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Chapter 1 
Introduction 

 
 

Historic preservation and environmentalism are often understood as unrelated or 

even opposing disciplines.  Environmentalism is seen as dealing with the future while 

historic preservation is only concerned with the past.  Popular perception is that only new 

buildings constructed using the latest green products are sustainable.  Historic 

preservationists have long argued that historic buildings are inherently green because the 

energy required in their construction has already been expended.  While this embodied 

energy is certainly a consideration, thorough research on whether historic buildings are 

sustainable in other ways has not been conducted.   

Windows were chosen as the focus of this study due to their frequent replacement 

as well as their importance to the exterior of a building.  Historic windows are often 

replaced due to their perceived energy inefficiency and poor appearance and/or 

functionality.  Window companies often promise huge energy savings for replacement 

windows.  Replacement is often easier than repair with the added incentive of improved 

energy efficiency.  Building owners believe they are acting “green” when they replace 

their drafty, old windows with modern efficient units.  This thesis attempts to discover if 

replacing historic windows is a sustainable practice. 
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Preservationists will always advocate for saving historic windows.  As prominent 

elements of a building’s exterior, windows are character defining features.  According to 

the National Park Service, character-defining elements “…include the overall shape of 

the building, its materials, craftsmanship, decorative details, interior spaces and features, 

as well as the various aspects of its site and environment.”1  Character-defining features 

are essential to a building’s style.  Windows, more than any other architectural feature, 

create the essential style of a building by their size, shape, and number.2  They are crucial 

to identifying the period of a building’s construction.  Loss of these features results in 

damage to a building’s integrity, affecting its eligibility for listing on the National 

Register of Historic Places or inclusion in a locally designated historic district.   

Methodology 

In researching this thesis, only published material was consulted.  Time and 

funding constraints did not allow for field studies to be performed.  Every attempt was 

made to consult all available relevant sources.  Only studies performed by respected 

laboratories, universities, or individuals were referenced.   

Literature Review 

Sustainability and preservation are two seemingly different causes that in fact share 

many goals.  Historic building techniques were inherently ‘green,’ not because 

sustainability was trendy but because our predecessors had to make the most of the 

                                                            
1 Lee H. Nelson, “Preservation Brief 17: Architectural Character: Identifying the Visual Aspects of Historic 
Buildings as an Aid to Preserving Their Character,” (National Park Service, Department of the Interior, 
Washington, D. C., 1988), 1.  
2 Yvonne Rees, Window Style, (New York: Van Nostrand Reinhold, 1990), 8. 
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limited energy that was available to them.  Reusing an existing building usually requires 

less energy than constructing a new one.  Preservation and sustainability were initially 

linked in the late 1970s.  While preservation has been quick to promote sustainable 

practices, “green” architecture often ignores the role historic buildings can play in 

creating a healthier environment.   

One of the earliest publications to link preservation and sustainability was 

assembled in 1980.  New Energy From Old Buildings, edited by Diane Maddex, is the 

product of the   “Preservation: Reusing America’s Energy” Symposium, held in May 

1980.  The symposium and the resulting collection of papers represent the advent of the 

linking of sustainability and preservation.  The papers cover a range of topics, from the 

inherent sustainable characteristics of the historic houses, the benefits of revitalizing 

historic downtowns, to specific energy savings recommendations based on different 

climate zones.  The book is important as a pioneering work but contains some 

inaccuracies and outdated information.    

  “Green Building Practices and the Secretary of the Interior’s Standards for Historic 

Preservation: A White Paper prepared in advance of the 2008 Pocantico Symposium” 

examines the relationship between green building and The Secretary of the Interior’s 

Standards for the Treatment of Historic Buildings.  Specifically, the paper discusses the 

conflicts between LEED and the Standards, perceived and actual.  There are relatively 

few green strategies that the Standards prevent, and the paper concludes that with creative 

design, green techniques can be applied to historic buildings.  The paper contains very 
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little specific information, but it is a good summary of the current issues facing 

preservation within the sustainability movement.   

Architect Mike Jackson argues that the embodied energy of existing buildings should 

be given more weight in evaluating their sustainability in “Embodied Energy and Historic 

Preservation: A Needed Reassessment.”   He argues that the 1976 report Energy Use for 

Building Construction, is an important tool preservationists should take advantage of.  

Jackson feels that the report is fairly comprehensive but excludes some historic materials 

such as stone and plaster.  Jackson’s article is useful source for analyzing historic 

buildings based on embodied energy values.  

There are many different meanings of sustainability and green within architecture.  

Stephen A. Mouzon addresses both concepts in his book The Original Green: Unlocking 

the Mystery of True Sustainability.  He relates the current green movement to historic 

architectural practices.  In order to achieve true sustainability, we must make significant 

changes in our society and the way we design our buildings.  Architecture should be 

driven by practical factors rather than being ruled by aesthetics.  In order to return to 

living traditions, we must design based on practical reasons or as Mouzon explains, “we 

do this because…”  To Mouzon, longevity, environmental health, and love-ability are 

what create sustainability.  Mouzon includes the love-ability requirement because he 

believes that regardless of a building’s performance, if is not loved, it will not endure.             

Mouzon feels we need to change our behavior as well as our building products.  

Energy efficiency and low carbon footprints in themselves do not lead to sustainability.  

While both are beneficial, it does not encourage us to change our behavior.  Mouzon 
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recommends that in order to be more green we need to address both city and rural 

settings, design and use objects that have many uses, produce things locally, learn to 

tolerate variations in temperature better, and share knowledge so everyone can be 

involved.  This will create not only a healthier environment but healthier people as well.        

Mouzon writes in a very accessible way.  His use of specific examples, including 

illustrations and images, make his ideas easy to understand.  His ideas about 

sustainability were very helpful in forming a comprehensive yet clear definition of what 

it means to be sustainable for this thesis.   

In 2002, architect William McDonough and chemist Michael Braungart addressed 

sustainability in Cradle to Cradle, a book that calls for people to rethink the way we 

produce everything.  McDonough and Braungart argue that energy efficiency and 

recycling are not sufficient. Because our systems are flawed, efficiency within them 

means little.  Recycling is actually “downcylcing,” reducing the quality of the material 

over time.  McDonough and Braungart propose we emulate nature and create products 

that can be reused.  In addition to making large scale recommendations, the authors 

provide criteria for evaluating individual materials.  Their arguments are well made 

though the book does not provide much guidance on how to achieve their ambitious 

goals. 

Information on the sustainability of specific materials is generally difficult to find 

in a single source.  Bjorn Berg’s The Ecology of Building Materials, Second Edition, 

published in 2009, is a thorough examination of the materials that make up buildings.  

Berg evaluates building components based on the raw materials, energy, and pollution 
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that are needed or result from their production.  His goal is to give professionals in the 

building industry a tool for creating environmental requirements.  He considers a 

material’s renewability, durability, disposal (recycling/reuse), embodied energy, pollution 

produced by the material during its processing and use, and its chemical and physical 

properties.  Berg discusses individual raw materials such as stone, metals, and wood, as 

well as entire building components.  Brief histories of most materials are also included.  

All the materials used in windows are discussed in addition to a separate section on 

windows as a building component.  Berg gives an example of what he considers the 

modern sustainable window.  The book is a detailed, well-researched, and comprehensive 

resource. 

There is a good deal of literature available on historic windows, from articles for 

the general public to highly technical studies testing the energy performance of historic 

windows and replacement windows.  Walter Sedovic and Jill H. Goffhelf, in “What 

Replacement Windows Can’t Replace: The Real Cost of Removing Historic Windows,” 

published in 2005, argue that historic windows have many benefits, including being 

sustainable.  They are crucial to the character of a building, were constructed with 

superior wood and craftsmanship than used in modern windows, and can easily be 

retrofitted.  The article provides a thorough examination of the advantages of historic 

windows and offers several alternatives to replacement. 

“Testing the Energy Performance of Wood Windows in Cold Climates,” a report 

compiled for the State of Vermont Division for Historic Preservation in 1996, is a 

seminal study, referenced by many subsequent articles.  The study tested the hypothesis 
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that historic windows can be upgraded to a level of thermal efficiency similar to 

replacement units.  151 windows located in northern and central Vermont were field 

tested and thermal losses were calculated using WINDOW 4.1 (software developed by 

Lawrence Berkeley National Laboratory).  Both non-upgraded and upgraded windows 

were tested.  The upgrades included different types of weatherstripping and storm 

windows.  The upgraded windows were also tested against a modern replacement 

window.  The study found that sash leakage was greatly reduced by any of the upgrade 

methods tested and that replacement windows did not necessarily reduce energy costs 

more than an upgrade.  It is one of the earliest studies that specifically examines historic 

windows. 

“Measured Winter Performance of Storm Windows,” by J. H. Klems, published in 

2002, compares a single-glazed wood window (similar in construction to historic wood 

windows) with an insulated replacement window.  The single-glazed window was tested 

with and without a storm window.  Measurements were made using an accurate 

calorimetric facility with the windows facing north.  Each window was tested for at least 

four days during the winter months.  Heat flows due to air infiltration were found to be 

small.  Prime window/low-E storm window combinations performed very closely to the 

replacement window.   

William Hill’s “An Evaluation of Indiana’s Energy Conservation Financial 

Assistance Program (ECFAP),” published in 1991, summarizes a study that examined 

different home upgrades that aimed to improve energy efficiency.  These upgrades 

included replacement windows, new heating systems, and additional insulation.  Data 
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obtained from each home’s gas meter (gathered one year before and one year after 

installation of the upgrades) was analyzed with PRISM software (Princeton Scorekeeping 

Method) in order to calculate energy savings.  The study found that replacing the 

windows provided the least amount of energy savings, while new insulation was the most 

effective. 

 “Technical Paper 1: Thermal Performance of Traditional Windows,” published in 

2008, reports on a study performed by Glasgow Caledonian University in Scotland that 

tested a traditional window fitted with various options to improve its thermal 

performance, including different window treatments and a secondary glazing system 

(storm window).  The window was also re-glazed with low-E double glazing and tested.  

The tests determined the reduction in heat loss and the U-value for each option.  The 

study found that air-tightness did not have a significant effect on the U-value.  Several of 

the tested configurations produced U-values similar to modern windows.  

“Field Evaluation of Low-E Storm Windows,” published in 2007 by the American 

Society of Heating, Refrigeration, and Air-Conditioning Engineers (ASHRAE), compares 

the performance of low-E storm windows to standard clear storm windows as well as to 

no storm windows.  The study was conducted in a cold climate over the period of one 

heating season.  Annual energy savings were calculated in comparison with the cost of 

the storm windows.  The homes with low-E storm windows had a payback period of less 

than five years while the clear storm windows resulted in approximately 10 years 

payback. 



11 
 

“To Storm or Not to Storm: Measurement Method to Quantify Impact of Exterior 

Envelope Airtightness on Energy Usage Prior to Construction,” published in 1998, 

reports on a study that tested the air leakage of several types of wall systems with and 

without storm windows.  The study utilized historic windows and aluminum storm 

windows.  The application of storm windows was found to reduce air infiltration.  The 

purpose of the study was to create a methodology for taking data from hot box tests.  Due 

to the limited number of window types tested, the paper concludes that more studies 

using the proposed methodology need to be conducted. 

Commercial steel windows have also been studied.  “An Analysis of the Thermal 

Performance of Repaired and Replacement Windows,” published in 2009, summarizes a 

window study of the Lafayette Building in Washington D.C.  The building was scheduled 

to undergo extensive renovations, including either replacement or repair of the original 

steel windows.  Because it is a federal building, the windows needed to be upgraded for 

blast resistance.  In order to determine if replacement or repair was the best option, in-situ 

mock-ups were installed in the building.  The windows were analyzed based on thermal 

performance, constructability, cost, and aesthetics.  Data was collected over a period of 

five months.  The repaired window experienced more solar heat gain during morning and 

early afternoon hours than the replacement.  The replacement window experienced more 

heat loss through the glass and frame during evening and early morning hours.  The 

repaired window actually provides the superior heat-loss performance because solar heat 

gain can be addressed with low-e coatings while heat loss through the frame cannot.              
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The Empire State Building has recently undergone a “green” retrofit.  Sudip Bose, 

in “The Height of Sustainability,” reports on the work that began in 2009 and will be 

completed in 2013.  The Empire State Building is an important example of a green 

historic building because of its size and iconic image.  The biggest changes to the 

building are an update of its chill cooler and other mechanical, electrical, and plumbing 

systems and replacing the window panes with insulated glass.  The windows remain 

operable.  Offices will also be fitted with motion sensors that turn off the lights after 15 

minutes of inaction.  While the article does not contain much specific information, it 

illustrates that historic commercial buildings can also be “greened.”  Dana Schneider and 

Paul Rode offer a more detailed overview of the project in "Energy Renaissance: Empire 

State Building."  The authors explain each aspect of the project and how it will affect the 

energy efficiency of the building.  The article includes charts on energy use, cost and 

projected energy savings.  The Empire State Building is setting an important precedent in 

greening historic buildings.  

In addition to energy performance, life cycle analysis is an important tool in 

evaluating sustainability.  “Life Cycle of Window Materials—A Comparative 

Assessment,” a study performed in 2002 at Napier University in Edinburgh, Scotland, 

examines the materials most commonly used for window frames.  These materials 

include aluminum, PVC, aluminum-clad timber, and timber.  Materials were analyzed 

based on the energy used in production, maintenance required, and disposal methods.  As 

part of the study, a survey was performed to determine the average life-span of each 

window type.  Accelerated aging tests were also carried out.  Aluminum windows were 
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found to have the highest embodied energy, followed by PVC, Aluminum-clad timber, 

and timber windows.  Aluminum-clad windows performed the best under the aging tests, 

while PVC, untreated wood, and uncoated aluminum were more sensitive.  The study is a 

comprehensive look at all the elements that make up a window’s life-cycle. 

There are very few works that primarily address the history of windows.  Most 

literature on windows includes only a brief section on the development of windows over 

time.  Windows: History, Repair, and Conservation, edited by Michael Tutton and 

Elizabeth Hirst, is a collection of papers that deal with the history, policy and 

conservation of windows.  The conservation section covers wood, metal, stone, and 

stained glass windows.  The information presented deals primarily with British history 

and policy.  The policy section details preservation practices and laws in Britain.  There 

is one chapter on windows and sustainability.  It details techniques for improving the 

energy efficiency of historic windows.  While comprehensive in terms of British 

windows, the work does not cover international window history or conservation policy.      

The National Park Service’s Technical Preservation Services has published 

preservation briefs that address the repair and upgrading of historic wood and steel 

windows.  Preservation Brief 9: The Repair of Historic Wooden Windows and 

Preservation Brief 13: The Repair and Thermal Upgrading of Historic Steel Windows 

cover evaluation, maintenance, repair, weatherization, and replacement for each window 

type.  Repair and thermal upgrading are discussed in detail.  The briefs were written to 

serve as guides for both home owners and building professionals.      
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Information on modern windows is available in several texts.  Windows Systems 

for High Performance Buildings and Residential Windows: A Guide to New Technologies 

and Energy Performance are comprehensive resources on windows and their energy 

performance.  Both are written by teams led by John Carmody, Stephen Selkowitz, and 

Dariush Ararsteh and serve as guides for choosing windows.  Window Systems deals with 

commercial windows and is written for professionals in the building industry.  The 

authors detail the purpose of windows, criteria for choosing windows, characteristics of 

window system materials, as well as how to design window placement for specific 

climates and building types.  Energy performance of individual materials as well as the 

window unit as a whole is the focus.  The physical properties of windows are described in 

detail.  U-values and solar heat gain coefficient, and air infiltration are explained and the 

latest technologies to address these aspects of energy performance are discussed.  

Residential Windows is written for both professionals and lay people.  It deals with the 

same content as Window Systems but at a less comprehensive scale.        

There are many journal articles that deal with a specific building or building 

component within the field of sustainable preservation.  There is also a focus on the 

“greening” of historic homes.  In particular, historic commercial buildings are not 

adequately addressed.  The preservation field is missing a current definitive and 

comprehensive source on the connections between sustainability and preservation.   

Individual elements of historic buildings have not been compared to their modern 

equivalents in terms of sustainability.  Without this knowledge, environmentalists and 

historic preservations will continue to argue their respective sides instead of 
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acknowledging how each can help the other and work together.  There are many different 

variations on the definition of sustainability from a variety of sources.  Companies, 

governments, rating systems, and individuals have all given their own definition of what 

makes a building, component, or product sustainable.  Through examining the various 

ideas about sustainability, a clear definition emerges.  This study/thesis will evaluate 

historic windows and their modern replacements based on materials, energy efficiency, 

life cycle, and durability.  Using various studies comparing historic and replacement 

window performance and the inherent qualities of window materials, the thesis will 

determine which window types are sustainable.
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Chapter 2 
Defining Sustainability 

 
 

According to Random House Webster’s Dictionary, to sustain is “to endure 

without giving way or yielding.”3  Today, the term sustainability is used primarily in 

reference to the natural environment and our relationship to it.  In its 1987 report Our 

Common Future, the World Commission on Environment and Development defined 

sustainability as “…meeting the needs of the present without compromising the ability of 

future generations to meet their own needs.”4  Sustainable practices harvest or use a 

resource without depleting or permanently damaging it.  Consequently, we must take care 

to not deplete or permanently damage our resources.  Sustainability is harder to define in 

terms of real world applications.  “Green” and sustainable have become buzz words used 

by many companies as marketing strategies.  Claims of sustainability are often made with 

no clear explanation of what exactly it means to be sustainable.  In opposition to the 

advertising fluff, there are many organizations and individuals who are attempting to give 

sustainability true meaning.  Rating systems have been developed in an effort to create 

truly sustainable buildings.  LEED and Green Globes are two well-known programs that 

certify buildings as green at various levels.  The International Living Building Institute 

has also created a very comprehensive set of guidelines called the Living

                                                            
3 Random House Webster’s College Dictionary, 1999 ed., s.v. “Sustain,” 4. 
4 United Nations General Assembly, Our Common Future: Report of the World Commission on 
Environment and Development (New York: Oxford University Press, 1987), 34. 
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Building Challenge.  Specialized professional groups, such as the American Society of 

Heating, Refrigerating and Air-Conditioning Engineers, have published very specific 

requirements for green buildings.  Individual architects, such as William McDonough and 

Stephen Mouzon, have outlined their own definitions of sustainability.  From these varied 

sources, there are many similar requirements for sustainability but also some surprising 

differences.   

Leadership in Energy and Environmental Design (LEED) is a rating system that 

evaluates new and existing buildings.  Developed by the United States Green Building 

Council (USGBC), the system has been in use since 1998 and is widely recognized in the 

U.S.  The USGBC’s goal is to transform the built environment by maximizing economic 

and environmental performance.  The LEED Rating Systems aim to provide a definitive 

guideline for what constitutes a green building.  There are rating systems for new 

construction, existing buildings, commercial interiors, core and shell, schools, retail, 

healthcare, homes, and neighborhood development.  The rating standards are based on 

energy and environmental principles.  Points are assigned based on the environmental or 

human effects of the design, construction, operation, and maintenance of the building.  

These include greenhouse gas emissions, fossil fuel use, toxins and carcinogens, air and 

water pollutants, and indoor environmental conditions.  Point values are created using a 

combination of energy modeling, life-cycle assessment, and transportation analysis.  For 

LEED for New Construction 2009, at least 40 out of 100 possible points must be earned 

for a building to be LEED Certified.  Above that, a building may receive Silver, Gold, or 

Platinum designation.  The evaluation is broken down into: Sustainable Sites (26 possible 
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points); Water Efficiency (10 possible points); Energy and Atmosphere (35 possible 

points); Materials and Resources (14 possible points); Indoor Environmental Quality (15 

possible points); Innovation in Design (6 possible points); and Regional Priority (4 

possible points).  LEED for Existing Buildings 2009 differs from LEED for New 

Buildings in a few ways.  Water efficiency is given 14 rather than 10 possible points, and 

materials and resources is worth only 10 rather than 14 possible points.  There are slight 

differences in most of the remaining categories, but otherwise the systems are nearly 

identical.  The LEED system emphasizes site selection (alternative transportation, 

development density, and environmentally sensitive site development) and energy 

efficiency in its definition of green.  Interestingly, there are no requirements or 

recommendations for the life span of the building.         

Green Globes is a rating system that evaluates new construction and existing 

buildings’ environmental performance.  Created in 2000, it evolved out of the Canadian 

Building Research Establishment’s Environmental Assessment Method.  The evaluation 

system is currently used in Canada as well as the U.S.  The Green Building Initiative 

(GBI) oversees the system in the U.S.  GBI is an accredited standards developer under 

the American National Standards Institute.  Buildings are assessed based on several 

categories, including energy, indoor environment, site, water, resources, emissions, and 

project/environmental management.  Buildings must receive at least 350 points out of the 

possible 1,000 to be certified.  They are then given a rating of one to four globes.  

Evaluation encompasses the entire building process, from predesign to construction and 

commissioning.  The most points can be earned through the energy category; by 
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optimizing performance, utilizing renewable energy sources, and reducing demand.  

Conservation of natural resources and reduced emission of pollutants (greenhouse gases, 

airborne particulates, liquid effluents, and solid waste) are also emphasized.  As in 

LEED, there is no requirement for building longevity. 

In addition to rating systems, guidelines and standards for sustainability have been 

written.  The Living Building Challenge is a set of guidelines for truly sustainable 

buildings created by the International Living Building Institute, a non-profit organization 

dedicated to creating a truly sustainable built environment.  The Institute was founded in 

May 2009 by the Cascadia Green Building Council.  Cascadia was incorporated as a 

501(c)(3) in December 1999 and is one of the three original chapters of the USGBC.  The 

Living Building Challenge calls for humanity to unite to “reconcile the built environment 

with the natural environment, into a civilization that creates greater biodiversity, 

resilience and opportunities for life with each adaptation and development.”5  The 

Challenge can be applied to any project type, from renovation to new construction, as 

well as landscapes and neighborhoods.  The Challenge ambitiously calls for the built 

environment to increase biodiversity and soil health; create a deeper understanding of 

climate, culture, and place; and to realign our food and transportation systems.  Its 

trademark is “Socially Just, Culturally Rich and Ecologically Benign.”  The Challenge is 

divided into seven performance areas or ‘Petals’; site, water, energy, health, materials, 

equity, and beauty.  Petals are subdivided into a total of twenty Imperatives.  The 

imperatives are: limits to growth; urban agriculture; habitat exchange; car free living; net 

                                                            
5International Living Building Institute, “Living Building Challenge,” http://ilbi.org/lbc (accessed November 
13, 2010). 
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zero water; ecological water flow; net zero energy; civilized environment; healthy air; 

biophilia (design elements that use natural shapes, forms, patterns, or processes); red list 

(a list of toxins); embodied carbon footprint; responsible industry; appropriate sourcing; 

conservation and reuse; human scale and humane places; democracy and social justice; 

rights to nature; beauty and spirit; and inspiration and education.   

Project evaluation begins with categorizing the site, based on six “Living 

Transect” categories: Natural Habitat Preserve; Rural Agricultural Zone; Village or 

Campus Zone; General Urban Zone; Urban Center Zone; and Urban Core Zone.  The site 

must be separated a minimum distance from wetlands, primary dunes, old-growth forests, 

virgin prairie, prime farmland, and outside the 100-year flood plain.  Certain percentages 

of the project area must be used for food production and natural habitat.  Projects should 

increase density, contributing to a pedestrian-oriented community.  Water must come 

from captured precipitation or closed loop systems.  Storm water, if not captured for use, 

must be directed to return to the earth as groundwater.  Energy must be supplied by on-

site renewable energy.     

Materials used in construction are the next category.  They should be non-toxic 

and not include any of the elements included on the “Red List,” a comprehensive list of 

toxins that includes asbestos, chlorofluorocarbons, and polyvinyl chloride.  Raw 

materials, such as stone, rock, metal, and wood, should by extracted using sustainable and 

fair labor practices.  Materials, products, and services should be sourced from the local 

region.  All projects must create a material conservation management plan that illustrates 
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how the project will strive to eliminate waste.  Percentages of certain materials must be 

diverted from landfills.   

The project cannot restrict access to fresh air, sunlight and natural waterways for 

the surrounding developments.  Beauty is included as a requirement because it will 

encourage people to protect and maintain a project over time.  Depending on the category 

of the project, certain imperatives are waived.  For example, renovations do not have to 

meet the urban agriculture or car free living imperatives under the site requirements.  The 

guidelines recognize the current limitation to each imperative.  The ideal water usage is 

not always attainable because of current health, land use, and building code regulations. 

Buildings must be operational for at least twelve consecutive months before being 

evaluated, ensuring their level of performance is real rather than modeled.  

Approximately 80 projects have been certified since the Challenge was first issued in 

May 2006.  The Living Building Challenge has created a very comprehensive definition 

of sustainability.  The inclusion of beauty in the requirements is unique but important.  

Humans value beauty and are more likely to retain what is beautiful.  However, like 

LEED and Green Globes, the life span of materials and buildings is not one of the many 

imperatives required by the Challenge.     

High performance design is also used by the architectural industry to refer to 

sustainable or green design.  The American Society of Heating, Refrigerating, and Air-

Conditioning Engineers (ASHRAE) has teamed with the USGBC and the Illuminating 

Engineering Society (IES) to create the Standard 189: Standard for the Design of High-

Performance, Green Buildings, published in 2009.  The Standard’s goal is to set 
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minimum requirements for high-performance buildings that can be incorporated into 

existing building codes.  A high-performance green building is defined as: 

[A] building designed, constructed, and capable of being operated in a manner 
that increases environmental performance and economic value over time, seeks to 
establish an indoor environment that supports the health of occupants, and 
enhances satisfaction and productivity of occupants through integration of 
environmentally preferable building materials and water-efficient and energy-
efficient systems.6   

The Standard outlines requirements for site sustainability, water use efficiency, energy 

efficiency, indoor environment quality and the building’s impact on the atmosphere, 

materials, and resources.  The Standard also sets minimum service life spans for 

buildings.  A medium life is considered 25 years minimum and a long life is 50 years 

minimum.  The Standards are a comprehensive tool to evaluate buildings, from energy 

and water efficiency to building lifespan.    

Whole Building Design Guide is an online resource that provides guides based on 

various design objectives, including designing for sustainability.7  The sustainability 

guide defines sustainable design as an integrated, synergistic approach that considers all 

phases of the facility’s life cycle, resulting in an optimal balance of cost, environmental, 

societal, and human benefits.  The main objectives the guide outlines are as follows: to 

avoid resource depletion of energy; water, and raw materials; prevent environmental 

degradation caused by facilities and infrastructure throughout their life cycle; and create 

built environments that are livable, comfortable, safe, and productive.  To achieve these 

                                                            
6 ANSI/ASHRAE/USGBC/IES Standard 189: Standard for the Design of High‐Performance, Green Buildings, 
(Atlanta: American Society of Heating, Refrigerating, and Air‐Conditioning Engineers, 2009), 8. 
7 WBDG Sustainable Committee, “Sustainable,” http://www.wbdg.org/design/sustainable.php (accessed 
April 5, 2011). 
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objectives, there are six fundamental principles: optimize site/existing structure potential; 

optimize energy use; protect and conserve water; use environmentally preferable 

products; enhance indoor environmental quality; and optimize operational and 

maintenance practices.  In addition to these requirements, sustainable buildings should be 

adaptable to multiple uses and different environments and conditions.  This stipulation 

implies that buildings should be able to last longer than their initial use demands, though 

the guide does not explicitly address building lifespan.  The Whole Building Design 

Guide does not introduce any ideas that differ from LEED or Green Globes, focusing 

again on energy efficiency and conservation of water and raw materials.  

Individuals in the field of architecture have also attempted to define sustainability.  

William McDonough is an award winning architect and author and former dean of the 

University of Virginia’s School of Architecture.  In 1992, his firm, William McDonough 

+ Partners, set out to create a set of sustainable design guidelines for the 2000 World’s 

Fair in Hannover, Germany. The so-called Hannover Principles specified that every 

element of a material should be considered, from its extraction, manufacture, 

transformation, and degradation, in addition to its embodied energy, toxicity, off-gassing, 

maintenance requirements, and recyclability.  In 2002, William McDonough and Michael 

Braungart further developed the idea of sustainability in Cradle to Cradle, a book that 

calls for people to rethink the way we produce everything.  McDonough and Braungart 

argue that when companies improve their manufacturing techniques, they are not actually 

creating good practices but simply ‘less bad’ ones.  We need to aim for eco-efficiency 

instead of just energy-efficiency.  McDonough and Braungart argue, “…efficiency has no 
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independent value: it depends on the value of the larger system of which it is a part.”8  

Because our systems are bad, efficiency within the system is meaningless.  They also 

question the effectiveness of recycling, referring to it as “down-cycling” because it 

reduces the quality of the material over time.  Recycling can even create greater harm to 

the environment when the recycling process produces harmful emissions or requires the 

addition of chemicals.  Economically, recycling is also harmful because it increases 

operating costs.  McDonough and Braungart propose we up-cycle instead by 

manufacturing goods that are designed to be reused without any loss of quality.  

Ultimately, all our systems need to be recreated to emulate nature.  In nature, any waste is 

actually food for something else.  Therefore, any waste we create in manufacturing and 

construction should be able to be returned to the earth as nutrients (or at the very least be 

harmless.)   

In addition to these society altering ideas, McDonough and Braungart outline 

criteria for evaluating materials.  These include: oral or inhalative toxicity; chronic 

toxicity; whether the material is a strong sensitizer, known carcinogen, mutagen, 

teratogen or endocrine disruptor; bioaccumulative; its toxicity to water organisms; 

biodegradability; its potential for ozone-layer depletion; and whether the by-products are 

also safe.  Based on the ideas in the Hannover Principles and Cradle to Cradle, 

sustainability is defined as causing no harm to the natural environment along with the 

ability to return to the earth after the component’s useful life is over.  Up-cycling, a form 

of longevity, is emphasized.           

                                                            
8 William McDonough and Michael Braungart, Cradle to Cradle: Remaking the Way We Make Things, (New 
York: North Point Press, 2002), 65. 
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Stephen A. Mouzon attempts to define sustainability in his book The Original 

Green: Unlocking the Mystery of True Sustainability.  Because the term is used by many 

different people in many different ways, Mouzon argues sustainability is currently 

meaningless and used simply as a marketing strategy.  There is a need for a simple and 

clear definition.  To him, sustainability is “keeping things going in a healthy way long 

into an uncertain future.”9  In other words, something is sustainable when it achieves 

longevity without causing harm.  Most definitions of sustainability focus on carbon 

emissions and energy efficiency.  Mouzon argues that carbon is only one part of 

sustainability and that emphasizing carbon footprints can actually lead to less sustainable 

buildings.  For example, a carbon neutral building located on the outskirts of town and 

only accessible by car is not very sustainable overall.  Energy efficiency in itself does not 

lead to sustainability.  While efficiency is beneficial, it does not encourage us to change 

our behavior.  If anything, energy efficient machines lead us to increase our energy use 

because we can get more while paying less.   

Like McDonough and Braungart, Mouzon also calls for significant change in our 

society.  Rather than a consuming economy, we should aim for a conserving one where 

things are made to last and planned obsolescence is no longer the norm.  Many of today’s 

buildings are throw-aways and not expected to last.  While they may be inexpensive to 

build, they are not sustainable. Discarding a building, even if its parts can be recycled, is 

                                                            
9 Stephen A. Mouzon, The Original Green: Unlocking the Mystery of True Sustainability, (Miami: The Guild 
Foundation Press, 2010), 15. 
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less sustainable than keeping a building.  Mouzon feels that durability is essential to 

sustainability.10    

Our society needs to return to building based on regional conditions, climate, and 

culture.  We currently live in the “Thermostat Age” where mechanical equipment has 

replaced natural methods of conditioning buildings.  These natural methods are what 

Mouzon refers to as the “Original Green.”  To stay warm in winter and cool in summer, 

humans learned to harness nature.  People practiced sustainability because it was 

essential to their survival not because it was better for the environment.  Architecture has 

forgotten its living traditions and become defined by style and aesthetics.  In order to 

return to living traditions, we must design based on practical reasons or as Mouzon 

explains, “we do this because…”  For example, areas that experience heavy snowfall 

should have buildings with steeply pitched roofs that shed snow.  If our buildings are 

constructed of purposeful elements, they will be more useful and more loveable. Mouzon 

includes a love-ability requirement because he believes that regardless of a building’s 

performance, if it is not loved, it will not endure.  To Mouzon, longevity, environmental 

health, and love-ability are what create sustainability.           

Sustainability is much more than high energy efficiency and low carbon 

emissions.  The true meaning of the word has been manipulated by advertisers into 

whatever best fits their campaign.  Sustainability and “green” architecture are related 

terms but have different meanings.  Green products and buildings are less 

environmentally harmful alternatives.  Green is a short term solution while sustainability 

                                                            
10 Ibid, 222. 
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is for the long term.  Most of the current rating systems (with the exception of the Living 

Building Challenge) do very little to return sustainability to its roots.  They continue to 

operate within a flawed system and therefore can only produce flawed ratings.  

McDonough and Mouzon have focused on the larger issues and created a more 

comprehensive idea of what creates sustainability.  For the purposes of this thesis, a 

sustainable product will be defined as one that lasts multiple generations without causing 

harm to the environment, either in its production, maintenance, or disposal.  To determine 

which window types are sustainable, window materials will be evaluated based on their 

life span, life cycle analysis, energy efficiency, maintenance, and disposal.  
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Chapter 3 
History of Windows 

 
 

Windows provide three things to a building’s interior; light, air, and views.  The 

word window comes from the Old English vindauga, or “wind eye.”11  Depending on 

climate, available technology, and prevailing style, windows have served various 

functions in human history.   

Light 

Window openings can 

be found in the architecture 

of the ancient Egyptians, 

Sumerians, and Greeks 

(Figure 3.1).  Daylight was 

usually admitted through slits 

at the roof line and large 

openings were rare due to the 

                                                            
11 Michael Tutton and Elizabeth Hirst, ed., Windows: History, Repair, and Conservation, (Dorset, England: 
Donhead Publishing Ltd., 2007), 8. 

Figure 3.1. Front of the First Pylon of the Temple of Ramesses III at Medinet 
Habu, Egypt, New Kingdom period.  Source: http://www.ancient‐
egypt.co.uk/medinet%20habu/index_1. htm 
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hot climate.12  During the Roman Empire, windows became an important element of a 

building’s façade.13  Unlike in ancient Egypt, important buildings were open to the 

public, requiring their interiors to be well-lit.14  Roman window types included bay and 

pivot or swivel windows.15  While the Romans had access to glass, the warm climate did 

not necessitate its frequent use in windows.16  If necessary, animal skins were used to 

keep out the elements.  Wealthy citizens used thin sheets of mica or even small sections 

of cast glass.17  Shutters provided shade and security.  Early Christian churches contained 

windows but they were simple and not focal points of the building’s façade.  It was not 

until the Gothic period that windows played a dominant role in church architecture. 

Air 

In northern Europe, the earliest windows were holes that exhausted smoke out and 

allowed fresh air in.  Skins, mats, or fabric were used to control air flow.  The holes’ 

ability to let in light was a secondary function that eventually became important.  The 

construction method of the building determined the size of the windows.  Stone buildings 

generally had small windows because long pieces of stone, required to frame the window, 

were rare.  Wood buildings had the capacity for larger windows.  Oiled paper and cloth 

were the first translucent materials used to allow light in while keeping out the elements.  

                                                            
12 H. E. Beckett and J. A. Godfrey, Windows: Performance, Design and Installation, (New York: Van 
Nostrand Reinhold Company, 1974), 117. 
13 Ibid, 118. 
14 Ibid. 
15 Rees, 10; Tutton and Hirst, 65. 
16 Beckett and Godfrey, 118. 
17 Rees, 10. 
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Later, thin slices of translucent horn were placed within a wood lattice.18  Eventually 

these membranes were installed in a movable sash that allowed more control over 

ventilation.   

As window technology progressed, typical windows (see Figure 3.2) were 

composed of a simple rectangular grid of mullions (vertical structural elements that 

divide openings) and transoms (horizontal structural elements).  Elizabethan and 

Jacobean builders used iron for the 

frames and lead for the cames (the 

slender rods that hold the panes in 

place), but the windows were not 

very weathertight.19   In 

Continental Europe, wood frames 

were the standard.20  Wooden 

casement windows were used in 

England as early as the thirteenth 

century, but lead-glazed iron 

remained the most widely used 

frame type in Britain. 21  Around the fourteenth century, the bay window, with its 

increased views and light, came into use in banqueting halls in wealthy homes.22   

                                                            
18 Ibid, 12. 
19 Hentie Louw and Robert Crayford, “A Constructional History of the Sash‐Window c. 1670‐c.1725 (Part 
2)”, (Architectural History, Vol. 42 (1999), pp. 173‐239), 173. 
20 Ibid, 174. 
21 Tutton and Hirst, 58. 

Figure 3.2. Window diagram showing the location of mullions 
and transoms.  Source: Linda Hall, Early Casement Window 
Furniture, The Building Conservation Directory 2001. 
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Prior to the sixteenth 

century, glass was used only in 

churches and homes of the very 

wealthy.  The first “window-walls” 

were installed in churches during 

the late-medieval period, like 

King’s College Chapel in 

Cambridge (Figure 3.3).23  In 

England, large windows became more common place in non-religious structures as 

society became progressively less secularized and as glass production expanded during 

the sixteenth century.24  The English used glass enthusiastically, in great country homes 

such as Hardwick Hall, which was said to be “more glass than wall” (Figure 3.4).25  This 

trend clashed with the strict proportion and symmetry of the Renaissance’s Classically 

inspired architecture.    

Classical architecture and the 

fireproofing movement that began 

even before London’s Great Fire of 

1666 led to the increased use of brick 

in urban settings in Britain.  Wood 

framed window were the standard 

                                                                                                                                                                                 
22 Rees, 12. 
23 Tutton and Hirst, 20. 
24 Ibid, 9 & 20. 
25 Ibid, 10. 

Figure 3. 4. Hardwick Hall, Derbyshire, England, 1597.   Source: 
National Trust Photo Library/Mike Williams. 

Figure 3.3. King’s College Chapel, Cambridge, England, 1536.  
Source: GreatBuildings.com 
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window type used with the new brick buildings.  Eventually the frame became non-load-

bearing, allowing the window and the wall to become separate architectural 

components.26   

In the 1670s, the sash window, a counterbalanced, wooden vertically sliding 

window, was developed (Figure 3.5).27  During this time, London was an international 

center for wood joinery and glassmaking.28  The sliding window invented by the French 

in the early fifteenth century was improved with a counterbalancing system of cords, 

pulleys and weights.29  Sash is a derivation of the French word chassis, or frame.  Though 

a single inventor is impossible to identify, the architect Christopher Wren was 

instrumental in its development and popularity.   The boom in country house construction 

in the 1680s allowed craftsmen to perfect their skills and further develop the sash 

window.30  The sash window’s ability to be prefabricated allowed them to be mass 

produced.  One of the sash window’s greatest advantages over casements was its ability 

to be opened varying degrees.31  Sash windows could also be constructed much taller 

than their precursors.  By the early eighteenth century, sash windows tall enough to also 

serve as doors were common in country houses as an alternative to ‘French window,’ a 

door height casement window.32   

                                                            
26 Ibid, 25. 
27 Ibid, 11. 
28 Hentie Louw and Robert Crayford, “A Constructional History of the Sash‐Window c. 1670‐c.1725 (Part 
1)”, (Architectural History, Vol. 41 (1998), pp. 82‐130), 84. 
29 Louw and Crayford, “Part 2”, 173. 
30 Louw and Crayford, “Part 1”, 90. 
31 Louw and Crayford, “Part 2”, 185. 
32 Tutton and Hirst, 54. 
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Figure 3.5. Anatomy of a Double‐Hung Window.  Source: Bill O’Donnell, “Troubleshooting Old Windows,” Old‐House 
Journal, Jan.‐Feb. 1986, 19. 



34 
 

The double-hung (moveable upper and lower sashes) sash window was probably 

introduced in the 1690s but was not widely used until the mid-eighteenth century.33  The 

ability to open both sashes allowed inhabitants to take advantage of the stack effect.  

Because warm air rises naturally, the lower and upper sashes of windows could be 

strategically opened or closed to draw cool air in through the lower opening while forcing 

hot air out through the higher opening.  By the 1720s, sash windows were considered 

selling points in houses throughout England.34  The sash window is well suited to varied 

climates due to its ability to closely control the amount of ventilation.  Casement 

windows are better suited to warm, stable climates because they allow the most 

unobstructed air into the interior.35 While sash windows became the dominant window 

style in Britain, the wooden casement was the window of choice in France, Germany, and 

Italy.   

In 1695, England passed a tax on windows.  Any house with more than six 

windows had to pay a tax for each additional window.  As a result, existing windows 

were often boarded up and false windows were employed to retain the symmetry of the 

façade.  The result was fewer windows in England than the rest of Europe.  The glass 

duty was not repealed until 1845, followed by the abolishment of the window tax in 

1851.  Technology and the repealed window tax resulted in an increased use of glass in 

the mid-nineteenth century.  The increased transparency of glass led shop owners to 

advertise their wares through large picture windows.  The technological advances made 

in glass and iron were dramatically illustrated in the Crystal Palace at the Great 

                                                            
33 Ibid, 16. 
34 Louw and Crayford, “Part 2”, 175. 
35 Tutton and Hirst, 16. 
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Exhibition of the Industry of 

All Nations in London in 1851 

(Figure 3.6).  Due to the 

improved quality in glass, 

windows were eventually used 

to create a link to the outdoors.  

The Picturesque movement in 

particular used windows to 

create calculated views to the 

landscape. 

  Style  

Eventually windows were used to express architectural style in addition to 

performing their practical duties of providing light, air, and views.  Classicism mandated 

exact proportions on a building’s 

façade, with a balanced solid to 

void ratio.  Window size was 

based on the floor area and 

sometimes even the volume of the 

spaces it lit.  Rectangular 

windows typically had a width-to-

Figure 3.7. The six‐over‐six sash windows at 10 Downing Street, London, c. 1735.  
Source: http://www.number10.gov.uk 

Figure 3.6. Contemporary engraving of the Crystal Palace, London, 1851.   
Source: Tallis’ History and Criticism of the Crystal Palace, 1852. 
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height ratio of 1:2 with six lights (panes) over six (Figure 3.7).36  In the early eighteenth 

century, rounded, pointed, and ogee arch sash windows were used in Gothic Revival and 

Rococo buildings.  The Picturesque movement brought the popularity of bowed windows 

and exotic influences.  French windows became popular in England since they allowed 

direct access to the outdoors.  Window placement was determined by the rooms they lit 

rather than the strict symmetry required of Classicism.  In the late nineteenth century, 

architects used light to manipulate the mood of interior spaces.  Proponents of the Arts 

and Crafts movement, such as William Morris, objected to the use of large plate glass.  

Instead, Arts and Crafts designers like Morris 

revived the historically Gothic leaded-light 

iron casement window.  A variety of windows 

configurations were used in a free form 

composition of the building’s exterior (Figure 

3.8).   

Steel windows became available in the 

1860s but did not become widely used until 

after 1890.  Technological advances in the rolled steel industry allowed mass production, 

making metal windows more cost competitive with wood windows.  After devastating 

fires in Boston, Baltimore, Philadelphia, and San Francisco, strict fire codes were adopted 

for industrial and multi-story commercial and office buildings.  Steel windows had the 

advantage of being fire resistant.  The strength of steel allowed for larger windows, 

ultimately changing the architecture of industrial and commercial buildings in the late 
                                                            
36 Ibid, 28. 

Figure 3.8. Cragside in Northumberland, England, 
designed by Norman Shaw, 1863.  Source: Rupert 
Truman, National Trust. 
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nineteenth and early twentieth 

centuries.  The thin profiles of 

steel windows were ideal for 

the streamlined appearance of 

Art Deco, Art Moderne, and 

International buildings of the 

early twentieth century.  

Ribbon windows and curtain 

walls became hallmarks of the International or Modernist style (Figures 3.9 and 3.10).  

Creating volume instead of mass became the design imperative.  Window frames once 

again became load-bearing.   

Steel windows were used in a range of buildings, from industrial to luxury 

commercial and apartment buildings.  In addition to being extremely durable and easy to 

transport, steel windows became standardized in size.  Prefabricated steel-framed 

windows became popular in 

the 1920s.  Steel is the most 

common window framing 

material in commercial 

buildings today due to its 

strength and stiffness.  After 

World War II, cheap, non-

Figure 3.10: Window as wall in Philip Johnson’s Glass House, completed 
1949 in New Canaan, CT  Source: philipjohnsonglasshouse.org 

Figure3.9. Villa Savoye in Poissy, France, designed by Le Corbusier in 
1929, with its distinctive ribbon windows.  Source: Greatbuildings.com 
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corroding aluminum windows became popular in residential construction.  Polyvinyl 

chloride (PVC) frames first became available in the U.S. in the 1960s.  More recent frame 

types include wood clad in aluminum, vinyl, and fiberglass.     

Windows’ energy efficiency became a priority in the late twentieth century.  

Previously, a separate sash, called a storm window, was seasonally installed over the 

original window to improve its thermal performance.  The single-pane and storm window 

configuration evolved into a single unit that contained two glazing layers.  Sealed, double 

glazed windows were developed in the 1960s.  Triple and quad glazed windows were 

built in response to the energy crisis of the 1970s, and are becoming more popular today.   

Glass tints and coatings were also used to improve a window’s energy efficiency.  

Eventually, an inert gas was injected between the panes of glass in multi-paned units.  

Emerging glazing technologies include even greater insulated units and ‘smart’ windows 

that respond to environment conditions.  Aerogel, honeycombs, and capillary tubes can 

be placed between glazing layers, resulting in highly insulated windows.  The insulation 

is not completely transparent and results in diffused light.  “Smart” windows, like 

photochromic and thermochromic windows, adjust their transparency in response to 

changes in light or heat.  Electrochromic windows use an electric current to change the 

color of the glazing from clear to blue-tinted, allowing the heat transfer to be modulated.   

Researchers are also attempting to produce insulating window units that contain a 

vacuum instead of an inert gas, known as evacuated windows.     

Today we expect windows to be high performing components of our buildings, 

designed to contribute to a building’s energy efficiency rather than diminishing it, while 
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still performing the basic functions of light, ventilation, and views.  Windows have 

evolved from simply providing light and ventilation to expressing a building’s style and 

even serving as walls in modern buildings.  Today, a window’s primary task is to provide 

daylight.  Natural light is more than desirable; studies have shown that daylight is 

essential to our emotional and psychological health.37  Access to natural light has also 

been shown to increase retail sales and student performance.  Besides affecting our 

health, windows play an important role in architectural history.  Windows can aid 

historians in determining the period of a building.  Construction techniques and 

distinctive style markers are clear and simple tools for dating a structure (Figure 3.11).  

 

Figure 3.11. Windows representing various architectural styles.  From left, Georgian, Italianate, Neo‐classical, and 
Craftsman  Source: Heritage Education: They Story of American Homes by Maurie Van Buren (Architectural Images, 
Digital Media Repository, Bracken Library, Ball State University, Muncie, IN). 

   

                                                            
37 John Carmody, et. al, Window Systems for High‐Performance Buildings (New York: W. W. Norton & 
Company, Inc., 2004), 42. 
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Chapter 4 
Window Materials 

 
 

Windows are made up of two main components; the glass and the frame.  While 

there have been many technological advances in glass production, its composition has 

essentially remained the same.  Frames can be constructed from a variety of materials, 

but the most common are wood, steel, aluminum, and polyvinyl chloride (PVC).   Newer 

and less common types include fiberglass and wood clad in aluminum.    

Glass 

Glass production is thought to have originated in Syria and eventually spread 

north into Europe.38  Early glass was used in jewelry.  The Romans were able to produce 

glass (and did occasionally use it in windows) but it did not become an architectural 

staple.  Glass was not used prominently in architecture until the twelfth century.  Even 

then it was only used in monumental buildings like cathedrals.  Silica and an alkali (such 

as sodium or potassium oxide) are the two basic ingredients required to make glass.  The 

sand mixture is heated until molten.  Early glass was formed into sheets through blowing.  

Glass could also be poured onto a flat stone slab and manipulated into a rectangle with 

iron tools.  The color tended to be greenish due to iron present in the silica, with an 

uneven surface.  

                                                            
38 Tutton and Hurst, 121.  
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By the tenth century, the Venetian island of Murano had become the major center 

of glass making.39  Glass was produced through the crown and cylinder methods.  Both 

processes began by blowing a large glass sphere.  For crown glass the sphere was stuck to 

a rod called a punty.  The blowpipe was then removed and the punty was spun while the 

glass was reheated, causing the bubble to open up into a circular disk, or crown.  Up to 

750 millimeters in diameter, the disc was cut into panes.  Over time, the maximum 

diameter increased, until the mid-nineteenth century when discs 132 cm in diameter were 

routinely produced.40  The punty left a circular indentation in the center of the disc, 

referred to as the bullseye or bottle glass, and was considered the lowest grade glass.  

Cylinder glass was made by swinging the blown glass sphere in a wide arc to extend the 

glass into a cylindrical shape.  The cylinder was then split and transferred to a flattening 

kiln, where it was reheated and flattened with a wooden block.  Finally the glass was 

slowly cooled to produce a stress-free piece.  Crown glass was preferred to cylinder glass 

because of its smooth and brilliant surface.  Cylinder glass was more economical to 

produce but its surface was often marred by irregularities or dirt from the surface on 

which it was flattened.         

The French excelled at plate glass production.  Plate glass was initially produced 

for use as mirrors in the seventeenth century.  Molten glass was poured onto a polished 

iron table and then rolled out.  It then was ground and polished on both sides by hand, 

making plate glass very expensive.  Polished plate glass was considered the highest 

quality glass for the next 350 years.    
                                                            
39 Edward Allen and Joseph Iano, Fundamentals of Building Construction: Materials and Methods, 4th 
Edition, (Hoboken: John Wiley & Sons, 2004), 644. 
40 Tutton and Hurst, 132. 
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Access to fuel changed glass production.  In the early seventeenth century, 

glassmakers in Britain were banned from using wood to fire their furnaces.  Coal was the 

alternative fuel and glass operations were relocated to areas where coal was plentiful.  

The higher temperatures produced by coal fires led to the creation of the English 

glasshouse furnace, a conical brick structure over a hundred feet high.  The increase in 

size and efficiency in turn increased the size of the window panes produced.41  In the 

early nineteenth century, the high price of wood in France led glass blowers to develop a 

technique for making cylinder glass longer rather than wider.  The resulting glass was 

produced more quickly and with less waste.42   

Further innovation came with the use of natural gas powered furnaces.  In 

Germany in 1869, the Siemens brothers built a furnace that could produce glass 

continuously.  Around 1900, J. H. Lubber patented a device in the U. S. that drew molten 

glass up through a 40 foot tall tower, producing sheets of glass 12 feet by 5 feet.  The 

Lubber machine was used until about 1930.  However, bubbles, waviness, and foreign 

matter entering the glass were all issues.  Mass produced glass was still considered lower 

in quality than hand-blown cylinder glass.  The cylinder method was eventually replaced 

by processes that drew the glass instead of blowing it.  The Fourcault method, developed 

in Belgium in 1916, was one such drawn glass process.  Glass could be drawn vertically 

or horizontally.  Grinding and polishing were mechanized.  In the 1920s, Henry Ford, 

founder of Ford Motor Company, needed plate glass for windshields and partnered with 

the Pilkington Brothers Ltd., a British company, to develop a continuous casting process.  

                                                            
41Ibid, 125. 
42 Ibid, 138. 
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Eventually they could produce ribbons of glass 100 inches wide.  Pilkington cast glass 

was considered the highest quality glass at the time.43  All these methods were virtually 

replaced in the 1950s by float glass.       

Today, glass is produced primarily through the float technique.  Developed by the 

Pilkington Brothers, Ltd. in 1959, molten glass is floated over a bed of molten tin, where 

it hardens, creating an extremely flat surface of uniform thickness.  Float tanks are 

typically made of fireproof stone and can produce 200 to 300 tons per day.  Used 

continuously, tanks usually last only two to three years.  The technique was eventually 

licensed to other glassmakers and was first used in the U. S. in 1963.44    

The essential components of glass have not changed over time.  Modern glass is 

typically made up of 70% silicon dioxide in the form of quartz sand, 15% soda ash 

(sodium carbonate), and 15% limestone and dolomite.45  Glass will have a greenish tint 

unless it is produced with a reduced iron content.  Lead glass is created by replacing the 

limestone with lead.  Phosphorous pentoxide can be added to produce extremely 

translucent glass.  Colored glass is created by adding metal oxides of tin, gold, iron, 

chrome, copper, cobalt, nickel, and cadmium.  Metal oxides can be added to glass during 

production to improve its energy performance (known as low-emissivity or low-E glass).  

Other additives affect the production rather than the properties of the glass.  Fluorine 

compound agents are added to decrease the viscosity and lower the melting point of 

                                                            
43 Ibid, 154. 
44 Allen and Iano, 646. 
45 Bjorn Berg.  The Ecology of Building Materials, 2nd ed.  Trans. Chris Butters and Filip Henley, (Oxford: 
Elsevier, 2009), 100. 
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glass, reducing energy used in production.  Antimony trioxide improves malleability and 

arsenic trioxide acts as an oxidizing agent to remove air bubbles.  

Environmental Impacts 

Quartz sand, while regionally limited, has large reserves overall.  A great deal of 

energy is required to produce glass.  Particle pollution from quartz dust and calcium 

chloride can result from glass production.  Hydrogen chloride and hydrogen fluoride are 

emitted when tin oxide is applied as a vapor.  Metal oxides used to produce low-E glass 

have a high environmental impact in terms of resources and pollution.46  During use, 

glass does not emit pollution.  After disposal, antimony trioxide and arsenic trioxide can 

seep out of the glass.  Colored glass and metal-coated glass may contain heavy metal 

pigments that can wash out and therefore require controlled disposal.47  Clear glass can 

easily be recycled and new glass can contain up to 50% recycled glass.48  Recycled glass 

can also be reused as glasswool, foam glass and fiberglass.  Laminated glass and glass 

coated with a metallic film cannot be recycled for reuse as window glass.  They can, 

however, be ground down to be used in elastomeric roof coverings, bricks, tiles, and 

aggregate in asphalt or concrete.49  Low-E glass is difficult to recycle.  The metallic 

coatings incorporated into the glass during the manufacturing process remain attached to 

                                                            
46 Ibid, 360. 
47 Ibid, 103. 
48 Ibid. 
49 Ibid, 104. 
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the glass even after crushing and screening.  The coatings act as a barrier to fusing, even 

at temperatures over 1700°F (927 °C).50       

Frame Materials 

Wood 

Wood consists mainly of cellulose and lignin, along with other organic substances 

such as protein, sugar, resin, and water.  The composition differs based on the tree type.  

Trees are made up of long cells stretched vertically with pith divisions that run across the 

trunk, forming rectangular cells.  This structure makes wood strong and elastic.  Trees 

contain two types of wood: sapwood and heartwood.  Sapwood contains the living cells 

of the tree.  When sapwood dies, it becomes heartwood.  Heartwood is extremely hard 

and resists shrinking, warping, and in some species even rot, mold, and insect attack.  

After being felled, tree trunks are milled.  Prior to modern machinery, tree trunks were 

split along the grain using wedges, in a process called riving.  It was much faster than 

sawing, required minimal equipment, and produced stronger sections of wood because 

the long fibers of the wood remained intact.   

Today, trees are primarily milled through sawing.  There are different techniques 

for sawing logs, depending on the quality desired.  Plain sawing maximizes the amount of 

usable lumber.  The wood grain produced is variable, with some grain running 

perpendicular to the face of the wood, some diagonal, and some parallel.  Parallel grained 

wood is susceptible to cupping.  Quarter sawn wood is first divided into four equal 

                                                            
50 Clean Washington Center, “Best Practices in Glass Recycling: Fusing Recycled Glass,” (November, 1998 
http://cwc.org/glass_bp.htm [accessed March 24, 2011]), 2. 
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sections and then cut diagonally.  This method maximizes the amount of wood with 

perpendicular grain but results in a smaller amount of usable lumber.  On average, half of 

each trunk is used for construction lumber and the rest is by-products or waste that can be 

used for paper, energy, or chemicals.51  After milling, wood is dried to remove 70-90% of 

its original moisture.  Natural drying requires much less energy consumption than 

artificial drying but is time consuming.  A year is required for each inch of thickness, in 

addition to one year for the whole plank thickness.  In artificial drying, wood is dried in 

kilns where the temperature is slowly increased.  Drying the wood artificially may not 

completely eliminate the sugars that can become a breeding ground for mold.   Naturally 

dried wood does not have this issue.52   

Environmental Impact 

Wood has the lowest thermal conductivity (and, thus, the highest thermal 

resistance) of all frame materials.53  It can easily be milled into complex shapes.  

Sustainable forest management can ensure that wood is a renewable resource.  Certain 

species of wood can be useful for hundreds of years if not exposed to fire, insects, or 

mold.54  The maturity of a tree affects its quality.  In the past, trees where harvested only 

when mature.  For conifers, maturity means greater than 80-years-old, deciduous between 

30 and 60 years, and beech and oak well over 100-years-old.55  The heartwood of spruce 

and pine does not begin to form until the tree is 30 or 40-years-old.  Wood exposed to the 

                                                            
51 Berg, 170. 
52 Ibid, 171. 
53 John Carmody, et al., Residential Windows: A Guide to New Technologies and Energy Performance, 2nd 
Edition, (New York: W. W. Norton & Company, 2000), 98. 
54 Ibid, 173. 
55 Berg, 168. 
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elements must be protected by paint or varnish or it will rot.  Due to the rarity of knot-

free wood today, many modern wood windows are made of composite wood.  Short 

lengths of defect-free wood finger jointed and glued, oriented strand lumber, and 

laminated veneer lumber are some of the composites used.56  These composites are often 

clad with wood veneer to improve their appearance.  Wood is biodegradable and can be 

repurposed or recycled into various building boards or as a source of energy.                

Steel 

Steel is an iron alloy with a carbon content of less than 2%.  Iron has been used 

since prehistoric times and iron smelting has been performed for at least 5000 years.  Iron 

was first used in buildings in classical Greece as reinforcement for stone lintels and 

architraves.57  To convert iron to steel, the ore is first broken up and cleaned.  The iron is 

then smelted and reduced in a blast furnace.  Steel eventually replaced cast iron as a 

structural material with the introduction of the Bessemer process in the 1850s.  Air was 

blown into a vessel of molten iron to burn out the impurities, producing steel very 

quickly.58  Today, most steel is produced using the basic oxygen process.  A hollow lance 

is lowered into the molten iron and a stream of pure oxygen is blown into the iron at a 

very high pressure.  The excess carbon and impurities are burned off.   Steel can be 

alloyed with other elements to produce even greater strength.  Nitrogen, aluminum, 

niobium, titanium, and vanadium alloys all form very strong steel.      

 

                                                            
56 Allen and Iano, 684. 
57 Berg, 76. 
58 Allen and Iano, 370. 
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Environmental Impact 

Steel has a moderate rate of thermal conductivity.  It is strong and extremely 

durable but is susceptible to corrosion.  Galvanizing or coating it with zinc, tin, 

aluminum, cadmium, chrome, or nickel (or a combination of these) protects steel from 

corroding.  Galvanizing is an electrolytic process that applies a very thin layer of the 

protective metal onto the surface of the steel. Galvanizing emits organic solvents, 

cyanides, chrome, phosphates, and fluorides into the water used to clean the steel.59   The 

resulting sludge must be treated as hazardous waste.  Iron ore is available all over the 

world but easily available reserves are diminishing rapidly.60  Mining iron produces 5 to 

6 tons of waste for each ton of iron extracted.  Mining and its waste can damage the 

groundwater and surrounding ecosystem.  Steel production requires 440-600 tons of coal 

to produce 1 ton of iron.61  Large amounts of carbon dioxide, as well as sulfur dioxide, 

fluorine compounds, and a wide range of heavy metals are emitted during production.   

Large amounts of water are also used in the cooling process.   

Aluminum 

Aluminum is derived from the ore bauxite.  It was first produced in 1850.  

Aluminum production is a highly technical process.  The bauxite ore first undergoes 

calcination (heating it with sodium hydroxide and lime).  It is then placed in an 

electrolytic bath with sodium and fluorides which extracts the pure aluminum.  The 

aluminum is then formed into sheets.   

                                                            
59 Berg, 78. 
60 Ibid, 76. 
61 Ibid, 77. 
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Environmental Impact 

Aluminum is light, strong, durable, and can easily be extruded into complex 

shapes.  It is highly resistant to most forms of corrosion due to self-passivation, the 

process by which a naturally occurring oxide film forms when aluminum reacts with 

oxygen.  Bauxite is found in tropical areas of the world, as well as Russia.  A significant 

portion of bauxite reserves is located in the rainforests of Brazil, Surinam, and 

Venezuela.  Large amounts of carbon dioxide and perfluorocarbons, as well as sulfur 

dioxide, polyaromatic hydrocarbons, and fluorides are released during production.  A 

great deal of water is also used in the process.  However, aluminum can be readily 

recycled, requiring much less energy (as low as 7%) than needed for its initial production 

from ore.62 Anodized and factory-baked enamel finishes are very durable and low-

maintenance.  Aluminum’s greatest disadvantage as a window frame material is its high 

thermal conductance.  The conductance can be improved through the use of a thermal 

break; the components of the frame are split between the exterior and interior and a less 

conductive material, such as plastic, is inserted between them.   

Aluminum-Clad 

Wood frames clad in aluminum are very durable and low-maintenance.  The 

aluminum is powder coated or anodized to prevent corrosion.   
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Polyvinyl Chloride (PVC) 

PVC is produced through a polymerization of vinyl chloride.  It was discovered 

by accident by French chemist Henri Regnault in 1838.63  Commercial production of 

PVC did not begin until 100 years later.  Vinyl chloride is composed of 51% chlorine and 

43% ethylene. Additives can reduce brittleness or protect against heat, oxidation, and 

solar radiation degradation, increase flame retardation, reduce smoke, and add 

pigmentation.   

Environmental Impact 

PVC has good insulating properties (low thermal conductivity), high impact 

resistance, and is highly resistant to moisture, abrasion, corrosion, air pollutants, and 

termites.  Frames made of PVC are considered low-maintenance because the color is 

integrated throughout the material.  However, PVC has a very high coefficient of thermal 

expansion (meaning it greatly expands when hot and shrinks when cold).64  In order to 

combat this issue, PVC is usually formulated with a high proportion of inert filler 

material.  Its thermal insulator properties are comparable to wood.  PVC is not very 

strong, and large window units often require metal or wood stiffeners.       

Extracting and refining the crude oil and natural gas used as raw materials for 

plastics greatly affects the environment.  Cadmium, lead or tin, and chloroparaffins can 

be present in the additives.  Plasticizers containing phthalates are also used in PVC.  

Chlorine gas, ethylene, dioxins, vinyl chloride, dichloroethane, and mercury are often 
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released during production.  PVC has an anticipated lifespan of 8 to 30 years, depending 

on the temperatures and climatic conditions it is exposed to.65  PVC decomposes slowly 

and can release environmentally hazardous substances such as cadmium.  If burned, it 

can form concentrated hydrochloric acid and dioxins, the most toxic of all chemical 

groups.66     

Fiberglass 

Fiberglass or glass-fiber-reinforced polyester can be pultruded into lineal forms to 

create window frames.    Fiberglass is made from silica sand, limestone, boric acid, and 

other ingredients that are melted and fed through tiny orifices.67  Continuous strands of 

glass are saturated in a thermoset resin, pulled through a heated die, and then molded into 

the desired shape.  Pultruded fiberglass is different from the fiberglass used in pools, 

boats, and storage tanks. 

Environmental Impact 

Fiberglass requires relatively low energy to produce and can be made with 

recycled glass.  Fiberglass has a high tensile strength and resists heat, fire, chemicals, and 

moisture. It also has low thermal conductivity and is a fairly good thermal insulator.68  

Fiberglass frames are often insulated with polyurethane foam, further improving their 

thermal properties.  It creates a stronger window frame than vinyl and has a very low rate 

of thermal conductivity.     

                                                            
65Berg, 154. 
66 Ibid, 153. 
67 George Lugin, ed., Handbook of Composites, (New York: Van Nostrand Reinhold Company, 1982), 136. 
68 Allen and Iano, 689. 
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Gas Fills 

Insulated glass window units are multi-glazed windows, filled with an inert gas 

and sealed.  They usually contain either krypton or argon gas.  Krypton is superior to 

argon at reducing heat loss.   However, according to Berg, the energy intensive 

production of krypton outweighs krypton’s energy saving benefits over the lifetime of a 

building.69   

 

                                                            
69 Berg, 360. 
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Chapter 5 
Windows and Energy 

 
 

Heat Transfer Through Windows 

 Windows admit daylight but also allow heat and cold into our buildings.  

Conduction, convection, radiation and infiltration are the heat transfer mechanisms that 

affect windows.    Conduction requires surface contact.  Convection occurs through the 

movement of gases or liquids.  Radiation is the movement of energy through space that 

does not require contact or the movement of gases or liquids.  Air leakage or infiltration 

is uncontrolled or unwanted ventilation.  Heat transfer occurs when there is a temperature 

difference between the exterior and interior of a window.  Conduction, convection, 

radiation, and infiltration cause heat loss in winter and heat gain in summer.   

Heat Loss in Winter 

Conduction takes place primarily through the glass and window frame.  Glass is a 

good conductor of energy, and is therefore a poor insulator.  However, the thin film of air 

that hugs each surface of the glass improves the glass’ ability to resist heat flow.  The 

conduction level of the frame is dependent on the frame material.  Metal is a much 

greater thermal conductor than wood, and therefore metal framed windows lose more 

heat than wood framed units.  Convection affects heat transfer in three places; at the 
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exterior glazing surface, the air space between glazings (if there are multiple panes), and 

at the interior glazing surface.  Wind blowing on the exterior of the window can replace 

the existing air film with colder air, causing the unit to experience a higher rate of heat 

loss.  The air space between layers of glazing also allows convection currents to transfer 

heat.  Adjusting the space and filling the gap with a gas that is a greater insulator than air 

can minimize heat transfer.  The temperature of the glazing surface affects the 

temperature of the entire room through thermal radiation (MRT).  Radiation occurs as 

long-wave and short-wave.  Long-wave radiation occurs between objects at 

environmental temperatures in the range of 3-50 microns, while short-wave radiation 

comes from the sun in the 0.3-2.5 micron range.  Ultraviolet, visible, and solar-infrared 

radiation fall into the short-wave category.  

Infiltration occurs when air enters through cracks and holes in the building 

envelope.  Cold air entering the building must be heated.  Heated air can also leak out 

through exfiltration.  In window units, air leaks occur around the frame, between movable 

sashes and the frame, and between sashes (as in double-hung windows).  In order for 

infiltration to occur, a driving force must be present to move the air across the opening.  

Stack effect or chimney effect is usually the most influential driving force (and has a 

much greater effect on the air leakage in a building than the larger but intermittent 

pressure differences between the exterior and interior caused by wind).  Stack effect 

produces a relatively small but constant pressure difference whenever there is a 

temperature difference between the exterior and interior of a building.  In the winter, the 

warmer and more buoyant air inside a building creates positive pressure at on the top of 
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the conditioned space and negative pressure at the bottom.  In the center there is zero 

pressure difference, or a neutral pressure plane.  Stack effect is directly proportional to 

the temperature difference and the height of a building.  Because of stack effect, it is most 

effectual to seal openings at the top and bottom of a building (such as attics and 

basements).  Windows are usually located on the edge of or within the neutral pressure 

plane.  Sealing around them would have little to no effect on air movement.  Openings 

found in attics, crawlspaces or basements, and at the intersections of walls and ceilings 

account for much more energy loss than a leaky window in the center of a wall.   

Heat Gain in Summer 

During warm months, keeping the heat out of a building becomes the greater 

concern.  Heat is transferred by the same mechanisms as in winter except the heat flows 

in the opposite direction (into, rather than out of, a building).  In order for a window to be 

energy efficient, it must reduce not only the heat flow in winter but also reduce heat gains 

in summer. 

Windows allows heat gain through solar radiation.  Solar heat gain is caused by 

the direct and diffuse radiation from the sun and sky.  The combination of directly 

transmitted radiation and the inward flowing component of absorbed radiation raise the 

temperature of interior spaces. Solar heat gain can be minimized or maximized depending 

on the climate and design intent.  Solar heat gain is measured through the solar heat gain 

coefficient (SHGC) and shading coefficient (SC).  The SHGC is defined as the fraction of 

incident solar radiation that enters a building through the window assembly as heat gain.  

It refers to the total window system performance.  SHGCs range from 0 to 1, with a low 
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coefficient indicating low heat gain.  The SC represents the ratio of solar heat gain 

through the window system relative to that through 1/8-inch clear glass at normal 

incidence.  The SHGC has largely replaced the SC.  In general, reducing the SHGC of the 

glazing reduces cooling costs but can increase heating costs, due to the warming benefits 

of solar gain in winter.70  Therefore, a low SHGC is more effective at lowering energy 

costs in predominantly cooling climates.   

Thermal Comfort 

Windows directly affect the level of thermal comfort within a building.  

Convection and radiation are the mechanisms that have the greatest effect on occupant 

comfort.  Convection currents caused by cold interior glazing surfaces can lead to 

occupants feeling a draft of cold air from the window.  This cold interior surface affects 

thermal comfort in another important way.  Occupants of a building radiate energy (heat) 

to any surface that is colder than their body temperature, and thus will feel colder sitting 

in front of a cold window because they are giving up energy to the cold glass through 

radiant heat transfer. 

Improving Energy Efficiency 

Glass is a poor insulator.  The first method to combat this problem was to use 

multiple layers of glazing by installing a storm window.  Double glazing was used by the 

French in the 1640s, and in England by the late seventeenth century.71  Storm windows 

double the number of air films in a window system, as well as create an air space between 

                                                            
70 Carmody, Residential, 35. 
71 Louw and Crayford, “Part 2”, 184. 
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glazings, reducing conductive losses by half.  Eventually windows were constructed with 

double panes.  Also referred to as ‘thermalpane’ windows, these performed similarly to 

storm windows, though the smaller air space between panes reduced their benefit 

somewhat.  A spacer at the edges of the glazing at the frame was required to separate the 

multiple panes.  If the spacer between panes was metal (typically aluminum), the window 

frame was more conductive than a single paned wood window.  Today, materials such as 

silicone foam, vinyl, and fiberglass are used as alternatives to aluminum spacers.   

Double glazing was further improved with the introduction of inert gases into the 

air space between panes.  Sealed, double glazed windows were developed in the 1960s.  

Argon or krypton gas is typically used to fill the air space between panes.  These gases 

have much lower rates of thermal conductivity than air and therefore lower the amount of 

heat the passes through the window unit.  Both argon and krypton occur naturally in the 

atmosphere and are inert, nontoxic, nonreactive, clear, and odorless.  Triple and 

quadruple glazed windows are also available.  Besides adding weight and thickness, these 

additional panes reduce the visible light transmitted and the solar heat gain coefficient.  

Plastic films can be used for the inner layer of triple or quadruple glazed windows, 

reducing the weight and thickness of the unit.  The plastic films are treated to resist UV 

degradation.    

Glass can be treated with tints and coatings to reduce radiant heat transfer.  Tints 

absorb a portion of the solar heat and block some visible light.  Tinted glazing is still 

transparent though the color is altered.  Gray, bronze, and blue-green are the most 

common tint colors.  Tinted glass is chemically different from clear glass.  Inorganic 
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additives are added during the production process.  Tints can be formulated to absorb 

solar energy across some or all of the solar spectrum.  The absorbed energy is 

transformed into heat, raising the temperature of the glass.  Tinted glazing is best used as 

the exterior pane on a multiple pane unit.72  Tinted glazing is commonly used in 

commercial windows.   

The solar heat gain coefficient can also be reduced through the use of reflective 

coatings.  Coatings can control the passage of either long-wave or short-wave radiation.  

A thin metallic or metal oxide layer is applied to the glazing.  The coatings also reduce 

light transmittance.  Some coatings are durable enough to be applied on the exterior while 

others must be protected within a multi-glazed unit.  Reflective coatings are most often 

used in commercial buildings, in hot climates, or on windows that experience high solar 

heat gain.   

One of the most important advancements in window technology is the use of low-

E coatings.  Low-E glass coatings reduce the emissivity of glass.  Emissivity is the ability 

of a material to radiate energy.73  The emissivity of glass is an important heat transfer in 

both heating and cooling seasons.   Solar energy absorbed by glass is either convected 

away by moving air or reradiated by the glass surface.  During the winter, heat from the 

interior can also be blocked from escaping through the glass.  Glass emits heat in the 

form of long-wave far-infrared energy.  Reducing emissivity can greatly improve a 

window’s insulation properties.74  Low-E coatings can be formulated to reflect specific 

                                                            
72 Carmody, High Performance, 86. 
73 Ibid, 22. 
74 Ibid. 
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portions of the visible and infrared spectrum for optimizing or reducing solar heating.  

Since only half of the sun’s energy is visible to the human eye, it is possible to block 

some of the energy without affecting the light transmitted.  Coatings to enhance solar 

heating allow all of the solar spectrum to pass through the glass and block it from 

reradiating back out, keeping the heat inside.  To minimize solar heating, the coating 

allows most of the visible light through while blocking the rest of the solar spectrum 

(such as ultraviolet and near-infrared radiation, and long-wave heat).   

Low-E coatings are produced through either a sputtered or pyrolytic process.  

Sputtering is a multi-layered, low-temperature process.  The coating is applied to the 

glazing in a vacuum chamber.  Sputtered coatings often use silver which must be 

protected from humidity and physical contact.  Sometimes referred to as a soft coat, 

sputtered coatings must be installed in a multi-paned unit.  Pyrolytic coatings are 

deposited while the glass is still hot, creating a hard, durable layer.  They typically consist 

of a metallic oxide and are referred to as hard coats.  Sputtered coatings have lower 

emissivity than pyrolytic ones.   

U-Factor  

The energy efficiency of windows is based on two primary measurements: the U-

factor and the solar heat gain coefficient.  Conduction, convection, and radiation interact 

with both the glazing and the window frame in complex ways and therefore are not 

measured separately in reference to windows.    Air leakage and condensation resistance 

are also included in the U-factor calculation (though they can each be measured 

independently).  The U-factor indicates the insulating value, or the ability of the window 
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assembly to resist heat transfer.75  Insulating value refers to the amount of heat gained or 

lost when there is a temperature difference between the exterior and interior of the 

window.  The U-factor is the reciprocal of the R-factor.  R-factor measures the resistance 

to heat loss while U-factor measures the rate of heat transfer through a product.76  It 

represents the heat flow per hour measured in Btus (or Watts) through each square foot 

(or square meter) of window for a 1°F (or 1°C) temperature difference between the 

indoor and outdoor air temperature.   The smaller the U-factor, the lower the rate of heat 

flow.  The U-factor is affected not only by the properties of the window materials, but to 

a much lesser degree, weather conditions.  Window manufacturers typically list the U-

factor for harsh winter conditions: 15 mph (25 km/hr) wind, 70°F (20°C) indoors, 0°F (-

18°C) outdoors.  Unlike the SHGC, reducing the U-factor has a greater impact on 

reducing heating costs than cooling costs.77  

The National Fenestration Rating Council (NFRC) developed the current standard 

for rating windows in 1993.  NFRC 100 “Procedures for Determining Fenestration 

Product U-Factors” established standardized environmental conditions, product sizes, and 

testing requirements. Windows can be broken up into three areas; the frame, center-of-

glass, and edge-of-glass and each area can be given a separate U-factor.  However, 

effectively comparing U-factors based on area can be challenging if the components are 

not thoroughly described.  Therefore, the NFRC utilizes a total window U-factor.  The U-

factor is typically based on the unit being installed vertically.   

                                                            
75 Carmody, Residential Windows, 25. 
76 “The Facts about Windows and Heat Loss”, National Fenestration Rating Council, March, 2005.  
77 Carmody. Residential Windows, 31. 
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Total window U-factors for various window types (Btu/hr-ft²-°F): 

Single-glazed, clear, aluminum frame: 1.25 

Double glazed, clear, aluminum frame with break: 0.64 

Double glazed, clear, wood/vinyl frame: 0.49 

Double glazed, low-E (high solar gain), wood/vinyl frame: 0.36 

Double glazed, low-E (low solar gain), wood/vinyl frame: 0.32 

Triple glazed, low-E (high solar gain), insulated vinyl frame: 0.1878 

                 

Condensation Resistance 

Condensation can lead to thermal energy loss and damage to the window frame.  

Condensation occurs when the temperature of the glass is at or below the dew point of the 

air.  Insufficiently insulated glass is susceptible to condensation.  The National 

Fenestration Rating Council and the American Architectural Manufacturers Association 

have developed ratings for the ability of windows to resist condensation.  The 

Condensation Resistance Factor ranges from 0 to 100, and the higher the number, the 

greater the resistance.   

Windows are categorized as fixed (sashes do not move) or operable (sashes are 

moveable).  Fixed windows perform slightly differently than operable ones.  They have 

lower U-factors, lower air-leakage rates, and higher solar heat gain.79  Operable windows 

come in several forms.  While all operable windows have similar U-factors and solar heat 

                                                            
78 Ibid, 12. 
79 Ibid, 94. 
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gain, air leakage is affected by whether the window is hinged or sliding.  Casements, 

awnings, and hoppers are examples of hinged windows and have lower air-leakage rates 

than sliding windows.  Hinged sashes close by pressing against the frame, utilizing more 

effective compression weatherstripping.  Sliding windows typically use brush-type 

weatherstripping that allows the sash to slide back and forth but allows for greater air 

leakage.   

Historic vs. Replacement Windows 

Due to the many advancements in window technology, historic windows are often 

replaced in an effort to reduce energy costs.  Modern replacement window manufacturers 

often promise high energy savings.  These purported savings claim to be anywhere from 

15% to as high as 40% (from R9 by Serious Windows).80  Several studies have been 

conducted in the past twenty years testing historic windows against replacement windows 

in order to determine how both window types truly perform. 

In 2002, the Lawrence Berkeley National Laboratory conducted a study 

measuring the energy performance of storm windows in winter conditions.81  The 

Windows and Daylighting Group of the Building Technologies Department tested a 

double-hung single-glazed wood window as the prime window against a single-hung 

(fixed top sash), low-E selective glazed, argon-filled sealed-insulated vinyl window, 

representative of a typical replacement window.  The prime window was made 

                                                            
80 Serious Windows, Efficiency, Cost Savings, http://www.seriouswindows.com/html/savings.html 
(accessed 20 January 2011). 
81 J. H. Klems, “Measured Winter Performance of Storm Windows”, (Lawrence Berkeley National 
Laboratory, Berkeley, CA, August 23, 2002). 
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intentionally leaky while the replacement window was weatherstripped.  The windows 

had identical glass areas and rough openings.  The prime window was tested in four 

configurations: without a storm window; with an uncoated exterior storm window; with a 

low-E coated exterior storm window; and with a low-E coated interior storm window.  

Without a storm window, the prime window had approximately twice the rate of heat loss 

of the replacement window at night.82 However, when a low-E storm was installed, the 

mean sample heat flows for the replacement window and prime window were nearly 

identical.  The prime window/low-E exterior storm’s mean sample heat flow was -34 

Watts (-116 Btu/hr) while the replacement had a flow of -30 Watts (-102 Btu/hr).  The 

low-E interior storm performed even better with a heat flow of -42 Watts (-143 Btu/hr) in 

comparison to the replacement window’s flow of -43 Watts (-146.7 Btu/hr).83  (See 

Figure 5.1)  The study found that, “[t]he two prime/low-E storm window 

combinations…give a net energy flow that is essentially indistinguishable from that of 

the replacement window.”84   

Using the data collected on heat flows, the team calculated the U-factors and solar 

heat gain coefficients for each window combination.  Correcting for infiltration, the non-

coated exterior storm and prime window configuration had a U-factor of 3.32 +/-0.01 

W/m²K (or 0.585 Btu/hr-ft²-°F ) and a SHGC of 0.311 +/-0.004.   The low-E exterior 

storm and prime window configuration had a U-factor of 3.04 +/-0.02 W/m²K (or 0.535  

                                                            
82 Ibid, 6. 
83 Ibid, 9. 
84 Ibid. 
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Figure 5.2: Table from Lawrence Berkeley study showing the U‐factors and solar heat gain coefficients for each 
window configuration for each test period.  (Source: Klems, 10). 

Figure 5.1: Graphs from Lawrence Berkeley study charting the rate of heat loss through the various window 
configurations in Watts.  Note how similar the black (representing the prime/storm configuration) and gray 
(representing the replacement window) readings are.  (Source: Klems, 9).  
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Btu/hr-ft²-°F) and a SHGC of 0.360 +/-0.006.  The low-E interior storm and prime 

window configuration had a U-factor of 2.67 +/-0.02 W/m²K (or 0.47 Btu/hr-ft²-°F) and a 

SHGC of 0.394 +/-0.007.85  (See Figure 5.2)  The study shows that the energy 

performance of historic windows can be improved to levels similar to modern 

replacement windows through the use of storm windows.   

Lawrence Berkeley National Laboratory found that solar heat gain was a factor in 

winter conditions despite the windows being installed on the north side of the building.  

Because the SHGC varied widely between the replacement window and the prime/storm 

combinations, they conclude that “…comparison of performance is more complicated 

than straightforward comparison of U-factors…”86  Air leakage was also measured with 

surprising results.  The air leakage rates were about ten times lower than expected for the 

prime window.87  While an inhabitant may feel an air flow due to infiltration, it was 

found to have little effect on the overall heat flow.88  As previously discussed, infiltration 

from windows is not as important to heat loss as perceived.  

In 2011, the Center for ReSource Conservation published a study examining “The 

Effects of Energy Efficiency Treatments on Historic Windows.”  Windows in a 108 year 

old home were retrofitted.  Testing was also performed in a window laboratory facility 

developed for the study in order to more accurately measure U-factors and air leakage.  

Five of the historic windows were rebuilt using methods that retained their historic 

                                                            
85 Ibid, 10. 
86 Ibid, 14. 
87 Ibid, 13. 
88 Ibid. 
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character.  After blower door tests revealed leakage at the weight pockets, the weights 

were removed and the pockets insulated and sealed.  The authors contend that the weight 

pockets were a source of “…substantial convective and conductive energy losses…”, and 

were therefore removed.89  Insulating the pockets resulted in reduction of air flow by an 

average of 11% during the blow door tests.90  (Removal of the weight-pulley system does 

not follow the Secretary of the Interior’s Standard for Treatment of Historic Properties.)  

Windows were fitted with a spring system in place of the counterweight system, then 

repaired and weatherstripped.  Weatherstripping consisted of a silicone compression bulb 

on the horizontal rails and felt pile on the vertical parting bead and both interior and 

exterior sash stops.  Three of the windows were outfitted with storm windows: one with a 

single-glazed storm; one with an insulated glass unit storm; and one with an insulated 

glass unit storm with an insulated frame.  An original double-hung window and each 

storm (including an existing aluminum storm) were tested individually and then in 

combination.  A new vinyl window was also tested.  (The authors did not specify whether 

the window contained low-E glass or was insulated.)   

Without a storm, the original window had an average U-factor of 0.78 Btu/hr-ft²-

°F (or 4.4 W/m²-K) before repair and 0.48 Btu/hr-ft²-°F (or 2.7 W/m²-K ) after repair.  

With a single-glazed wood storm, the window had an average U-factor of 0.33 Btu/hr-ft²-

°F (or 1.8 W/m²-K), with the insulated storm achieved a U-factor of 0.19 Btu/hr-ft²-°F (or 

1.07 W/m²-K), and with the insulated frame produced a U-factor of 0.17 Btu/hr-ft²-°F (or 

0.96 W/m²-K).  The vinyl window had an average U-factor of 0.36 Btu/hr-ft²-°F (or 2.04 

                                                            
89 Larry Kinney and Amy Ellsworth, “The Effects of Energy Efficiency Treatments on Historic Windows,” 
(Center for Resource Conservation: Boulder, CO, 24 January 2011), 2‐3. 
90 Ibid, 3‐7 and 3‐8. 
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W/m²-K).91  The team used RESFEN software developed by Lawrence Berkeley National 

Laboratory to estimate the summer and winter energy performance of the fenestration 

systems.  Based on their estimates, the window retrofit would have payback period of 

anywhere from 19.9 (for Boston) to 63.1 (for Sacramento) years, depending on location 

and fuel/energy costs.92  The authors conclude that “…it is possible to improve the 

overall energy performance of existing window systems by over four fold…through 

repairs, sealing, and the installation of an excellent storm window.”93  While a wood 

storm window greatly improves the energy performance of a historic window, the study 

found a more efficient fiberglass framed storm would produce even greater energy 

savings (though fiberglass storms are not commercially available at this time).94     

In 2009, Glasgow Caledonian University conducted a study on the thermal 

performance of historic wood windows.  Two 2-over-2 historic windows were tested in 

environmental chambers, one maintained at 2°C (35.6 °F) to simulate exterior winter 

conditions and the other held at 22°C (71.6°F) to represent interior conditions.  Heat-flow 

tests were conducted with the windows as found, after repair, and after weatherproofing.  

Heat flux meters were attached to the centers of the top right and bottom left panes.  The 

readings were averaged and the heat transfer rates were converted into U-factors for the 

glass.  U-factors for the entire window assembly were estimated using the FRAME 

model.  The FRAME software was developed in Canada and calculates heat transfer.  A 

variety of different thermal improvements were made to the windows, from window 

                                                            
91 Ibid, 1‐2. 
92 Ibid, 4‐8. 
93 Ibid, 4‐16. 
94 Ibid, 5. 
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coverings to the use of low-E interior storm windows.  Without any repairs or 

improvements, the window had a U-factor of 5.4 W/m²-K  (or 0.951 Btu/hr-ft²-°F).  With 

a low-E storm window, the window had a U-factor of 1.7 W/m²-K  (or 0.299 Btu/hr-ft²-

°F)95  (The use of well-fitting shutters or a reflective roller blind produced a U-factor of 

1.8 W/m²-K  and 1.9 W/m²-K  respectively.)  Air leakage (at an air flow rate of 50 Pa 

divided by 20) was reduced from 3.5 m³/h (or  0.19 ft³/min) to 0.5 m³/h (or  0.027ft³/min) 

after the storm window was installed.96  In-situ measurements were also made during the 

winter at an historic apartment building.  The windows were found to have a U-factor of 

5.5 W/m²-K  (0.969 Btu/hr-ft²-°F) for single glazing and 2.3 W/m²-K  (0.423 Btu/hr-ft²-

°F) for windows with low-E storms.97  This study affirms that storm windows can have a 

dramatic effect on the energy performance of historic windows, allowing them to 

approach the U-factors of modern insulated windows.  

In 1996, a team of civil, energy, and environmental engineers produced a study 

entitled, “Testing the Energy Performance of Wood Windows in Cold Climates.”98  The 

goal of the study was to determine whether or not historic windows can be upgraded to 

approach the thermal efficiency of replacement windows.  The study estimated energy 

savings as well as installation and material costs for retrofitting historic windows.  151 

windows in 29 historic homes and one municipal building were tested.  64 windows were 

                                                            
95 Paul Baker, Technical Paper 1: The Thermal Performance of Traditional Windows, (Historic Scotland, 
October 2008), 13. 
96 Ibid, 17. 
97 Ibid. 
98 James, Brad, Andrew Shapiro, Steve Flanders, and Dr. David Hemenway.  “Testing the Energy 
Performance of Wood Windows in Cold Climates.”  A Report to the State of Vermont Division for Historic 
Preservation Agency of Commerce and Community Development.  30 August, 1996.  
www.ncptt.nps.gov/pdf/1996‐08.pdf 
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in their original, non-retrofitted condition and 87 had been improved through a variety of 

different upgrades.  Thermal losses were measured through field testing and computer 

modeling.  The team divided the thermal losses into two categories: infiltrative and non-

infiltrative.  Conduction, convection, and radiation fall into the latter category and were 

modeled using the WINDOW 4.1 computer program. WINDOW 4.1 was developed by 

Lawrence Berkeley National Laboratory’s Building Technologies Program and simulates 

fenestration thermal performance.  Infiltrative thermal losses were determined by field 

testing the 151 windows, located primarily in northern and central Vermont.   

Field testing produced a U-factor of 0.92 Btu/hr-ft² (or 5.2 W/m²-K) for a loose, 

single-glazed window without a storm.  A single-glazed tight window with a storm had a 

U-factor of 0.51 Btu/hr-ft² (or 2.9 W/m²-K).  Double-glazed insulated wood and vinyl 

sash units had U-factors of 0.49 Btu/hr-ft² (or 2.8 W/m²-K) and 0.47 Btu/hr-ft² ( or 2.6 

W/m²-K ) respectively.99  Improving the tightness of a window along with the addition of 

a storm produced a U-factor very close to an insulated replacement window.  Unlike the 

Lawrence Berkeley Lab study, the Vermont study found that air infiltration significantly 

contributed to the heat load of the window.100  The authors looked at leakage that 

occurred not only through the sash but also between the window frame and rough 

opening.  Aluminum storm windows (triple track or fixed) reduced sash leakage by an 

average of 45%, while a triple track aluminum storm window caulked to the exterior trim 

reduced leakage by 75%, and interior storms reduced leakage an average of 96%.101 

Simple window maintenance was also found to significantly reduce air leakage on loose 

                                                            
99 Ibid, 40. 
100 Ibid, 69. 
101 Ibid, 69‐70. 
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windows.102  Replacement window inserts did not always reduce exterior air infiltration 

as expected.  The authors conclude that, “[b]ased on the range of estimated first year 

energy savings of window upgrades generated by the study as compared to an assumed 

typical window and those costs associated with upgrade purchase and installation, 

replacing a window solely due to energy considerations did not appear to be 

worthwhile…”103and that “…window replacement will not necessarily reduce energy 

costs more than an upgrade utilizing the existing sash.”104  This study was one of the first 

to discover that replacing historic windows for energy savings was not cost effective.           

In addition to laboratory and field testing, studies examining actual (as opposed to 

estimated) energy costs, have been conducted.  In 1990, the American Council for an 

Energy-Efficient Economy (ACEEE) published a report on measured savings from 234 

homes in a state energy conservation program in Indiana.105  Author Hill measured 

energy savings based on changes in metered fuel use before and after the houses were 

retrofitted to improve energy efficiency.  Retrofits included new windows, new furnaces, 

and additional insulation.  PRISM (the Princeton Scorekeeping Method, a standardized 

tool for estimating energy savings from billing data) was used to analyze the monthly 

meter data.  Houses ranged in age from 6 to 135 years old and most were wood-frame 

construction.  Hill found the houses that installed replacement windows had an energy 

                                                            
102 Ibid, 44. 
103 Ibid, iii. 
104 Ibid, 70. 
105 William W. Hill, “Replacement Windows and Furnaces in the Heartland: Indiana’s Energy Conservation 
Financial Assistance Program,”( Proceedings of the ACEEE 1990 Summer Study on Energy Efficiency in 
Buildings, Washington D. C.: American Council for and Energy Efficient Economy, 1990, pp. 103‐113), 
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savings average of 1.4% +/- 1.2% (15 +/- 13 therms per year).106  The primary reason for 

the very low average savings was that most of the homes in the study had previously 

installed aluminum storms (and four had thermal pane windows).  If the replaced window 

was single paned (wood or aluminum), the mean energy savings was 11.2%107  If the 

previous window systems had included a storm window, the energy savings from the new 

window were essentially zero.  Replacement windows were found to have an average 

simple payback period (SPP) for the window investment of greater than 400 years.108  

Houses that installed attic or wall insulation had a much higher rate of savings, with 64% 

achieving savings of 20% or better.109  In comparison to replacement windows, replacing 

the furnace had an SPP of 20 years while installing insulation had a SPP of only 8.5 

years.110 

  Hill noted that, “…from a heat transfer perspective, double pane windows would 

not be expected to perform better than primary windows in combination with storms. A 

primary with storm enclosing a four-inch air space has a slightly higher R-value than a 

double pane window alone.”111   Despite the argument that a reduction in air infiltration 

will result in energy savings, research has found that windows are not greatly important 

in terms of infiltrative energy losses because they are generally located in the neutral 

pressure plane, where there is very little driving force (due to stack effect).  In addition, 

                                                            
106 Ibid, 103. 
107 William W. Hill, “An Evaluation of Indiana’s Energy Conservation Financial Assistance Program 
(ECFAP)”, (Final Report Submitted to the Office of Energy Policy, Indiana Department of Commerce, May 
1991), 43. 
108 Hill, “Replacement…, 110. 
109 Hill, “An Evaluation…”, 43. 
110 Hill, “Replacement…”, 110‐111. 
111 Ibid. 
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storm windows provide a good air barrier which decreases any pressure differential 

caused by the wind.  Without a pressure differential, there is no driving force and 

therefore no infiltration/exfiltration.112   

Metal framed windows have not been included in studies on energy efficiency, 

perhaps because they account for a small percentage of residential windows.  Steel 

windows were popular in industrial and commercial buildings before World War II.  The 

Lafayette Building in Washington, D.C., built in 1940, is an example of a commercial 

building with steel windows.  It is a government building and therefore the windows 

required upgrading for blast resistance.  In order to determine whether replacement or 

retrofitting was a better option, a joint team of architects and engineers undertook a 

performance monitoring study of an upgraded original window and a replacement 

window in-situ.  In addition to blast-resistance, the owners wanted to improve the energy 

performance of the windows, have windows that are easily maintained, as well as 

preserving the original configuration and sight-lines of the original glazing.  Cost was 

also considered.  One of the original steel windows was repaired and fitted with an 

interior low-E coated storm window.  The replacement window was thermally broken, 

aluminum-frame with 1-inch insulating low-E glazing.  The windows were tested 

between March and July of 2006.  The tested windows were installed on the east 

elevation because it would provide variable conditions, (as opposed to the diffuse solar 

radiation on the north or the intense solar radiation on the south and west elevations.)  

Surface temperatures, ambient conditions, and heat gain and loss were all measured.  

                                                            
112 Hill, “An Evaluation…”, 47. 



73 
 

Because of the in-situ restrictions, the measured heat flows could only be used for 

comparison between the two windows.   

The windows were compared based on rates of solar heat gain and infiltration.  

The repaired window with an interior storm experienced 35% to 40% greater solar heat 

gain than the replacement window during the coldest week and 10% to 25% greater 

during the warmest week.113  The replacement window lost more heat during the evening 

and early morning hours.  The repaired window experienced nearly 70% less heat loss 

than the replacement window during the coldest week.114  The repaired window 

experienced more solar heat gain during the morning and early afternoon than the 

replacement window.  The team concluded that, “[b]ecause solar heat gain can be 

manipulated (e.g. through the use of low-E coatings) but heat loss through the frame 

cannot, the repaired window provides superior heat-loss performance and significantly 

greater potential for optimizing glazing and heat-gain performance…”115  The repaired 

window was also found to have 50% less air infiltration than the replacement window.116  

Infiltration can be a significant source of heat loss in multi-story buildings, such as the 

Lafayette.  The project team concluded that, “…the repaired window offers superior 

thermal performance…” over the replacement window, in addition to, “…minimiz[ing] 

material waste by maximizing efficient use of pre-existing embodied energy.”117  Based 

                                                            
113 Robert Score and Bradford S. Carpenter, “An Analysis of the Thermal Performance of Repaired and 

Replacement Windows” (APT Bulletin, Vol. 40, No. 2, Jan. 2009, pp. 11‐19), 14. 
114 Ibid, 15. 
115 Ibid, 17. 
116 Ibid, 18. 
117 Ibid. 
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on these findings, the modernization plan specified the refurbishment, rather than 

replacement, of the building’s windows.      

Today’s windows have several technological advantages over historic windows.  

Multiple layers of glass or plastic improve thermal resistance and reduce heat loss due to 

convection between window layers.  Low-emittance (low-E) coatings reflect long-

wavelength infrared radiation which reduces heat transfer between glazing layers.  Low-

conductive gas fills in insulating glass units can also lower heat transfer between layers.  

However, multiple studies have shown that with the use of storm windows, particularly 

those with low-E glass, historic windows can be upgraded to perform nearly equal to 

replacement windows in terms of energy costs.     
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Chapter 6 

Embodied Energy and Life Cycle Assessment 

 

 

Embodied energy is the energy required to extract the raw materials from nature 

and as well as the energy used in primary and secondary manufacturing to create the final 

product.118  Transportation and installation energy is not necessarily included.  There are 

several different methods used to calculate embodied energy.  The most widely used are 

statistical analysis, input/output table analysis, and process analysis.119  Statistical 

analysis relies on available data from the whole economy or a particular industry.  

Input/output table analysis, originally developed by economists, can be used to determine 

indirect energy inputs and provide a more complete estimate of embodied energy.120  

Tables of transactions between different industries are converted from monetary values to 

energy data.  Process analysis is the most detailed method and is usually focused on an 

individual process or industry.  Life cycle assessment is more comprehensive than 

embodied energy.  Life cycle refers to the entire ‘life’ of a material, from ‘cradle-to-

grave.’  Assessment includes resource extraction, manufacturing, on-site construction, 

occupancy/maintenance, demolition, and recycling/reuse/disposal.  Embodied energy can 
                                                            
118 Tracy Mumma, “Reducing the Embodied Energy of Buildings,”( Home Energy Magazine 
Online,January/February 1995, 
http://www.homeenergy.org/archive/hem.dis.anl.gov/eehem/95/950109.html).  
119 G. P. Hammond and C. I. Jones, “Embodied Energy and Carbon in Construction Materials,” (Proceedings 
of the Institution of Civil Engineers: Energy, Vol. 161, Issue EN2, May 2008, pp. 87‐98), 88.  
120 Ibid. 
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be considered one component of life cycle assessment.  Embodied energy is useful for 

providing a quick comparison between materials or components, while life cycle 

assessment is more in-depth and multifaceted.  Both concepts can be applied to buildings 

as a whole or to individual elements.     

Embodied energy, though it has become a popular tool in recent years, is not a new 

concept.  In 1981, the U. S. Department of Energy published the Handbook of Energy 

Use for Building Construction. The Stein Partnership and the Energy Research Group at 

the University of Illinois at Urbana used data from the Bureau of Economic Analysis 

(BEA) to produce values for over 400 materials used in construction.  BEA’s data was in 

the form of economic input/output (I/O model) and was developed into an energy I/O 

model by the Energy Research Group.  The Stein Partnership divided the data into 49 

construction categories, including residential, commercial, and industrial buildings as 

well as railroads, roads and other non-building constructions.  The Handbook compiled 

the data into energy values divided into different categories: by construction sectors; per 

square foot for new building construction; per unit of building material; and for typical 

building assemblies. Values for maintenance are also included.  The values are based on 

national averages from 1967 and were not adjusted for regional differences.   Table 6.1 

shows the values for embodied energy by material and by window type for wood and 

aluminum.  Values for polyvinyl chloride (PVC) and aluminum-clad wood are not 

included in the Handbook.   By weight, wood has the lowest embodied energy by far.  

Aluminum has the highest embodied energy, both as a material and as a window type.  

Interestingly, there is not a significant difference between the embodied energy of 
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aluminum and wood framed windows.  This implies that a great deal of a window’s 

embodied energy is in the glazing and other components.         

Table 6.1: U.S.D.O.E. Embodied Energy Estimates  

   By Material Weight  By Window Type 

Material 
Embodied Energy 

(kJ/kg)*  Embodied Energy (kJ)^ 

Wood(Soft)  819 1,279,621 

Aluminum  44,122 1,698,550 

Steel (Carbon)  10,863 n/a 

Glazing (1/8” thick sheet)  24,815 n/a 

 

based on a residential 
grade 4' x 4' double 
glazed window 

                                                   *converted from Btu/lb  ^converted from Btu 
Source: Stein, R. G., C. Stein, M. Buckley, and M. Green.  Handbook of Energy Use for Building 
Construction.  Washington, D. C.: U. S. Department of Energy, March 1981. 

 

In 2008, the University of Bath in England produced a database of carbon and energy 

associated with construction materials.    The data is based on the input/output method.  

The inputs were taken from over 250 sources, such as peer-reviewed journal papers, 

technical reports, and monographs.  The Inventory of Carbon Energy (ICE) is free and 

available to the public.  Table 6.2 illustrates the embodied energy and carbon by material 

weight.  Wood has the lowest embodied energy and carbon.  Steel has the next lowest 

values, followed by PVC.  Aluminum has the highest by far: nearly 20 times that of 

wood; 6 times that of steel, and 2 times that of PVC.  The values produced by the ICE 

and the U.S.D.O.E. contain some dramatic differences, though the materials with the 

lowest and highest embodied energies are the same.  Differences in embodied energy 
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could be due to the age of the D.O.E.’s data as well as the different geographical 

locations of the data sources.   

Table 6.2: ICE Embodied Energy by Material Weight 

Material 
Embodied Energy 

(kJ/kg) 
Embodied Carbon  

kg CO2/kg 

Wood  7,800 0.47 

Aluminium (extruded)  154,000 8.16 

PVC  68,950 n/a 

Steel (General)  24,400 1.77 
Source: Inventory of Carbon Energy Version 1.6a, University of Bath, UK 

 

Embodied energy only follows a material from ‘cradle to gate,’ or from its extraction to 

when it is delivered to the construction site (excluding transportation).  Life cycle 

assessment provides a more complete picture of a material’s environmental impact 

(‘cradle to grave’). The Athena Institute is a non-profit organization dedicated to 

evaluating the environmental impacts of new and existing buildings through life cycle 

assessment (LCA).  The Institute provides software, databases, and consulting services.  

In association with the University of Minnesota and Morrison Hershfield Consulting 

Engineers, the Institute has developed the ATHENA ® Impact Estimator for Buildings 

and ATHENA ® EcoCalculator for Assemblies that are capable of modeling entire 

buildings or individual common building assemblies.  The EcoCalculator was 

commissioned by the Green Building Initiative for use with the Green Globes rating 

system.  Athena’s EcoCalculator is free to download from the Athena Institute’s website.  

It is available in both residential and commercial versions.  The EcoCalculator can be 
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applied to new construction projects, retrofits, or major renovations, assemblies or entire 

buildings.  Assemblies are divided into seven categories; foundations and footings, 

columns and beams, intermediate floors, exterior walls, windows, interior walls, and 

roofs.  They are assessed based on a range of performance measures; fossil fuel 

consumption, weighted resource use, global warming potential, acidification potential, 

human health respiratory effects potential, eutrophication potential, ozone depletion 

potential, and smog potential.  Eutrophication refers to the addition of artificial or natural 

substances to an aquatic system.  The EcoCalculator takes into account resource 

extraction and processing, product manufacturing, on-site construction of assemblies, all 

related transportation, maintenance and replacement cycles over an assumed building 

service life, and structural system demolition and transportation to landfill.  The 

EcoCalculator does not include energy required for operation.  Both commercial and 

residential buildings are assumed to have a 60-year life span.   

Using New York City as the selected location, the EcoCalculator produced the 

results shown in Tables 6.3 through 6.5.  For all applications, wood and vinyl-clad wood 

windows have the lowest fossil fuel consumption, acidification potential, and ozone 

depletion potential.  Vinyl windows had the lowest global warming potential but the 

highest ozone depletion potential for low-rise commercial.  Aluminum windows use the 

greatest amount of fossil fuels, have the highest ozone depletion potential for residential, 

and greatest smog potential.  While energy required in disposal is included in the 

evaluation criteria, the environmental effects of disposal are not addressed.  Some 

materials are recyclable, such as aluminum, and that ability is important.  Others release 
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toxins into the soil.  Unfortunately, steel and aluminum-clad wood windows are not 

included in the EcoCalculator. 

Table 6.3 EcoCalculator Data for Residential Windows 

Frame Type  
(all windows operable 
and assume double‐
paned, low‐E, argon 

filled glazing) 

Fossil Fuel 
Consumption 
per sq ft (kJ) 

Weighted 
Resource Use 
per sq ft (kg) 

Global Warming 
Potential per sq 
ft (kg CO2 eq) 

Acidification 
Potential per sq ft 
(moles of H + eq) 

Wood  387.37 35.39 70.34  36.89

Aluminum  916.28 75.85 66.24  118.76

Vinyl  508.87 41.39 43.85  38.12

Vinyl‐Clad Wood  385.10 34.01 65.29  34.74

Human 
Health 

Respiratory 
Effects 

Potential per 
sq ft (g PM2.5 

eq) 

Eutrophication 
Potential per 
sq ft (mg N eq)

Ozone Depletion 
Potential per sq 
ft (mg CFC‐11 

eq) 

Smog Potential 
per sq ft (g Nox 

eq) 

Wood  381.51 12084.55 0.07  210.57

Aluminum  921.94 24394.02 0.24  533.38

Vinyl  370.23 13008.52 0.23  196.61

Vinyl‐Clad Wood  352.90 11364.42 0.10  194.86
Source: ATHENA EcoCalculator for Residential Assemblies v.1.1  
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Table 6.4 EcoCalculator Data for Low‐Rise Commercial Windows 

Frame Type  
(all windows assume 
double‐paned, low‐

E, argon filled 
glazing) 

Fossil Fuel 
Consumption 
per sq ft (KJ) 

Weighted 
Resource Use 
per sq ft (kg) 

Global Warming 
Potential per sq 
ft (kg CO2 eq) 

Acidification 
Potential per sq ft 
(moles of H + eq) 

Wood  237.92 47.72 24.58  19.13

Aluminum  545.61 43.38 47.50  67.64

Vinyl  342.25 33.77 29.86  20.94

Vinyl‐Clad Wood  238.19 44.29 23.45  18.19

Curtainwall 
viewable glazing  205.44 29.21 28.09  22.95

Human 
Health 

Respiratory 
Effects 

Potential per 
sq ft (g 

PM2.5 eq) 

Eutrophication 
Potential per 
sq ft (mg N eq) 

Ozone Depletion 
Potential per sq 
ft (mg CFC‐11 eq) 

Smog Potential per 
sq ft (g Nox eq) 

Wood  258.11 8005.00 0.03  129.24

Aluminum  569.18 15017.00 0.13  329.31

Vinyl  252.60 9269.00 0.15  122.84

Vinyl‐Clad Wood  238.66 7512.00 0.06  119.76

Curtainwall 
viewable glazing  339.13 8484.00 0.03  166.56
Source: ATHENA EcoCalculator for Commercial Assemblies v.3.6  
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Table 6.5: EcoCalculator Data for Hi‐Rise Commercial Windows 

Frame Type 
(all windows assume  
double‐paned, low‐E, 
argon filled glazing) 

Fossil Fuel 
Consumption 
per sq ft (KJ) 

Weighted 
Resource Use 
per sq ft (kg) 

Global 
Warming 

Potential per sq 
ft (kg CO2 eq) 

Acidification 
Potential per 
sq ft (moles of 

H + eq) 

Aluminum  545.61 43.38 47.50  67.64

Curtainwall viewable 
glazing  205.44 29.21 28.09  22.95

           

Human 
Health 

Respiratory 
Effects 

Potential per 
sq ft (g 

PM2.5 eq) 

Eutrophication 
Potential per 
sq ft (mg N eq)

Ozone 
Depletion 

Potential per sq 
ft (mg CFC‐11 

eq) 

Smog Potential 
per sq ft (g Nox 

eq) 

Aluminum  569.18 15017.00 0.13  329.31

Curtainwall viewable 
glazing  339.13 8484.00 0.03  166.56
Source: ATHENA EcoCalculator for Commercial Assemblies v.3.6  

 

In 2002, a team from the School of Engineering of Napier University in 

Edinburgh, Scotland conducted a study that focused on the life cycles of window 

materials.  Aluminum, PVC, wood, and aluminum-clad wood were evaluated using 

embodied energy, acid potential, and global warming potential values.  Table 6.6 contains 

the results of this study.  Wood was found to have the lowest embodied energy, acid 

potential, and global warming potential while aluminum had the highest values in all 

three areas. PVC had the next highest values, followed by aluminum-clad wood.   While 

the title of the study contains the phrase “life cycle,” it only took into account a few 

elements of a window’s life.  The study did not include the environmental impacts of 

paintings and coatings on aluminum and wood, cleaning detergents for PVC, disposal of 
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windows and their generation of toxins.  The values are for Europe and will vary for 

different countries.  

Table 6.6: Napier University’s Life Cycle Assessment by Window Type  

Material 
Embodied Energy 

(kJ) 
Acid Potential 
 (g SO2 eq) 

Global Warming 
Potential 
 (g CO2 eq) 

Wood  995,000 1 116 

Aluminum  6,000,000 60 11102 

PVC  2,980,000 13 1400 

Aluminum‐clad 
Wood  1,460,000 n/a n/a 

based on a residential grade 4' x 4' double glazed window 
Source: M. Asif, A. Davidson, and T. Muneer, “Life Cycle of Window Materials‐A Comparative 

Assessment”, (PhD Thesis, Napier University, Edinburgh, U.K., 2002).  

   

Embodied energy is not an exact science.  Different studies have produced widely 

different values, due to methodological differences in calculations, boundary conditions, 

and general assumptions.121  Embodied energy can also differ based on geographic 

location.  While embodied energy values are not absolute, they can still serve as a useful 

method for comparing different window frame materials (Tables 6.8 and 6.9).  Despite 

the variation in the numbers produced, studies have consistently shown that wood has the 

lowest embodied energy of window frame materials, followed by aluminum-clad wood, 

steel, PVC, and aluminum.  Life cycle assessment considers the entire life of a material or 

product and therefore involves more factors than embodied energy.  ATHENA’s 

EcoCalculator is a life cycle assessment tool that evaluates construction components 

                                                            
121 Hammond and Jones, 96. 
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based on eight different environmental impact factors.  Determining which window type 

is least harmful to the environment is not black and white.  The values for wood, vinyl-

clad wood, and vinyl are similar enough that each could be considered the least harmful 

material depending on which factor is given more weight.  Because embodied energy and 

life cycle analysis are variable, they should only be used as one of multiple criteria to 

determine a material’s potential to contribute to sustainability. 

Table 6.8: Embodied Energy by Material Weight      

   U.S.D.O.E.  University of Bath 

Material 
Embodied Energy 

(KJ/Kg)* 
Embodied Energy 

(KJ/Kg) 

Wood  8 7,800

Aluminum(extruded)  44,122 154,000

PVC  n/a 68,950

Steel (General)  10,863 24,400

*converted from Btu/lb 
 
 
 

 

    Napier University  U.S.D.O.E. 

Window Type 
Embodied Energy 

(MJ) 
Embodied Energy 

(MJ) 

Wood  995 1,424

Aluminum  6000 1,700

PVC  2980 n/a

Aluminum‐clad 
Wood  1460 n/a

Figure 6.9: Embodied Energy by Window Type 



85 
 

 

 

 

Chapter 7 

Window Durability 

 

 

Durability refers to a product’s ability to perform as intended over a period of 

time.  A window’s durability is determined by the unit’s ability to resist condensation, air 

and water infiltration, exposure to moisture, temperature extremes, and exposure to 

ultraviolet radiation. 122  Exposure to salts and other corrosive materials can significantly 

affect durability.  Wood, aluminum, steel, polyvinyl chloride (PVC), and fiberglass are 

all affected by environmental factors depending on each material’s inherent weaknesses 

and strengths.  Laboratory tests and field surveys can provide an estimate of their each 

window frame material’s expectancy.  

As part of the life cycle window study conducted by the team at Napier University 

in Edinburg, Scotland, a survey was taken to investigate the performance of windows as a 

building component.  The survey results were compiled to determine the mean service 

life for the four windows types examined: wood; PVC; aluminum; and aluminum-clad 

wood.  In addition, accelerated aging tests were performed in a laboratory setting.  

Samples of the frame materials were subjected to immersion, dry-wet cycles, salt spray, 

humidity/temperature extremes, and ultraviolet radiation.  The samples were then 

examined visually and with optical and atomic force microscopy.  In 2002, the North 
                                                            
122 Carmody, Window Systems, 72. 
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American engineering firm Morrison Hershfield Limited conducted a window survey 

examining the replacement and maintenance requirements of building envelope materials, 

including windows.  Single family residential, multi-unit residential (low-rise and high-

rise), office, institutional, commercial, and industrial buildings were studied.  Window 

types surveyed included wood, aluminum, PVC, and steel.   

Wood 

The Napier University survey found wood to have an average lifespan of 39.6 

years.123  In laboratory testing, wood with surface treatments did not react to moisture or 

temperature and there experienced little discoloration.  The Morrison Hershfield survey 

found that, “[w]ood-framed windows can survive the life of the building if properly 

maintained.”124  Wood windows require the most maintenance of all frame materials.  

They must be painted or stained every 5 to 7 years to protect the wood from water 

infiltration.125  Without maintenance, they usually require replacement after 16 years on 

average.126  History shows that wood can last for hundreds of years if protected.  The 

Horiuji Temple in Japan was constructed of cypress in 607 A.D. and still stands today.  

Norwegian stave churches up to 900 years old are still in existence.  Many historic 

buildings retain their original wood windows.  In Lincolnshire, England, the Belshire 

House, constructed 1685-1688, still contains five of its original wood sash windows.127  

Durability depends on the tree species.  If kept dry, oak can last 300-800 years, pine 120-

                                                            
123 Asif, et al., 10. 
124 Morrison Hershfield Limited, “Maintenance, Repair, and Replacement Effects for Building Envelope 
Materials,” (ATHENA Sustainable Materials Institute: Merrickville, Ontario, 2002), 38. 
125 Ibid, 36. 
126 Ibid, 39. 
127 Louw and Crayford, “Part 1”, 93. 



87 
 

1000 years, and spruce 120-900 years.128  Today, wood has decreased quality due the 

shortened growing times, resulting in a spongier, more porous wood.129  To compensate 

for these defects, wood is often impregnated with chemicals.  Major window 

manufacturers offer anywhere from two to ten year warranties on wood windows.  This 

short coverage period could be due to the poor quality of the wood used or the low 

expectation of maintenance being performed as required.    

Aluminum 

The Napier University survey found aluminum to have an average lifespan of 

43.6 years.130  Coated aluminum was unaffected by moisture, temperature, and UV 

exposure in laboratory tests.  Without coating, aluminum is susceptible to corrosion.  

Morrison Hershfield’s survey found that aluminum windows can last anywhere from 15 

to 40 years, depending on the application.131  Aluminum requires little maintenance and 

only needs regularly cleaning to retain its appearance.  Major window manufacturers 

offer 10 year warranties on aluminum windows.   

Polyvinyl Chloride (PVC) 

The Napier University survey found PVC windows to have an average lifespan of 

24.1 years.132  In the laboratory, PVC was unaffected by humidity but experienced severe 

deterioration after exposure to temperature and UV radiation.133  PVC was found to be 

                                                            
128 Berg, 172.  (See Appendix B) 
129 Ibid. 
130 Asif, et al., 10. 
131 Morrison Hershfield Limited, 40. 
132 Asif, et al., 10 
133 Ibid., 11. 
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very sensitive to high temperatures and ultraviolet radiation, which can break down its 

molecular bonds and lead to embrittlement and discoloration.134 The Morrison Hershfield 

survey found that PVC-framed windows require replacement after 18 years on average.135  

PVC requires regular cleaning to prolong its life.  Major window manufacturers offer 

limited lifetime warranties on PVC windows.  Limited lifetime warranties cover defects 

in material or workmanship, but do not apply to normal wear and tear, and are 

nontransferable.   

Aluminum-Clad Wood 

The Napier University survey found aluminum-clad wood windows to have an 

average lifespan of 46.7 years.136  Aluminum-clad wood window frames were unaffected 

by moisture, temperature, and UV exposure in laboratory tests.  They require almost no 

external maintenance.  Pella offers a twenty year warranty on aluminum-clad windows.  

If the frames are exposed to salt spray, the warranty falls to ten years.       

Steel 

While steel was not included in either survey, its durability can be evaluated 

based on the properties of the material.  Steel is susceptible to corrosion.  If protected 

from corrosion by galvanizing or some other protective coating, steel is extremely 

durable and strong.  Evidence of steel’s durability as a window frame material can be 

found in the many buildings constructed in the early twentieth century that still retain 

their original steel windows.   
                                                            
134Ibid, 5. 
135 Morrison Hershfield LImited, 37. 
136 Asif, et al., 10. 
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Fiberglass 

Fiberglass is a relatively new window frame material and has not been included in 

any window studies thus far.  In general, fiberglass is strong and resists warping.  Pella 

provides a limited lifetime warranty on its Impervia fiberglass-resin framed windows 

against cracking, splitting, corroding and warping.  Their other fiberglass-resin windows 

come with a ten year limited warranty.  Marvin Windows offers a ten year limited 

warranty for their Integrity windows.   

Window frame material deterioration may not always be the cause for 

replacement.  Morrison Hershfield found that insulated glazing units typically fail (lose 

their gas seal) between 10 to 30 years after installation.137  This figure is disturbingly low.  

Most insulated glazing units cannot be easily repaired and instead are replaced after 

failure.  Perhaps thirty years is the expected life span of buildings constructed today.  For 

those buildings that aim to be in service for more than thirty years, insulated glazing units 

may not be the most durable option.   

Some window frame materials are inherently more durable than others.  Others 

can be augmented to improve their durability, such as steel that has been galvanized.  

Surface treatments can protect vulnerable materials allowing them to withstand exposure 

to the elements.  According to studies performed by Napier University and Morrison 

Hershfield Limited, aluminum and aluminum-clad windows last the longest of the studied 

frame materials.  Wood, with regular maintenance, has the next greatest lifespan.  

Historic wood windows offer proof that wood frames can last much longer than the forty 

                                                            
137 Morrison Hershfield Limited, 35. 
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year lifespan produced by the Napier survey if made of quality material and regularly 

maintained.  PVC was found to have the shortest performance life, around only twenty 

years.  Unfortunately, steel and fiberglass windows were not included in either study.   

The survival of historic steel windows can attest to the material’s longevity.  Fiberglass is 

a relatively new window frame material and more time is needed to determine how it 

holds up to environmental factors.   
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Chapter 8 

Findings 

 

 

Historic windows are arguably the most villainized component of historic 

buildings, subject to frequent replacement.  Their loss impacts not only a building’s 

integrity but the natural environment as well.  Based on the criteria of energy efficiency, 

life cycle, and durability, historic windows are equally, if not more, sustainable 

components than replacement windows.  In general, wood windows are a highly 

sustainable window type.  Historic wood windows are generally superior to modern 

equivalents, especially if constructed of old growth wood.138  Their energy performance 

can be improved with storm windows, their lifecycle is superior to replacement windows, 

and their durability has been proven.     

Historic vs. Replacement Windows 

Replacement windows’ greatest advantage over historic windows is their superior 

energy efficiency.  However, storm windows can improve a historic single-paned 

window’s energy performance to be very close to that of a modern replacement window’s 

(see Figure 8.1).  Energy efficiency is just one component of sustainability.  While 

                                                            
138 Windows constructed before 1940 are likely to contain old growth wood.  “Weatherization tips and 
strategies,” National Trust for Historic Preservation, 
(http://www.preservationnation.org/issues/weatherization/windows/windows‐faq.html#windows‐
matter). (accessed April 5, 2011.) 
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important, a component’s efficiency can only be used in comparison and means nothing 

as an independent value.139  Durability and life cycle are just as, if not more, important as 

energy efficiency.  The continued survival of historic windows proves their durability.  In 

the case of wood frames, historic frames are more durable than modern replacements due 

to the superiority of the historic wood.  Historic windows also have the advantage of 

being easily reparable.140  Modern windows can be difficult or impossible to repair.  

Insulated glass units have a tendency to fail (lose their seals) after a relatively short 

amount of time and cannot be easily repaired.  This results in a waste of energy, 

materials, and money.  Regardless of frame material, historic windows have better life 

cycles than new ones.  The energy needed to produce them has already been expended 

and can be deducted from the embodied energy of the frame.    

Figure 8.1 U‐Values 

Window Type  
Typical NFRC 
Rating 

Lawrence 
Berkeley 
Study 

Glasgow 
Caledonia 
Univ. Study 

Vermont 
Study 

Double glazed, clear, 
wood/vinyl frame  0.50 n/a n/a  0.49

Double glazed, insulated, low‐
E, wood/vinyl frame  0.33 0.438 n/a  n/a

Triple glazed, insulated, low‐
E, wood/vinyl frame  0.22 n/a n/a  n/a

Historic window with storm 
window  n/a 0.585 n/a  0.51

Historic window with low‐E 
exterior storm  n/a 0.535 0.299  n/a

Historic window with low‐E 
interior storm  n/a 0.47 n/a  n/a

 

                                                            
139 McDonough and Braungart, 65. 
140 See Appendix A. 
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Windows by Type 

Wood 

Wood has many qualities that make it a good window frame material.  It is an 

excellent insulator, making wood window frames energy efficient.  Wood can be 

extremely durable, lasting well over fifty years if protected from the elements by paint or 

varnish.  Wood has the least harmful life cycle of all window frame materials.  It requires 

a low amount of energy to harvest and mill, it can last a long time, and is recyclable and 

biodegradable.  Historic wood frames were constructed of high quality wood, many with 

old growth wood.  Old growth wood is extremely dense, strong, and resists warping.  

Because old growth forests have been depleted, old growth wood windows cannot be 

replaced with in-kind materials.  Wood is a renewable resource if harvested from 

responsibly managed forests.  The greatest disadvantage of wood frames is their need for 

frequent maintenance (every 5 to 7 years).  Wood frames are readily available and priced 

in the mid-high range.   

Steel 

Steel is an extremely durable window frame material if protected from corrosion.  

Steel has a moderate conductive heat rate, making it relatively energy efficient.  It is also 

recyclable.  However, steel requires a great deal of energy to extract and produce.  It is 

not a renewable resource.  The galvanizing process produces air pollution and toxic 

sludge.  Steel windows are produced by only a small number of companies and are 

relatively high priced.  
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Aluminum 

Aluminum is an extremely durable window frame material, requiring no surface 

treatments.  It is also easily recycled.  But it requires a great deal of energy to extract.  

Aluminum is also a poor insulator, requiring a thermal break when used in window 

frames.  While it is currently readily available, aluminum is a non-renewable resource.  

Aluminum frames are not widely produced.  Their price is in the low-mid range. 

Aluminum-Clad 

Window frames made of wood clad with aluminum combine the durability of 

aluminum with the energy efficiency of wood.  Their greatest advantage is the very low 

amount of maintenance required.  However, clad windows are relatively new and their 

durability has not been proven.  Clad windows require both high and low amounts of 

energy to produce due to the respective requirements of aluminum and wood.  Clad 

frames are not widely available and are priced in the mid-high range. 

Polyvinyl Chloride 

Polyvinyl chloride (PVC) can produce window frames with good insulator 

qualities.  While PVC resists moisture and insects, it is not very durable in the long term, 

with a lifespan of less than thirty years.  Production of PVC creates a large amount of 

pollution, including chlorine gas, ethylene, dioxins, vinyl chloride, dichloroethane, and 

mercury.  The raw materials required to make PVC are non-renewable.  It is difficult to 

recycle and can release toxins into the soil when placed in a landfill.  PVC frames are 

widely available and priced in the low-mid range.   
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Fiberglass 

Fiberglass creates a strong window frame and has excellent insulator qualities if 

filled with polyurethane foam.  Fiberglass can be produced with some recycled glass 

content and requires a comparatively low amount of energy to produce.  Because it is a 

relatively new window frame material, its durability is unproven.  Fiberglass frames are 

not widely available and are priced in the mid-high range. 

Figure 7.1: Sustainability Criteria by Window Type   

   Wood  Steel  Aluminum  Vinyl  Fiberglass 
Aluminum‐
Clad 

Renewable  yes  no  no  no  no  no/yes 

Extraction 
Energy  Low  high  high  medium  low  high/low 

Manufacture 
Energy  low  high  high 

medium 
w/toxins  low  high/low 

Maintenance 
high (every 
5‐7 years)  low 

extremely 
low  low  low 

extremely 
low 

Energy 
Efficiency  good  fair  poor  good  good  good 

Life Span 
40 years & 
up 

40 years & 
up  40 years  24 years  unknown  unknown 

Disposal  recyclable  recyclable  recyclable 
landfill 
w/toxins  landfill  recyclable 

Availability  good  poor  fair  good  poor  poor 

Cost  mid‐high  high  low‐mid  low‐mid  mid‐high  mid‐high 

 

 

According to Bjorn Berg, author of The Ecology of Building Materials, the model 

for a modern sustainable window is a triple paned unit with separate inner and outer 

frames made of wood.  The inner and outer most panes are clear glass and the center pane 
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is coated with a low-E film.  The outer frame is constructed of mature oak and can be 

easily replaced when needed.141  A historic wood window with an external wood storm 

window is very similar to Berg’s modern sustainable window.  The storm window 

protects the historic window from the harsh elements.  As with the outer frame of Berg’s 

window, when the storm window wears out, it can be replaced without affecting the 

original window.   

Historic preservationists and environmentalists need to realize they are natural 

allies.  Historic structures are valuable not just for their beauty but for the embodied 

energy that they contain.  Individual components, such as windows, may be more than or 

equally as sustainable as their modern counterparts.  Further study is needed to determine 

what other components of historic buildings are also worth saving in terms of 

sustainability.  Retention of historic windows is a highly sustainable practice.  Wood’s 

need for frequent maintenance may still make many reluctant to choose it as a window 

frame material.  But PVC can no longer be seen as a viable alternative to wood.  The 

toxins produced in its production and disposal, along with its short life span, make PVC 

the least sustainable window frame material. 

 

 

 

 

                                                            
141 Berg, 362‐3. 
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Appendix B 

Durability of Timber (in years) 

Species  Always dry  Sheltered outside  Unsheltered outside  In contact with earth  Underwater 

Ash  300‐800  30‐100  15‐60  Less than 5  Less than 20 

Aspen  ‐  Low  ‐  Low  High 

Beech  300‐800  5‐100  10‐60  5  More than 300 

Birch  500  3‐40  3‐40  Less than 5  20 

Elm  1500  80‐180  6‐100  5‐10  More than 500 

Juniper  ‐  More than 100  100  ‐  ‐ 

Larch  1800  90‐150  40‐90  9‐10  More than 1500 

Maple  ‐  ‐  ‐  Less than 5  Less than 20 

Oak  300‐800  100‐200  50‐120  15‐20  More than 500 

Pine  120‐1000  90‐120  40‐85  7‐8  500 

Poplar  500  3‐40  3‐40  Less than 5  ‐ 

Spruce  120‐900  50‐75  40‐70  3‐4  50‐100 

Willow  600  5‐40  5‐30  ‐  ‐ 

 

Source: Berg, 34. 
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