project
criteria. Address and confirm any discrepancies or questions with the
construction team.

• In the event of failure, modification to system details and retest may be required.
This must be documented in detail.

• After completion of testing, verify shop and erection drawings and installation
instructions are revised to indicate required changes.

• Review and confirm that the construction team understands that a final written
report of test results from the testing agency or consultant is required. Obtain a
firm date for receipt of this information.

• List prerequisites for the test performance in terms of completion of systems and
assemblies and acceptable completion of other activities. Include step-by-step
instructions to exercise the specific systems and assemblies under test. Instruc-
tions should include how to configure the system or assembly to start the test and
how to restore the system to normal operation at the conclusion of the test.

• List of instrumentation, tools, and supplies required for the test. The list should
indicate which of the participants is responsible for each of the items listed. The
list should be specific as to make, model, range, capacity, accuracy, calibration,
and other pertinent performance requirements.

Fig. H3.3 Mock-up roof details: (a) historic roof, (b) replacement mock-up
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• List what observations or measurements must be recorded and the range of
acceptable results.

Keeping the mock-up and performance testing on the proper schedule track provides a
critical link in avoiding performance problems in the completed building envelope.

Annex H-4. Use of Infrared Thermography (IR) to Identify
Loss of Thermal Barrier Continuity and Thermal Bridging

H-4.1. Introduction

IR Thermography (Fig. H4.1) can be used to identify thermal bridging through
visually accessible portions of the retrofitted building envelope when the IR inspec-
tion is performed under the correct environmental conditions:

• The Thermal Bridging Inspector possesses and can competently operate thermal
imaging equipment.

• The Thermal Bridging Inspector possesses adequate construction knowledge and
experience, familiarity with the drawings and design of the subject structure and
locations of potential thermal bridging sites specific to the subject structure, and
adequate knowledge to recognize thermal anomalies representing the various
building materials components viewed through an infrared camera.

• The Thermal Bridging Inspector possesses the knowledge, experience, and famil-
iarity with the structure design to recognize, understand, and articulate the
differences between thermal anomalies caused by thermal bridging and thermal
anomalies by air leakage.

Fig. H4.1 Infrared Thermography image shows loss of thermal barrier continuity due to thermal
bridging through exterior wall at floor to wall connections. Note straight anomalies. Source: TMI
Air Barrier Testing
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H-4.2. Problems and Issues

During the test, it would be ideal, but impracticable to eliminate anomalies caused by
air leakage. However, it is impracticable to eliminate air leakage anomalies caused
by stack effect. Therefore, for the purpose of real-world building diagnostics and
testing under varied locations and weather conditions, it must be assumed that all
building envelopes have some air leakage and some stack effect that causes air
leakage in opposite directions at the top and bottom of the envelope. Installing a door
fan at the top or bottom of the envelope would tend to stratify the envelope pressure
and cause all air leakage to occur toward either the outside or the inside of the
envelope, depending fan flow direction.

It is impracticable to use door fans to eliminate air leakage anomalies at
individual floor heights by adjusting the neutral pressure plane height.

The theoretical neutral pressure plane is the only place in the envelope where
stack-induced air leakage would not occur. The location of the neutral plane is not
necessarily horizontal and is subject to vacillation due to variables such as stack
effect, wind pressure, compartmentalization, or bottlenecks within the building
envelope, etc.

Thermal anomalies caused by thermal bridging often occur at the same build-
ing envelope location as anomalies caused by air leakage. Anomalies caused
by air leakage can overlap, exaggerate, or even obscure anomalies from
thermal bridging.

As an example, thermal anomalies at connection joints between insulated steel
panels are straight and thin when delta t¼10 & delta p¼0, but air leaks through these
same joints at delta t¼10 & delta p¼25Pa cause anomalies to become wide and
puddle shaped, as the steel surfaces absorb heat from the leaking air (Fig. H4.2).

Fig. H4.2 Loss of thermal barrier continuity due to thermal bridging through metal edges of
insulated metal panel joints and air leakage under induced pressure differential through insulated
metal panel joints. Note curved/puddle shape anomalies. Source: TMI Air Barrier Testing

536 Appendixes



Thermal bridging anomalies typically have shapes different from those of air
leakage anomalies.

Building components typically have straight edges; therefore anomalies resulting
from thermal bridging are likely to consist of straight lines (Fig. H4.3).

Air leakage drawn across smooth surfaces tend to produce anomalies with wispy
edges (Fig. H4.4).

Air leakage drawn through complex shapes causes the surfaces to absorb heat
from the air and tends to have rounded shapes and smooth edges (Fig. H4.5).

Compare anomalies under natural (stack) condition, pressurization, and depres-
surization to help differentiate thermal bridging from air leakage.

An analysis of the same envelope anomaly locations under natural (stack)
pressure, induced positive pressure, and induced negative pressure affords the best
chance to single out and verify thermal bridging locations.

Fig. H4.3 Loss of thermal
barrier continuity due to
thermal bridging through
metal edges of insulated
metal panel joints and air
leakage under induced
pressure differential. Note
straight edge anomalies.
Source: TMI Air Barrier
Testing

Fig. H4.4 Loss of thermal
barrier continuity due to
thermal bridging through
fenestration frame and air
leakage under induced
pressure differential. Note
straight edge and wispy
shape anomalies. Source:
TMI Air Barrier Testing
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Anomalies that have straight lines or patterns and do not change in size or shape
under all pressure conditions are most likely thermal bridges and not air leakage
locations.

Anomalies that are visible during natural conditions and that change shape or size
(either larger or smaller) under pressurization or depressurization are most likely air
leakage at or adjoining thermal bridging locations.

Anomalies that only appear under pressurization or depressurization are most
likely air leakage through or between building components, and less likely to be
thermal bridging.

Anomalies that have curved lines or patterns are likely air leakage.
Anomalies that have wispy edges are likely air leakage where air is drawn straight

along a smooth surface, such as floor surfaces under a door or gyp-board around a
door frame.

These are general examples. However field conditions vary and the Thermal
Bridging/Thermal Barrier Inspector must rely on training and experience to accu-
rately analyze the cause of the thermal anomalies observed during the inspection.

Differentiation between anomalies caused by thermal bridging and by air leakage
must be made by the Thermal Bridging/Thermal Barrier Inspector who has reviewed
and understands the construction drawings and understands the DoR design to
minimize thermal bridging.

Compare anomalies under natural (stack) condition, pressurization, and depres-
surization to help differentiate thermal bridging from air leakage.

An analysis of the same envelope anomaly locations under natural (stack)
pressure, induced positive pressure, and induced negative pressure affords the best
chance to single out and verify thermal bridging locations.

Anomalies that have straight lines or patterns and do not change in size or shape
under all pressure conditions are most likely thermal bridges and not air leakage
locations.

Fig. H4.5 Loss of thermal barrier continuity through voids at missing insulation and thermal
bridging through studs and air leakage under induced pressure differential. Note straight edge and
irregular shape anomalies. Source: TMI Air Barrier Testing
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Anomalies that are visible during natural conditions and that change shape or size
(either larger or smaller) under pressurization or depressurization are most likely air
leakage at or adjoining thermal bridging locations.

Anomalies that only appear under pressurization or depressurization are most
likely air leakage through or between building components and less likely to be
thermal bridging.

Anomalies that have curved lines or patterns are likely air leakage.
Anomalies that have wispy edges are likely air leakage where air is drawn straight

along a smooth surface, such as floor surfaces under a door or gyp-board around a
door frame.

These are general examples. However field conditions vary and the Thermal
Bridging/Thermal Barrier Inspector must rely on training and experience to accu-
rately analyze the cause of the thermal anomalies observed during the inspection.

Thermal Bridging Inspector Qualifications

IR cameras have become quite reasonably priced and commonplace. Numerous
venders offer brief, inexpensive training courses and issue documents indicating
their trainee is certified to some level of expertise in infrared thermography. Indi-
viduals inspecting deep energy retrofit buildings to verify the design provided by the
Designer of Record (DoR) was successfully executed in the field need more than a
basic IR certification. Additional qualifications include:

• Substantial knowledge and experience in commercial construction, building
science, and air/thermal barriers

• Clear understanding of the construction drawings of the subject building
• Clear understanding of the subject building-specific designs to eliminate thermal

bridging surveyed
• The knowledge, experience, and ability to place the subject building under the

various
• Pressures and conditions needed to execute the IR inspection.

Thermal Bridging Testing Procedures and Protocol

Designer of Record. The DoR shall clearly indicate the thermal boundaries of the
structure with a heavy long-short-long dashed line or cross hatched line. Both
vertical and horizontal boundaries shall be shown. Thermal boundary lines shall
be such that a continuous line of thermal continuity can be traced around the
structure and back to the point of beginning without lifting the pencil point. Use a
separate plan page if necessary.

The DoR shall clearly detail the thermal boundary across all changes of plane and
substrate.
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The DoR shall clearly label each component of the thermal boundary along with
the R-value of each of those components, including, but not limited to, fasteners and
other penetrations through the thermal barrier.

Detail shall be such that a continuous line of thermal continuity can be traced
through the assembly without lifting the pencil point.

The DoR shall draw all details at a scale such that installers in the field can clearly
see the individual components making up the assembly on the drawings. Use
exploded views if necessary.

Design Review. Contractor shall engage services of a qualified Thermal Bridg-
ing/Thermal Barrier Inspector. The inspector shall perform a design review of the
plans provided by the DoR and provide a written report indicating areas wherein the
plan’s loss of thermal barrier continuity/thermal bridging occurs. Report shall
include both marked-up plans with comments and arrows indicating locations
where the loss occurs, a written narrative. Note: a design review for thermal
bridging/thermal barrier continuity can be economically performed at the same
time as design review for air barrier continuity.

Field Inspections. The Contractor shall engage services of a qualified Thermal
Bridging/Thermal Barrier Inspector. Inspector shall conduct inspections at appro-
priate times and frequency in the construction schedule and shall provide written
inspection reports regarding thermal barrier continuity and compliance with the job
specifications the plans provided by DoR.

Test Setup and Building Conditions. Setup building for testing in accordance
with Air Leakage Testing Protocol/Standard (e.g., USACE Air Leakage Test Proto-
col for Building Envelopes).

Ensure that the building envelope is free of all solar loads. IR inspection can be
conducted on full overcast days. IR inspection of non-masonry buildings on
non-overcast days should not start until 3 hours after sunlight is off of the structure.
IR inspection of masonry veneer should not start until 6 hours sunlight is off of the
structure. Environmental conditions shall comply with current ISO 6781 and ASTM
C1060 standards.

Conduct IR thermal bridging/thermal barrier inspection from exterior under
natural conditions before inducing any pressure changes on the building.

Take clearly focused thermograms and digital photographs of all visibly acces-
sible surfaces of the structure. Start with large areas. Capture entire elevations in
single field-of-view images if possible. Move in and take clearly focused images of
wall sections, capturing grade-to-roof in single field-of-view images if possible.
Ensure that images overlap each wall section so a complete record of all surfaces
is recorded. Move in and take clearly focused images of all anomalies. For each
image taken, mark or otherwise indicate on the standing surface the location the
inspector stood and the direction the IR camera was pointed when the image was
taken. Work in a consistent clockwise or counter-clockwise direction around the
entire structure.

Place the building under a negative pressure of 25 Pa (0.0036 psi). Stand in the
previously marked locations and take another set of thermograms and digital pho-
tographs from the same angles and covering the same fields-of-view. Capture the
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same elevations, wall sections, and anomalies in the same order. When new anom-
alies appear, take clearly focused images, mark or otherwise indicate the standing
location inspector stood and direction IR camera was pointed when the image of the
new anomaly was taken. Record new anomalies order they are observed.

Place the building under a positive pressure of 25 Pa (0.0036 psi). Stand in the
previously marked locations and take another set of thermograms and digital pho-
tographs from the same angles and covering the same fields-of-view. Capture the
same elevations, wall sections, and anomalies. If new anomalies appear, take clearly
focused images and mark or otherwise indicate the standing locations inspector
stood and direction IR camera was pointed when the image of the new anomaly
was recorded. Record new anomalies in the order they are observed.

Compare thermograms of the anomalies taken under natural (stack) pressure,
positive pressure, and negative pressure. Review the locations of the anomalies
against the design drawings provided by DoR. Provide a report showing all anom-
alies and indicate the anomalies that were consistent with thermal bridging and those
that were consistent with air leakage.

Annex H-5. Air Barrier Testing

One critical aspect of evaluating the performance of the new envelope is to test the
new envelope for air leakage by quantifying the leakage and comparing the mea-
sured leakage with the design expectations. This critical step of the process will
validate the quality of the installation and identify any deficient areas in the con-
struction. The most common method for performing this test is the blower door test,
also called a “fan pressurization test,” which is a positive and negative pressure test
on the envelope, or specifically, of the materials or system performing the air barrier
function of the envelope, to determine a leakage rate at a given pressure. As
indicated by the data in Table 9.1, specific requirements for a passing or failing
leakage rate at a given pressure may vary between countries.

In addition to the blower door test, other diagnostic inspection or leakage location
detection methods are performed during pressurization or depressurization to iden-
tify leak locations. These may include thermal investigations with a forward-looking
infrared cameras, the use of theatrical smoke generation machines to find leak
locations, the use of smoke pens, and even the use of simple “find an feel” techniques
with one’s hands. It is important to periodically perform visual inspections for
evdence of leaks, e.g., for dirty insulation at roof/wall intersection, cobwebs, or
dirt lines. Any of these methods can be employed to find leaks that need correction
before the project is complete.

The time when a test on the envelope can be performed varies based on the
contractor’s schedule and on the proposed time for testing during the project. The
optimal time to perform an envelope test is after the envelope nearing completion,
but before any of the interior and exterior finish work has been installed. This
provides the maximum access to areas in need of correction without having to
remove and replace finishes and finish work.
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The contractor constructing the building is ultimately responsible for the testing; the
contractor’s QCmanager should oversee the preparations and process on testing day. The
important roles, responsibilities, and functions of the contractor QC staff are:

• The QC should be familiar with the testing process as well as the contract
documents related to the particular project to ensure the testing entity is
performing the testing and diagnostics properly.

• The QC should review any and all qualifications of testing entities per contract,
approve and be familiar with any required testing plans, conduct the prep meeting
for the testing, and be present during the testing.

• The QC should be present during the testing of the project and, in particular,
during the diagnostic evaluation and thermography. Some issues can be
addressed on the spot. However, it is critical for the QC to have a general
awareness of the conditions found during testing.

• The QC should ensure that air barrier surface area calculations have been
completed and established before the testing.

• The QC should review and approve all final test reports and address any issues or
deficiencies found or noted in the test report appropriately.

Once testing has been completed, the final tested performance value should be
compared to that of the design expectations. If the tested value exceeds the minimum
passing requirements, the contractor is required to find and identify all issues, make
corrections, and retest until a passing value is achieved. The contractor is ultimately
responsible for the work in place and needs to make the needed corrections. The
DoR may need to be involved if design flaws in the air barrier system, beyond field
installation quality defects in the system, are found or suspected. Failure to meet the
minimum requirements will affect the overall performance and energy conservation
design aspects of the building such that it will not perform as intended.

Annex H-6. Duct System Air Leakage Testing

During construction, sections of the air system should be tested using EN 12599 or
SMACNA’s HVAC Air Duct Leakage Test Manual (2012: Sections 4, 6, and 7). The
air leakage should not exceed the air leakage fraction calculated using Eq. 12.4 for
EU airtightness Class C (0.003 L/s per m2) or ASHRAE air leakage class 2.1 (cfm
per 100 ft2) at the static pressure listed in Table H6.1. The system air leakage will not
exceed 4.5% when the test pressure does not exceed 1500 Pa (6 in. water).

A minimum 25% of the system (including 100% of the ducts to be enclosed in
chases and other concealed space and ducts installed outdoor), based on the duct
surface area, should be tested and another 25% if any of initial sections fail. If the
second 25% fails, the entire system should be air leakage tested. Sections should be
selected randomly by the Owner’s representative.

ASHRAE Standard 215 will be available late 2017 or 2018 to determine the air
leakage airflow and fractional air leakage of operating HVAC air distribution
systems. It is recommended that this standard be used when commissioning DER
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buildings. Acceptable air leakage fractions should be the same as for pressurization
tests during construction.

For most of typical HVAC systems and practical static pressure ranges, air
leakage requirements for DER projects can be accomplished using Class CL2.1
(USA) or Class C (EU) ductwork following testing procedures described above.
Additionally, casing leakage for the air-handling unit (AHU) of supply air system
should not exceed 1% of the design airflow.

Example H6.1 Example of the duct system depicted by Fig. H6.1 with character-
istics presented in Tables H6.2a and H6.3 illustrates how to determine the air leakage
fraction required for a DER HVAC air system air leakage test and what is the
allowable air leakage rates for different test setups.

The system air leakage fraction calculated using Eq. 12.4 shall not exceed 2.7:

QL,frac ¼
0:003ð Þ 7500:65

� �
2360
289:7

� �
" #

100 ¼ 2:7%

QL,frac ¼
2:1ð Þ 30:65

� �
5000
3117

� �
" #

¼ 2:7%

Calculations of the allowable tested air leakage rate using Eq. 12.2 for the system
described above are summarized in Tables H6.4 and H6.5 for the following test
setups:

(1) Each section
(2) Sections 4 and 5 combined
(3) 944 m2 (500 ft2) of Section 5
(4) Entire system

Table H6.1 Air leakage test pressure for HVAC air systems

Type of system
Minimum test
pressure

Small systems; split DX systems usually under 940 L/s (2000 cfm) 250 Pa (1 in.
water)

Variable air volume (VAV) and constant air volume (CAV) boxes and
associated downstream ductwork

250 Pa (1 in.
water)

Single zone, multizone, return ducts, and exhaust duct systems 500 Pa (2 in.
water)

Ducts in chases and concealed spaces, main return ducts on VAV and CAV
systems, main ducts on general exhaust or outside air systems

750 Pa (3 in.
water)

VAV and CAV boxes with upstream boxes 1000 Pa (4 in.
water)

High-pressure induction system 1500 Pa (6 in.
water)
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Table H6.2 System characteristics (input) (SI units)

Section Section inlet flow, L/s Asection, m
2 Section static pressure, Pa

1 2360 46.5 750

2 944 62.0 250

3 1416 69.7 500

4 472 18.6 250

5 944 92.9 250

Total 289.7

Table H6.3 System characteristics (input) (I-P units)

Section Section inlet flow, cfm Asection, ft
2 Section static pressure, in. water

1 5000 500 3.0

2 2000 667 1.0

3 3000 750 2.0

4 1000 200 1.0

5 2000 1000 1.0

Total 3117

Table H6.4 Allowable air leakage for the example system test (SI units)

Section

Inlet
flow,
L/s

Asection,
m2

Section static
pressure, Pa

Section airtightness class,
L/s per m2 per (Pa)0.65

Section allowable
air leakage, L/s

Input Equation 12-1
Equation 12-2 or
12-3

1 2360 46.5 750 0.003 10.2

2 944 62.0 250 0.006 13.6

3 1416 69.7 500 0.004 15.3

4 472 18.6 250 0.006 4.1

5 944 92.9 250 0.006 20.4

Total 289.7 63.7

4 and 5 1416 111.5 250 0.006 24.5

Partial
5

944 46.45 250 0.006 10.2

— 2360 289.7 750 0.003 63.7

Fig. H6.1 System layout
for Example H6.1
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Appendix I: Economics of DER

Most of major renovation projects include scope of work, which can be either
energy- or non-energy-related. Non-energy-related scope of work may include
such elements as different construction jobs related to changing floor layouts (e.g.,
moving/removing internal partitions), adding bathrooms, removing asbestos, adding
sprinkler system, etc. An energy-related scope of work for a major renovation project
typically includes replacement of existing mechanical and electrical systems, which
will meet current minimum standard requirements, electrical work, replacement of
some or all windows, replacement of exiting ductwork and plumbing systems. The
scope of work with DER can include the same items, but using higher efficiency
equipment and systems, as well as additional items that are not often a part of typical
major renovation projects (i.e., building envelope insulation, improvement of build-
ing airtightness, heat recovery, etc.). Some improvements, such as additional insu-
lation and high-performance windows, increase the cost of renovation; other
improvements (e.g., smaller heating and cooling systems, boilers and chillers)
allow reduction in cost compared to similar budgeted items. Therefore, the overall
budget for DER project is typically higher than one required for a major renovation
that seeks only to minimize energy requirements (Fig. I.1).

The budget increase allowance (Δ Budget) compared to the budget allocated for a
major renovation project can be calculated using fundamental formula for NPV
calculation:

ΔBudgetmax ¼ NPV ΔEnergy $ð Þ½ � þ NPV ΔMaintenance $ð Þ½ �þ
NPV ΔReplacement Cost $ð Þ½ � þ NPV ΔLease Revenues $ð Þ½ � ðI:1Þ

Table H6.5 Allowable air leakage for the example system test (I-P units)

Section

Inlet
flow,
cfm

Asection,
ft2

Section static
pressure,
in. water

Section air leakage class,
cfm per 100 ft2 per
(in. water)0.65

Section allowable
air leakage, cfm

Input Equation 12-1
Equation 12-2 or
12-3

1 5000 500 3.0 2.1 21.7

2 2000 667 1.0 4.3 28.9

3 3000 750 2.0 2.8 32.5

4 1000 200 1.0 4.3 8.7

5 2000 1000 1.0 4.3 43.3

Total 3117 135.0

4 and 5 3000 1200 1.0 4.3 52

Partial
5

2000 500 1.0 4.3 21.7

– 5000 3117 3.0 2.1 135
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where NPV [Δ Energy ($)] is a present value of future energy cost savings for the
project with the project life of N years, due to reduced use of electricity (E), gas (G),
and other fuels (OF).

NPV ΔEnergy $ð Þ½ � ¼ NPV ΔE� CE½ � þ NPV ΔG� CG½ �
þ NPV ΔOF� COF½ � ðI:2Þ

where:

CE, CG, COF are unit fuel prices
ΔE, ΔG, ΔOF – annual electricity, gas, and other fuel saving.

For each fuel type, NPV of energy cost saving NPV can be calculated using the
following formula (using gas as an example):

NPV ΔG� CG½ � ¼ ΔG½ �t¼1 � CG t¼1ð Þ �
Xt=N

t= 1
It

� 1þ dð ÞN � 1
h i

= d 1þ dð ÞN
h i

ðI:3Þ

where:

It ¼ projected average fuel price index.
CG(t=1)– gas unit price in the first year.

To simplify calculations, the energy unit price change from year to year can be
assumed to be at a constant rate (or escalation rate) over the study period. The
escalation rate can be positive or negative. The formula for finding the present value

Fig. I.1 Scope of work of DER project
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(NPV [ΔG x CG]) of an annually recurring cost savings at base-date prices (CG(t=1))
changing at escalation rate e is:

NPV ΔG� CG½ � ¼ ΔG½ �t¼1 � CG t¼1ð Þ � 1þ eð Þ=d� eÞ
� 1� 1þ eð Þ=1þ dÞ½ �N ðI:4Þ

In Eq. I.4:

NPV [ΔMaintenance ($)] – present value of future maintenance cost savings
NPV [ΔReplacement Cost ($)] – present value of future replacement cost reduction
NPV [ΔLease Revenues ($)] – increase in revenues from the space lease.

The formulas for calculating NPV [ΔMaintenance ($)] and NPV [ΔLease Rev-
enues ($)] are based on the discount or inflation rate, d:

NPV ΔMaintenance $ð Þ½ � ¼ ΔMaintenance½ �t¼1

� 1þ dð ÞN � 1
h i

= d 1þ dð ÞN
h i

ðI:5Þ

where: [ΔMaintenance]t¼1 – maintenance costs savings in the first year.

NPV ΔLease Revenues $ð Þ½ � ¼ ΔLease Revenues $ð Þ½ �t¼1

� 1þ dð ÞN � 1
h i

= d 1þ dð ÞN
h i

ðI:6Þ

where: [ΔLease Revenues ($)]t¼1 – lease revenues increase in the first year

NPV ΔReplacement Cost $ð Þ½ �T ¼ ΔReplacement Cost $ð Þ½ �T � 1þ dð ÞT ðI:7Þ

where: [ΔReplacement Cost ($)]T – equipment replacement cost saving in the year
(T).

This analysis does not address the possibility of financing either any part of the
major renovation cost or the cost increase to achieve DER. Therefore, there is no
financing cost involved, and there is no need to account for the interest rate of
financing.

When the whole scope of the project is financed or DER is financed using a
combination of funding sources (see the Annex 61 “Deep Energy Retrofit – Business
Guide”), the project budget will include the capital cost financing (see schematic in
Fig. I.2).

Figure I.2 shows different scenarios with private funds used to either pay for the
total scope of the project or used to extend the capacity of limited public funds.
However, this model comes at a cost of capital costs financing. The cost of financing
depends upon the study period and the interest for borrowing money.
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Each term in Eq. I.1 can be calculated in terms of net present dollars (€) or
constant dollars (€). Instead of calculating the NPV of each term, this can be
simplified by using economic scalar ratios (SRs) for energy and scalars (S) for
maintenance, lease, and replacement. This simplification avoids the difficulty of
selecting all of the individual economic parameters in determining the cost-
effectiveness of projects, thus establishing a comparative economic feasibility
threshold for analysis.

The SR is a summation of the annual present worth factors over project study life
to produce a single present value factor (see McBride 1995 for detailed develop-
ment). In estimating the NPV of energy savings, the ratio of the discount factor is
factored into the fuel cost scalars to form the SR used in the economic analysis. The
equation below shows the usage of the SR and S, simplified by neglecting the
replacement value:

ΔBudgetmax ¼ SRE Δ Energy $ð Þ½ � þ SM ΔMaintenance½ �
þ SL ΔLease Revenues½ � ðI:8Þ

where: SM and SL scalars can be calculated and are the uniform present worth factor
series that use the discount rate, the same way as SRE with the escalation rate e¼0%.

Table I.1 lists examples of SRs and Ss calculated at for a range of discount (Dsc)
and escalation (Esc) values. These sample calculations are presented to demonstrate
the sensitivity of the scalars with varying input values. The data in Table I.2 indicate

Fig. I.2 Budget required for DER using a combination of public and private funding
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that with Int ¼ 0%, Dsc ¼ 0%, and Esc ¼ 0%, the SR is equal to the study life. The
results of other calculations listed in Table I.2 demonstrate how the interest rate and
the cost of money decrease SR, or cost-effectiveness, and fuel escalation increases
the SR. Changes in the SR change the budget that can be spent economically on the
project. For simplicity, the federal and state taxes are being held constant, but are
incorporated in the SR as necessary. Table I.1 also lists (and Fig. I.3 shows) the
scalars that are applied to maintenance, lease, and replacement cost delta values and
that are just the uniform present worth value summation for study life. Individual
values can be applied as necessary for each term depending on the years for the item
of interest. If the SR and S are close in value, then these can all be simplified to one
SR for clarity. Table I.2 lists ranges of country specific values of discount, escala-
tion, and interest rates.

SRs are not uniform present worth factors, but are used in a similar fashion in that
they are factors that are multiplied by the calculated single year energy savings to
arrive at the present value cost. In addition, SRs are not equivalent to simple payback
(SPB) since they account for the time value of money. Scalars are uniform present
worth factors that are used similarly to SRs.

The usage of the SR in the context of the DER is the main focus here. Economic
analysis for projects can be calculated by two methods, either absolute or incremen-
tal. The first method calculates the total LCC given all of the project costs; the
second method calculates the annual savings and uses the incremental costs associ-
ated with that annual savings. The steps described in the previous section and in the
example below show an incremental method approach.

Table I.1 Ranges of escalation and discount rates for Annex 61 participating countries (2015 Data)

Country Discount rate Escalation rate

Austria 2.2% 3.9% – electricity

4.8 – district heating

China 2.25% 2%

Denmark 2% 4%

Estonia 4.0% 3.0%

Germany 2.5% 0, 2, and 4%

Latvia 3.5% 0.9%

UK 3.5% 1.5%

USA (Lavappa
and Kneifel 2015)

DOE -3% 2.8 – electricity

OMB short term (<
7-year projects) – 0.7%

3.8 – gas

OMB long-term (>30-
year projects) – 1.4%

Nominal annual escalation rate averaged across all
states at discount rate of 2.1% (for specific loca-
tion and discount rate, use EERC 2.0-15 tool)

For US Federal Projects, the discount rates and Escalation Rates are pre-
scribed by the NIST Handbook 135 Annual Supplement
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Fig. I.3 Scalar ratio for fuels at varying discount and fuel escalations rates (a) (note: curves are
identified with the data listed in Table I.2) and scalars for maintenance and leases (b)
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Example of Allowable Budget Increase Calculation with DER

This example calculation is for a 95,042 ft2 barracks that is undergoing a DER. The
analysis shows the base case and the integrated energy efficiency packages that are
added in addition to the standard retrofit. These packages include lighting, infiltra-
tion reduction, and envelope enhancements, HVAC improvements, etc. The base
case is calculated with the standard retrofit options and the integrated package with
the increased efficiency options from the base case. The Δ cost increase from the
base case is shown and determined from standard values. Then, for a project life of
25 years, the delta energy cost savings is calculated with the SPB.

For the renovation using the core technologies bundle, accumulated annual Δ
savings will be:

ΔEnergy Cost Saving $ ¼ $208, 427� $124, 845 ¼ $83, 582 savings=yr

and a SPB available budget is calculated as:

SPB for 25 yr ¼ $83, 582 � 25 ¼ $2, 089, 550

If there is no cost of money (0% interest) and one uses the same escalation and
discount, then the calculated SR¼ 28.4, where the escalation rate adds to the NPV of
money in a LCC calculation and the savings would be:

$83, 582 savings=yr � 28:4 ¼ $2, 373, 729 NPV available budgetð Þ

There is a significant difference between the available budget using SPB and that
budget if the NPV of money is taken into account. The SR does incorporate the
economic parameters. With this methodology, it is easier to set a standard or
minimum economic hurdle by setting one number vs. a series of economic param-
eters. ASHRAE Standard 90.1 has adopted the SR to maintain uniform economic
stringency throughout the Standard. The current value that ASHRAE is using for
2016 development, using a study life of 25 years, is 14.8. ASHRAE also uses:
Dsc ¼ 9.34%, Int ¼ 7.0%, federal tax ¼ 0%, State tax ¼ 0%, and fuel
escalation ¼ 2.38%.

Table I.3 lists the results for a 95,042 ft2 barrack analysis starting with the final
integrated package with the base case. The “Delta First Cost” column is the cumu-
lative cost of the efficiency options quoted for the integrated package, $1,639,474.
When there is no cost of money (basically using an SPB method), there is more than
enough budget to cover the improvements. However, using NPV dollars, the
financial package that is needed for this case would be an SR ¼ 20, or a value
above than needed to meet the quoted costs for the integrated package to attain 41%
savings. With this analysis, you can either work with the financier to bargain for
better rates or work with the contractor to establish a quote that fits the available
budget. (Note that, for this example, the maintenance costs were neglected for
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simplicity.) So for this example, any SR 	 20 will be cost-effective, so the SR
currently used by ASHRAE of 14.8 will not meet the threshold. However, with no
need to borrow money or with an interest rate ¼ 0% then the current SR of 28.4 is
more than adequate and the initial package could be extended further with the
additional available finances.

The SR not only allows for a quick calculation once the analysis is complete, but
it makes it easier to calculate and monitor the economic calculation as well. It also
allows for quick comparison of one region or country to one another, i.e., a US value
compared to a European value. If the USA had an SR¼ 16 and the EU had a value of
SR ¼ 22 for a 25-year study life, it would be easy to compare the economic
stringency for each compared to all of the individual economic parameters and
their effects.
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Abbreviations

AABC Associated Air Balance Council (AABC)
AAC Autoclaved aerated concrete
AAMA American Architectural Manufacturers Association
ABAA Air Barrier Association of America
AC Air-conditioning
AE Architect-Engineer
AEE Institute for Sustainable Technologies
AG Army Garrison
AHU Air handling unit
AMA Swedish abbreviation for “General Requirements for Material and

Workmanship”
ANSI American National Standards Institute
ASHRAE American Society of Heating, Refrigerating, and Air-Conditioning

Engineers
ASIEPI Assessment and Improvement of the EPBD Impact (where EPBD

¼ Energy Performance of Buildings Directive)
ASTM American Society for Testing and Materials
ATTMA Airtightness Testing and Measurement Association
BC British Columbia
BEMS Building Energy Management System
BESA Building Engineering Services Association
BETEC Building Enclosure Technology and Environment Council
BS British Standard
BSRIA Building Services Research and Information Association (UK)
CAN Canada
CAV Constant air volume
CFM Cubic feet per minute
CIBSE The Chartered Institution of Building Services Engineers
CMU Concrete masonry unit
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COGEN Cogeneration
COGEN-SIM The Simulation of Building-Integrated Fuel Cell and Other

Cogeneration Systems
COMIS Conjunction of Multizone Infiltration Specialists
c.z. Climate zone
DBRI-AAU Danish Building Research Institute – Aalborg University
DER Deep energy retrofit
DIN Deutsches Institut für Normung (the German national standards

organization)
DK-DGNB Danish Green Building Council
DOAS Dedicated outdoor air system
DOE US Department of Energy
DS Dansk (Danish) Standard
DX Direct expansion
EBC Energy in Buildings and Communities Programme
EBPD Energy Performance of Buildings Directive (EU)
ECB Engineering and Construction Bulletin
ECBCS Energy Conservation in Buildings and Community Systems
EEM Energy Efficiency Measure
EFIS Exterior Finish Insulation System
EnEV Energieeinsparverordnung (“Energy-Saving Ordinance”)
EPBD Energy Performance of Buildings Directive
EqLA Equivalent Leakage Area at 10 Pascals
ERDC US Army Engineer Research and Development Center
ERV Energy recovery ventilator
ESCO Energy Service Company
ESPC Energy Savings Performance Contract
ESTCP Environmental Security Technology Certification Program
ETICS External thermal insulating composite systems
EU European Union
EUI Energy use intensity
EVS Estonian Centre for Standardization
FC Fuel cell
FEBY Forum för energieffektiva byggnader (Swedish Center for Zero-

Energy Housing)
FEMP Federal Energy Management Program
FIW Forschungsinstitut für Wärmeschutz (German Research Institute

for Thermal Protection)
FVHF Fachportal vorgehängte hinterlüftete Fassaden (Expert Portal Rear-

Ventilated Façades)
FY Fiscal year
GB Guobiao Standards (national standards issued by the

Standardization Administration of China)
GFA Gross floor area
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HR Heat recovery
HVAC Heating, ventilating, and air-conditioning
HYBVENT Hybrid ventilation
IAQ Indoor air quality
IBP Institute for Building Physics
IDEC Indirect and direct evaporative cooling
IEA International Energy Agency
IEA-EBC International Energy Agency - Energy in Buildings and

Communities Programme
IECC International Energy Conservation Code
IESNA Illuminating Engineering Society of North America
IG Insulating glass
IMP Insulated metal panel
IVD Industrieverband Dichtstoffe E.V. (German Industry Sealant

Association)
IP Inch-pound (British system of units)
ISBN International Standard Book Number
ISO International Organization for Standardization
ISSN International Standard Serial Number
KEA Klimaschutz und Energieagentur (German Climate and Energy

Agency)
LBNL Lawrence Berkeley National Laboratory
LCC Life cycle cost
LED Light-emitting diode
LPD Lighting power density
NBI New Buildings Institute
NEN Nederlands Normalisatie-Instituut (Netherlands Standards

Institute)
NFRC National Fenestration Rating Council
NIST National Institute of Standards and Technology
NISTIR National Institute of Standards and Technology Interagency Report
NPV Net present value
NSAI National Standards Authority of Ireland
NZEB Nearly-zero-energy building
O&M Operations and maintenance
OA Outside air
OECD Organization for Economic Cooperation and Development
OIB Österreichisches Institut für Bautechnik (Austrian Institute for

Structural Engineering)
ÖNORM Österreichisches Normungsinstitu (Austrian Standards Institute)
OPR Owner’s Project Requirements
ORNL Oak Ridge National Laboratory
OSB Oriented strand board
PDQA Product delivery quality assurance process
PHA Passive House Academy
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PHI Passivhaus Institut (Passive House Institute)
PIER Public Interest Energy Research
PIR Polyisocyanurate
PNNL Pacific Northwest National Laboratory
PU Polyurethane
PVC Polyvinyl chloride
QA Quality assurance
QC Quality control
R&D Research and Development
REHVA Federation of European Heating, Ventilating, and Air-conditioning
RFP Request for proposal
RH Relative humidity
RL Richtlinie (Guideline)
RMI Rocky Mountain Institute
ROI Return on investment
SHGC Solar heat gain coefficient
SI Systeme Internationale
SMACNA Sheet Metal and Air-conditioning Contractors’ National

Association, Inc.
SOW Statement of Work
SOW/OPR Statement of Work/Office of Primary Responsibility (SOW/OPR)
STC Sound Transmission Coefficient
STR Sound Transmission Rating
TC Technical Committee
TUT Tallinn University of Technology (Estonia)
TÜV Technischer Überwachungsverein ([German] Association for

Technical Inspection])
UESC Utility Energy Service Contract
UIUC University of Illinois at Urbana-Champaign
UK United Kingdom
US United States
USA United States of America
USACE US Army Corps of Engineers
USDOE US Department of Energy
USEPA US Environmental Protection Agency
UV Ultraviolet
VAV Variable air volume
VDI Verein Deutscher Ingenieure (Association of German Engineers)
WDMA Window and Door Manufacturers Association
WSVO Wärmeschutzverordnung (German: Ordinance on Thermal

Insulation)
XPS Extruded polystyrene
ZVEI Zentralverband Elektrotechnik und Elektronikindus (German

Central Association of Electrical and Electronic Industry)
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