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Abstract 
The importance of proving that sustainable design and engineering improves health, 
productivity, and quality of life has never been more important. To this end, the Center for 
Building Performance and Diagnostics (CBPD) at Carnegie Mellon University, in collaboration 
with the Advanced Building Systems Integration Consortium*, have been actively developing 
sustainable design guidelines and a database of laboratory, field, and simulation case studies that 
reveal the substantial environmental, health and productivity benefits of a range of advanced and 
innovative building systems. Captured in the Building Investment Decision Support tool 
(BIDS™), the cost-benefits of investing in a better built environment should drive measurable 
changes in building design, construction and management.  This presentation will explore the 
health-related benefits of high performance buildings - designed to deliver the highest quality air, 
thermal control, light, ergonomics, privacy and interaction, as well as access to the natural 
environment.  
 
Keywords: Sustainability and Health, Sustainable Design for Health, Healthy Building Systems 
 
Definitions of sustainability 
Many decisionmakers assume that sustainable design is about resource conservation – energy, 
water, and material resources.  The last ten years, however, has seen a dramatic broadening of 
the definition of sustainability to include assurances for  mobility and access as affected by land 
use and transportation, for health and productivity as affected by indoor environmental quality, 
and for the protection of regional strengths as we pursue a more globally shared quality of life.  
In the US, this broader definition of sustainability is most often ensured through the voluntary 
LEED™ (Leadership in Energy and Environmental Design) standard of the US Green Building 
Council.  The 69 credits in the LEED for New Construction standard extend beyond the 
conservation goals of energy, water and materials to include sustainable sites and transportation, 
outdoor atmosphere, indoor environmental quality and waste.  
 
The Center for Building Performance and Diagnostics at Carnegie Mellon University would 
argue for expanding this definition even further, to give greater emphasis to contextual and 
regional design goals, to natural conditioning, and to flexible infrastructures that support change 
and deconstruction.  
 

                                                 
* ABSIC members 2000 to present: Armstrong World Industries, BP Solar, Carnegie Mellon University, US Department of Energy, 
US Department of Defense, Electricité de France, US Environmental Protection Agency, Gale Foundation, US General Services 
Administration, Northwest Energy Efficiency Alliance, Public Works and Government Services Canada, Somfy, Siemens Energy and 
Automation, Inc., Steelcase Inc., Teknion Inc., Tyco Electronics, United Technologies/ Carrier, National Science Foundation. 



Seven CBPD Principles for the Design of Sustainable Built Environments 
1. Sustainable design depends on an integrative, human-ecological design approach. 
2. Sustainable design depends on changing approaches to land-use and community fabric. 
3. Sustainable design depends on the effective use of natural, local and global resources to reduce 

infrastructure loading and maximize infrastructure use. 
4. Sustainable design depends on the design of flexible, plug and play systems. 
5. Sustainable design depends on the use of sustainable materials and assemblies. 
6. Sustainable design depends on design for life-cycle instead of first cost. 
7. Sustainable design depends on the promotion of infrastructures to neighborhood amenities. 

 
The CBPD defines sustainable design as “a transdisciplinary, collective design process driven to 
ensure that the built environment achieves greater levels of ecological balance in new and retrofit 
construction, towards the long term viability and humanization of architecture.  Focusing on 
environmental context, sustainable design merges the natural, minimum resource conditioning 
solutions of the past (daylight, solar heat and natural ventilation) with the innovative 
technologies of the present, into an integrated "intelligent" system that supports individual 
control with expert negotiation for environmental quality and resource consciousness.  
Sustainable design rediscovers the social, environmental and technical values of pedestrian, 
mixed-use communities, fully using existing infrastructures, including "main streets" and small 
town planning principles, and recapturing indoor-outdoor relationships.  Sustainable design 
avoids the further thinning out of land use, and the dislocated placement of buildings and 
functions caused by single use zoning.  Sustainable design introduces benign, non-polluting 
materials and assemblies with lower embodied and operating energy requirements, and higher 
durability and recyclability.  Finally, sustainable design offers architecture of long term value 
through 'forgiving' and modifiable building systems, through life-cycle instead of least-cost 
investments, and through timeless delight and craftsmanship” [1].  
 
The clarity of the definition of sustainability matters, especially when assessing the relevance of 
sustainable design, construction, and operations of buildings to long term human and 
environmental health. 
 
A Definition of Health to be Integral with Sustainable Design  
Building on the Cornell Medical Index of 1949 [2], the Center for Building Performance at 
Carnegie Mellon is using the following ten indices for evaluating the importance of design, 
construction and operation decisions on human health: 
 

Definition of health integral with sustainable design  
1. Respiratory system 
2. Digestive system 
3. Eyes, vision, irritation, circadian system 
4. Ears, hearing damage, concentration 
5. Skin 
6. Musculo-skeletal 
7. Circulatory system 
8. Nervous system 
9. Genitourinary system 
10. Mental health, stress, biophilia 

 
Alternatively, evidence from the research suggests six primary clusters of health issues related to 
the built environment:  respiratory (chest, wheeze, allergies, asthma, colds, flu); mucosal (eye, 



nose, throat); dermal (face, hand skin); neuro-physiological (headache, migraine, dizziness, 
heavy-headedness); musculoskeletal; and psychological (SAD, bipolar disorder). 
 
Linking Health and the Built Environment 
By setting CBPD’s definition of the attributes of sustainable design against the characteristics of 
human health, even intuitive judgment would illuminate the importance of building design 
decision making and building operation to human health, as shown in figure 1.   
 
With over 5 years of intense study by faculty, researchers and graduate students, the Center for 
Building Performance and Diagnostics at Carnegie Mellon and the Advanced Building Systems 
Integration Consortium have been collecting building case studies as well as laboratory and 
simulation study results in an effort to statistically link the quality of buildings – system by 
system – to productivity, health and life cycle sustainability.  Amassed in the BIDS™ (Building 
Investment Decision Support) tool, these case studies enable building decision makers to 
calculate returns on investments in high performance building systems, and will lead to greater 
understandings of the importance of land use and buildings to health (see 
http://cbpd.arc.cmu.edu/ebids). 
 
The following six sections will explore design innovations and life cycle benefits of changes in 
land use, building massing and enclosure, HVAC engineering, daylight and lighting system 
design, interior systems, and long-term building maintenance and operations.  
 
Sustainable Land Use and Health  
One of the most significant design shifts needed for the long-term health of humans is a shift 
away from automobile-based land use planning and single use zoning.  In industrialized nations, 
dramatic reductions in transportation by walking and biking may contribute to increasing rates of 
obesity, while increased reliance upon automobiles has resulted in ever-increasing levels of 
particulate and ozone that are respiratory hazards. Numerous studies have revealed the 
seriousness of particulate related health concerns.  Wordley et al. [3] identified a 2.4% increase 
in respiratory admissions and a 2.1% increase in cerebro-vascular admissions associated with a 
10 µg/m3 increase PM10 in the air. According to Dockery & Pope [4] a 10 µg/m3 increase in 
PM10 in the air increases respiratory admissions by 0.8 ~ 3.4%. Tenias et al. [5] found that a 10 
µg/m3 increase of NO2 and O3 in the air causes increases in the number of emergency visits for 
asthma by 7.6% and 6.3%, respectively. 
 
Moreover, automobile-based design is “paving” the countryside, with the elimination of natural 
landscapes that act as natural lungs for our air and with salting, oils, and storm-sewer overflows 
resulting in toxic runoff into our drinking water. As a result, it is imperative that sustainable 
design ensure: live-work-walk lifestyles with mixed-use communities; multi-generational 
mobility with mixed mode transportation; and the preservation and celebration of natural 
landscapes and sustainable infrastructures.  
 
Guidelines for Sustainable Land Use for Health 
 Design live-work-walk communities  to reduce car pollution – particulates and ozone – that trigger asthma 
 Design for  pedestrian, bicycle, transit mobility  to reduce obesity 
 Minimize paving for roads and parking, salting and oil runoff, as well as standing water concerns. 
 Design landscape dominant environments to reduce thermal heat islands, heat stress, and rebuild natures lungs 

for air quality  



Figure 1.  Linking Design Decision making and Health 
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Land Use    

Design live-work-walk communities           

Design mixed mode mobility            

Increase landscape/ reduce paving           

Distributed,/renewable power sources           

Building Massing and Enclosure 

Design for Daylighting / View / Passive Solar           

Design for Natural Ventilation           

Engineer Thermal Load Balancing            

Design Enclosure Integrity           

Lighting and HVAC Systems 

Separate ambient and task lighting           

Specify high performance lighting & controls           

Separate ventilation and thermal conditioning           

Increase outside air & ventilation effectiveness            

Engineer moisture/humidity management            

Engineer individual control of temperature           

  Interior Systems 

Specify ergonomic furniture           

Design spatial layout/density for health/safety           

Specify acoustic quality           

Specify materials  vs. outgassing/ degradation           

Specify materials vs. irritation/ re-infection           

Specify materials vs. mold           

  Operations 

Continuously Commission Systems            

Eliminate standing water, dampness and mold            

Design for non-toxic pest/ plant management           

Design for environmentally benign cleaning            

Improve food//vending quality for health           

Improve water quality for health           

Reduce waste/ manage waste vs pests           

 



Sustainable building massing/ enclosure and Health 
 
After land use design, the second most critical decision for human health may be the design of 
building massing and its enclosure. Humans need access to the abundances in nature - daylight, 
natural ventilation, thermal diversity, physical access and views; at the same time, humans need 
protection from natural stresses – overheating, excessive cold, rain.  The design of the building 
enclosure is critical for both of these.  
 
The CBPD has identified 16 international case studies linking access to the natural environment 
to improved health outcomes, including reductions in headaches, colds, SBS (Sick Building 
Syndrome), and patient length of stay (see figure 2).  Beyond the health benefits, ten 
international case studies demonstrate that access to the natural environment increases individual 
productivity between 3-18% and reduce absenteeism between 9-71%, while 8 studies indicate 
over 50% (each) lighting and HVAC energy savings [6]. 
 

Figure 2. Health Benefits of Access to Nature [7-22] Health Benefits of Access to Nature
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While the debate continues as to the mechanisms whereby daylight improves health, research 
continues to reveal that sunlight, especially morning sunlight, reduces length of stay for patients 
recovering from surgery, bipolar and SAD treatment [7-10]. The work of the Lighting Research 
Institute at RPI has begun to reveal the relationship of exposure to ultraviolet light and our 
melatonin production that controls circadian rhythms, sleep cycles and may even slow cancer 
cell development [23].  The confounding variables of glare and overheating that might 
accompany uncontrolled sunlight must also be studied. 
 
The importance of views of nature and proximity to windows to human health is equally debated, 
with the work of Ulrich [11], Mendell [13], and now Kellert [24] identifying a link to reduced 
length of stay after surgery, sick building syndrome, and overall emotional health and the 
importance of biophilia.  In addition to confirming the importance of seated views for all 



building occupants, research is critically needed to understand the importance of the content of a 
window view to health (eg., landscape vs. sky vs. building walls), as well as the benefits of direct 
access to the outdoors that could accompany views through windows and doors.  
 
The value of increasing outside air delivery rates is becoming increasingly evident, as will be 
described in HVAC design. It is not clear, however, whether increased levels of outside air are 
more effectively delivered through operable windows or through mechanical systems that 
incorporate filtration, dehumidification and thermal conditioning of that outside air.  There are 
over a dozen studies that reveal the benefits of natural ventilation in existing buildings, as 
compared to mechanical ventilated buildings, in reduced headaches, mucosal symptoms, colds, 
coughs, circulatory problems, and SBS symptoms.  While operable windows can bring in higher 
quantities of outside air, however, they can also bring in unwanted outdoor pollution, humidity, 
rain, and noise.  The pros and cons of increasing outside air rates through natural versus 
mechanical means are outlined in figure 3, with a definite emphasis on the value of natural 
ventilation, especially given the long term field performance of HVAC systems and controls.  

 
Figure 3.  Should Windows Open? 

No Yes 
Avoid outdoor pollution 
 
Avoid outdoor humidity 
Avoid outdoor noise (traffic, HVAC, mowers) 
Well designed/maintained HVAC provides control 
Avoid rain penetration 

Dilute indoor pollution – HVAC  
Dilute indoor pollution – materials/ activities diffuse 
indoor humidity build up  
Connect to nature – air, sounds  
Increase local ventilation rates w/o heat recovery  
Increase local thermal control in cool periods  
Design windows to shed rain  

  
The design implications for increasing daylight, view and natural ventilation are first to increase 
surface area with thinner floor plates, and second to resolve glare, overheating, heat loss, and 
rain penetration through appropriate enclosure design.  In some respects, sustainable, healthy 
buildings have many of the characteristics of sustainable, healthy humans – they are physically 
fit rather than obese (thin floor plans, finger plans and courtyard buildings); they have circulatory 
systems that take the heat from the core out to the surface (eg. air flow windows); they absorb 
sunlight and breathe fresh air.  At the same time, sustainable buildings are designed to reduce 
climate stresses – rain, cold and hot temperatures, diurnal temperature swings, excessive sun, 
freeze-thaw – with completely regional design solutions.  
 

 
 
Sustainable HVAC and Health 
 
The design of heating, ventilation and air conditioning systems for human health are based on at 
least three improvements in individual occupant conditions: increased outside air rates and 
filtration; improved moisture/humidity control; and improved thermal comfort control. 

Guidelines for Sustainable Building Massing and Enclosure for Health 
 Design for daylighting without glare to support visual acuity, reduce headaches 
 Design for natural ventilation without drafts and rain penetration to reduce respiratory/flu symptoms 
 Engineer thermal load balancing to eliminate radiant asymmetry - arthritis, circulatory disorders, 
 Design for passive solar heating where climate appropriate for thermal comfort and UV benefits 
 Design enclosure integrity to eliminate mold affecting SBS, respiratory/allergy and asthma 



 
Healthy, sustainable air, for example, is dependent on a commitment to improving the quality 
and quantity of outside air. Increasing outside ventilation rates has substantial research 
justification: a doubling or tripling of code requirements for outside air measurably reduces 
headaches, colds, flus, nasal symptoms, coughs, and SBS symptoms [26-35]. This may be 
achieved by maximizing natural ventilation with mixed-mode HVAC systems, and/or designing 
the HVAC system with separate ventilation air and thermal conditioning systems (thermal 
conditioning can be water or air based). To ensure ventilation effectiveness, the ventilation 
system must be designed to provide air to the individual with task air systems with some level of 
individual control to address local pollutant buildup. At the same time, a healthy HVAC system 
will guarantee pollution source control through design configuration and maintenance and for 
effective filtration.  Beyond the studies of natural ventilation/mixed mode conditioning 
previously discussed, the CBPD has identified seven international case studies demonstrating 
that high performance ventilation strategies reduce respiratory illnesses including asthma and 
allergies by 10-90%, as well as ten studies that demonstrate reductions in SBS, headaches, flus 
and colds (see figure 4).  Specifically, the critical HVAC improvements are increasing outside air 
rates, mold/moisture control, air stream management and filtration. In addition to health benefits, 
thirteen studies also suggest individual productivity gains of 1.7-11% due to high performance 
ventilation strategies, with a small energy penalty for increasing outside air rates with heat 
recovery, or 50-80% energy savings for natural ventilation combined with mixed mode 
conditioning [25].   
 

Figure 4. Health Benefits of High Performance HVAC [26-44] Health Benefits of High Performance HVAC
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In addition to providing healthy breathing air, it is critical for the HVAC system to provide 
individual thermal controls. While a majority of laboratory and field experiments in this arena 
relate to productivity and task performance, the CBPD has identified two international case 
studies that link thermal comfort to reduced headache and SBS symptoms [40, 41].  Clearly, 



extreme temperatures have measurable health consequences such as heat stroke and frost bite, 
but it is unclear whether long term exposure to moderately warm or cold thermal conditions have 
any health impacts.  The health consequences of radiant asymmetry (the literal cold shoulder) 
and conductive losses through the feet to uninsulated floors, should be quantifiable, but no 
studies have been identified. However, the CBPD has identified 14 studies that link temperature 
control to individual productivity gains between 0.2-7%, while one study identified 15% percent 
savings in energy through task thermal conditioning, given consistent vacancy rates in office 
environments [45]. The challenges for HVAC design for thermal comfort are to: design for 
dynamic thermal zone sizes (changing use patterns); provide individual thermal controls (eg 
under floor air distribution system); design for building load balancing and radiant comfort; and 
finally, to engineer prototyped, robust systems that provide air quality and thermal comfort 
consistently as installed in the field, over time.  
 

 
 
Sustainable Lighting and Health 
 
Light levels and the control of glare and brightness contrast can dramatically impact performance 
at task.  These variables can also impact health, with the most frequent symptoms being vision 
related headaches.  In addition, the spectral distribution of the light source, as well as time of day 
variations in light, may have a measurable impact on circadian rhythms, as previously discussed.  
Finally, views that may be associated with daylight sources may have a measurable impact on 
depression, recovery rates, and SBS symptoms.  
 
The CBPD argues for maximizing the use of daylight for both sustainability and health, so long 
as it can be provided without glare and excessive heat loss or heat gain. Daylight can provide the 
higher light levels needed for fine work, improve color rendition and sculptural definition, give 
the full spectrum and ultraviolet content that might be critical to circadian rhythms, and provide 
access to views of nature.   
 
Electric lighting systems then have the responsibility to interface effectively with daylight to 
meet the needs of specific tasks, and provide the appropriate quantity and quality of light when 
daylight is not available. To this end, sustainable lighting is dependent on selecting the highest 
quality lighting quality fixtures, lamps, ballasts, reflectors, lenses and controls to light each 
specific task or task surface.  These actions can also have health benefits.  For example, 
replacing magnetic ballasts, with both audible buzzing and PCBs, with electronic ballasts in 
fluorescent lamps has resulted in a 74% reduction in the incidence of headaches in a study by 
Wilkins et al [47].  The separation of task and ambient lighting, to enable lower overall ambient 
light levels at 20-30 fc (supportive of computer work and face to face discussions) to be 
augmented by higher task light levels at 50-100fc (for fine print work), has resulted in 19% 
reduction in headaches in a study by Cakir and Cakir [48]. A third study revealed the benefits of 

Sustainable HVAC for Health 
 Increase outside air rates, through natural ventilation or HVAC with heat recovery – to reduce respiratory, 

allergy, asthma, colds, headaches, SBS 
 Engineer ventilation effectiveness, including air path and filtration management – to reduce respiratory, throat 

and mucosal symptoms 
 Engineer moisture/humidity management - to reduce mold affecting respiratory illnesses, colds, SBS  
 Separate ventilation and thermal conditioning systems for individual thermal control – to reduce headaches and 

SBS symptoms 



reducing direct and reflected glare and shadowing that can occur with direct ‘downlighting’ from 
the ceiling: a 27% reduction in headaches resulting from a shift to indirect/direct lighting [46].   
 

Figure 5. Health Benefits of High Performance Lighting [46-48] Health Benefits of High Performance Lighting
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In addition to these three international case studies that demonstrate that improved lighting 
design reduces headache symptoms, the CBPD has identified twelve international case studies 
that indicate that improved lighting design increases individual productivity between 0.7-23% 
while reducing annual energy loads by 27-88% [49]. 
 

 
 
Sustainable Interior Systems and Health: materials and ergonomics 
 
Among a range of interior design decisions that affect sustainability and productivity, at least 
two design decisions also have measurable health impacts – material selection and the 
ergonomics of furniture and space layout.  
 
Interior material selection is critical in relation to thermal performance, air quality (outgassing), 
toxicity in fires, cancer causing fibers, and mold growth, which in turn impact respiratory and 
digestive systems, eyes and skin.  The CBPD has identified six studies linking materials selection 
to health outcomes including SBS, mucosal irritation, allergies and asthma (see figure 6). While 
sustainable design depends on the use of materials and assemblies that support healthy indoor 
environments, it also mandates the selection of materials with low embodied and transportation 
energy, since these environmental costs carry secondary health concerns.  

Guidelines for Sustainable Lighting for Health 
 Design for daylighting without glare to support visual acuity, color rendition, circadian rhythms, view content 

–  reduced length of stay, headaches 
 Specify high performance fixtures for maximum lumens/watt, reduced glare, shadowing and noise - reduce 

headaches 
 Separate ambient and task lighting delivery to match light levels to task, provide control 



Figure 6. Health Benefits of High Quality Interior Materials [50-55] Health Benefits of High Quality Interior Materials
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In addition to indoor surface materials, design decisionmakers must address the anthropometric 
and ergonomic needs of building occupants.  Given the growing preponderance of computer-
based work today, work surfaces, chairs, keyboards and mouse design must be ergonomically 
designed to reduce musculoskeletal disorders (MSD). According to a Washington State study, 
1.7 to 3.2% of MSD complaints result in medical costs averaging $22,000 per affected occupant, 
and in many cases permanent consequences for the employee [56]. The CBPD has identified 7 
international case studies that demonstrate that ergonomic workstations reduce MSD symptoms 
between 48 – 84% (figure 7).  Ergonomic design goes beyond anthropometric concerns, 
however, to also address building layout and densities that support human health and 
productivity.  Seneviratne and Phoon [57] identified over 40% reductions in nose, throat and 
mouth symptoms with greater workspace and improved maintenance.  Jaakkola and Heinonen 
[58] identified a 35% lower rate of colds among occupants of individual offices, compared to 
those in shared offices.  Hendrich et al [59] identified a 70% reduction in medication errors and a 
60% reduction in patient falls through the design of acuity adaptable hospital rooms.   

Guidelines for Sustainable Material Selection for Health 
 Specify materials that do not irritate the skin with contact to avoid dermatological conditions 
 Specify materials that do not outgas toxins to avoid respiratory/allergy and asthma  
 Specify materials that do not degenerate into respirable fibers or emit radon to avoid cancers 
 Specify materials that are not fire hazards causing respiratory illness or death  
 Specify materials that do not foster mold or mildew leading to respiratory symptoms 
 Specify materials with low embodied energy and low transportation costs to reduce outdoor air pollution 



Figure 7.  Musculoskeletal Disorder Reductions due to Ergonomic Improvements [60-66] 
Musculoskeletal Disorder Reductions due to Ergonomic Improvements
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The most substantive body of research, as captured in the work of John Templer [67], may be the 
effective design of stairs, ramps, curbs and surfaces to reduce the frequency of falls, with 
measurable health consequences. The most rapidly emerging body of research may be related to 
the infections transferred by contact with door handles, faucets, even elevator buttons, and the 
importance of hands-free design and frequent hand washing. Each of these studies emphasizes 
the importance of space layout, finishes and furnishings to human health.  
 

 
 
Sustainable Maintenance and Operations and Health 
 
Needless to say, each of these design decisions will become obsolete if there is no commitment 
to long-term maintenance and operational standards.  The building enclosure, HVAC and 
lighting systems must be continuously commissioned to maintain the healthy conditions 
intended.  Standing water, dampness and mold must be prevented. Occupant densities must be 
managed, and furniture and finishes must continue to meet the health standards set.  
 
In addition, human activities in buildings and the products they bring in must also be selected for 
health.  Art supplies, cleaning supplies, plants, fertilizers and herbicides must all be 
environmentally benign.  In addition, the food and water quality should be monitored for health, 
including guidelines for vending machines.  Waste should also be effectively managed since it is 

Guidelines for Sustainable Interior Design and Furnishings for Health 
 Specify furniture ergonomics to reduce musculoskeletal disorders (MSD) 
 Design spatial layout/density to reduce transmission of contagious illnesses (flus, colds) 
 Design spatial layout to reduce falls, tripping 
 Design layout and specify surfaces to reduce infections transferred by contact with hands free design 



a natural breeding ground for roaches, rodents and other pests. While this research team has not 
evaluated the studies that may link poor maintenance and operation practices to health concerns, 
it is clear that any degradation in as-built performance will result in health consequences equally 
serious as those of poor design, engineering and construction.  
 
 
Calculating the Life Cycle Benefits of Sustainable Design and Health 
 
The work of the faculty, researchers and graduate students of the Center for Building 
Performance and Diagnostics at Carnegie Mellon and the Advanced Building Systems 
Integration Consortium extends beyond the pursuit of building case studies that link the quality 
of buildings to productivity, health and life cycle sustainability.  The development of the BIDS™ 
tool has necessitated the identification of “soft” and hard life cycle costs in building ownership in 
order to calculate the return on investment of high performance building systems (see 
http://cbpd.arc.cmu.edu/ebids). Figure 8 helps to reveal the diverse building-related costs of 
doing business in US offices, including salaries and health benefits, technological and spatial 
churn, rent, energy and maintenance costs.  This cost is normalized in dollars per person per 
year, rather than cost per square foot, since the employee represents both the greatest cost and the 
greatest asset to an organization.  
 
 

Figure 8. Improving the Quality of the Built Environment  
will Reduce the Life Cycle Costs of Business [68-84]   
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According to independent non-profit organizations, human resource research firms, and the U.S. 
government, the average employer cost for health insurance was approximately $5,000 per 
employee per year in 2003 [85-89]. The CBPD has been able to identify the cost of several 
specific health conditions and illnesses that can be linked to the quality of the indoor 
environment, including colds, headaches, respiratory illnesses, musculoskeletal disorders, back 
pain (see figure 8), which account for roughly $750 of the $5000 annually spent per employee, or 
14% of all annual health insurance expenditures.  These direct costs for medical attention and 
pharmaceuticals would be multiplied with the indirect costs of reduced speed and accuracy on 
task, lost work time and absenteeism, among other secondary consequences of health concerns.  
 
While the focus of the BIDS™ effort to date has been to improve the quality of workplaces in 
office buildings, there is growing interest in identifying case studies for other facility types, such 
as schools and hospitals.  This inclusion broadens the opportunity to find case studies linking 
building quality to performance outcome, but requires research to customize the life-cycle 
factors and calculations to that building type, and to develop new design recommendations that 
might emerge from these data sets.   

 
Example Measures of Cost-Benefit Performance for Different Building Types 

Offices Schools Hospitals 
O&M, Energy & Water 

Worker Health 
 
 
 

Attraction-Retention 
Individual Productivity 

 
Absenteeism/Presenteeism 
Organizational Productivity 

Market Share/ Customer 
Speed to Market 

Waste Cost/Benefits 
Litigation/Insurance/Tax 

SBS 

O&M, Energy & Water 
Teacher Health 
Student Health 

 
 

Teacher Turnover 
Student Test Scores 
College Placement 

Absenteeism/Presenteeism 
 

Drop-out rates 
No Child Left Behind 
Waste Cost/Benefits 

O&M, Energy & Water 
Length of Stay/Recovery Rates 

Nosocomial Infections 
Patient Falls 
Staff Health 

Staff Turnover 
 
 

Absenteeism/Presenteeism 
Bed Vacancies 

Cost/Bed 
Profit/Bed 

Waste Cost/Benefits 
 

Medication Errors 
 
    
For example, the calculation of life cycle benefits of better design, engineering and management 
of hospitals would include variables such as: the average length of stay per illness, averaged at 
4.6 days per patient in US hospitals [90]; average cost of hospital stay, set at $1217 per day in 
US hospitals [91]]; patient reinfection rates, estimated at 2.16/10,000 patient days in US 
hospitals [92]; average of cost of these nosocomial infections, estimated at $27,000 plus 12 day 
increase in hospital stay [93]]; and the average cost of nurse turnover, at $13,800 per nurse per 
year [94-96]. The magnitude of these costs would clearly justify significant investment and 
reinvestment in the quality of buildings to ensure long-term health and productivity.  
 
Health and the Built Environment: A major research Mandate 
 
Sustainability is in truth all about health.  Energy/material extraction and use and atmospheric, 
water and land pollution are as significantly health-related issues as they are environmental 
conservation issues. Certainly the design and maintenance of building enclosures, HVAC, 



lighting, and interior systems are directly linked to our short and long term health, as the 
evidence collected in this paper has begun to prove.  Human health in the built environment is 
one of the most critically needed research efforts, requiring both extensive experimental and field 
research efforts.  Controlled laboratory experiments need to be carried out simultaneously with 
experiments in the field – to map chains of consequence, and identify possibly building related 
causes for respiratory, digestive, circadian, musculo-skeletal, circulatory, and nervous system 
illnesses, as well as other health related concerns.  Yet in the United States, at least, there is 
remarkably little federal investment in defining and valuing healthy buildings and communities 
(see figure 9).   

 

Figure 9.  Yet Marginal Research Investments in the Built Environment [97] 
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One cannot overstress the importance of defining key national and international research 
directions for addressing the impact of the built environment on health. Bringing together 
emerging knowledge about the importance of land use, building enclosure, HVAC, lighting and 
interior design decisions, with the life cycle justifications to ensure their implementation, is 
critically needed.  Sustainable buildings and communities have the potential to deliver the 
highest quality air, thermal control, light, ergonomics and acoustic quality, as well as regionally 
appropriate access to the natural environment, which are integral to human health.  
 
 
References 
 
1. Loftness, V. et al (2005) “Building Investment Decision Support (BIDS™) —Cost-Benefit Tool to Promote 

High Performance Components, Flexible Infrastructures & Systems Integration for Sustainable Commercial 
Buildings and Productive Organizations,” 2005 AIA Pilot Report on University Research, pp. 12-31. 

2. Weill Cornell Medical Library,  “A Brief History of the Cornell Medical Index” 
http://library.med.cornell.edu/Library/HTML/cmi.html 

3. Wordley, J, Walters, S. & Ayres, J.G. (1997) Short term variations in hospital admissions and mortality and 
particulate air pollution. Occupational and Environmental Medicine, Vol.54, 108-16. 



4. Dockery, D.W. & Pope, C.A.III (1994) Acute respiratory effects of particulate air pollution. Ann. Rev Public 
Health, 15, 107-32. 

5. Tenias, J. M., Ballester, F. & Rivera, M. L. (1998) Association between hospital emergency visits for asthma 
and air pollution in Valencia, Spain. Occupational and Environmental Medicine, Vol.55, 541-47. 

6. Center for Building Performance and Diagnostics / Advanced Building Systems Integration Consortium 
(ABSIC), Carnegie Mellon University.  Building Investment Decision Support (BIDS) Tool. 

7. Walch, Jeffrey et al (2005) The effect of sunlight on postoperative analgesic medication use: a prospective 
study of patients undergoing spinal surgery.  Journal of Psychosomatic Medicine, 67, pp. 156-163. 

8. Benedetti, F. et al. (2001). Morning sunlight reduces length of hospitalization in bipolar depression, Journal of 
Affective Disorders, v.62, pp.221-223  

9. Choi, Joonho. (2005). Study of the Relationship between Indoor Daylight Environments and Patient Average 
Length of Stay (ALOS) in Healthcare Facilities, Unpublished master’s thesis, Department of Architecture, 
Texas A&M University. College Station, TX. 

10. Beauchemin, K.M. and P. Hays. (1996) Sunny Hospital Rooms Expedite Recovery form Severe and Refractory 
Depression. Journal of Affective Disorders, v.40, pp. 49-51. 

11. Ulrich, R. (1984)  View Through a Window May Influence Recovery From Surgery.  Science, 224(4647), 
pp.420-421. 

12. CBPD / DOE (1994)  Field Studies of the Major Issues Facing Existing Building Owners, Managers and Users.  
Department of Energy Building Studies, Center for Building Performance and Diagnostics (CBPD), Carnegie 
Mellon University, Pittsburgh, PA. 

13. Mendell, Mark J. (1991)  Risk Factors for Work-Related Symptoms in Northern California Office Workers. 
Unpublished doctoral dissertation, University of California. 

14. Skov, P., Valbjorn, O. and Pedersen, B.V.  (1990)  Influence of indoor climate on the sick building syndrome in 
an office environment.  Scandinavian Journal of Work Environmental Health,16, pp. 363-371. 

15. Finnegan, MJ, Pickering, CAC, Burge, PS.  (1984)  The Sick Building Syndrome: prevalence studies.  British 
Medical Journal.  Vol. 289, pp.1573-1575. 

16. Robertson, AS, KT Roberts, PS Burge, G Raw (1990) The effect of change in building ventilation category on 
sickness absence rates and the prevalence of sick building syndrome.  In Proceedings of Indoor Air ’90, 
Toronto, Canada, pp. 237-242. 

17. Hedge, A. et al (1989) Indoor Air Quality and Health in Two Office Buildings With Different Ventilation 
Systems, Environmental International, Vol15, pp115-128. 

18. Graudenz, G.S, Oliveira, C.H., Tribess, A., Mendes, Jr, C., Latorre, M. Kalil, J. (2005) Association of Air 
Conditioning With Respiratory Symptoms in Office Workers in Tropical Climate. Indoor Air, v. 15. p. 62-66. 

19. Kroeling, P. (1988).  Health and well-being disorders in air conditioned buildings; comparative investigations of 
the “building illness” syndrome.  Energy and Buildings, 11(1-3): 277-282. 

20. Vincent, D, I Annesi, B. Festy, J. Lambrozo (1997) Ventilation system, indoor air quality, and health outcomes 
in Parisian modern office workers.  Environmental Research, v. 75, pp. 100-112. 

21. Preziosi P., S. Czerniichow, P. Gehanno, and S. Hercberg (2004)  Workplace air-conditioning and health 
services attendance among French middle-aged women: a prospective cohort study.  International Journal of 
Epidemiology, 33(5), pp.1120-1123. 

22. Kroeling, P. (1988).  Health and well-being disorders in air conditioned buildings; comparative investigations of 
the “building illness” syndrome.  Energy and Buildings, 11(1-3): 277-282. 

23. Bullough J.D., Rea M.S., Figueiro M.G. (2006) Of mice and women: Light as a circadian stimulus in breast 
cancer research.   Cancer Causes and Control 17(4):375-383. 

24. Kellert, Stephen (2005) Building for Life: Designing the Human-Nature Connection.  Washington, DC: Island 
Press. 

25. Center for Building Performance and Diagnostics / Advanced Building Systems Integration Consortium 
(ABSIC), Carnegie Mellon University.  Building Investment Decision Support (BIDS) Tool. 

26. Tham, KW, HC Willem, SC Sekhar, DP Wyon, P Wargocki, PO Fanger (2003) Temperature and ventilation 
effects on the work performance of office workers (study of a call center in the tropics) In Proceedings of 
Healthy Buildings 2003, December 7-11, 2003, Singapore. 

27. Sundell, J.  (1996)  What We Know, and Don’t Know, About Sick Building Syndrome.  ASHRAE Journal, June 
1996, pp. 51-57. 

28. Jaakkola, J and Miettinen, P.  (1995)  Ventilation rates in office buildings and sick building syndrome.  
Occupational and Environmental Medicine, 94(2), pp. 709-714. 



29. Bourbeau, J., C. Brisson, S. Allaire (1997)  Prevalence of the sick building syndrome symptoms in office 
workers before and six months and three years after being exposed to a building with an improved ventilation 
system.  Occupational and Environmental Medicine, v. 54, pp.49-53. 

30. Fisk, W.J. and Rosenfeld, A.H. (1997)   Estimates of Improved Productivity and Health from Better Indoor 
Environments.  Indoor Air, 7, pp. 158-172. 

31. Brundage, J.F., McNeil, R., Lednar, W.M., Smith, D. and Miller, R.  (1988)  Building-Associated Risk of 
Febrile Acute Respiratory Diseases in Army Trainees.  Journal of the American Medical Association, 259(14), 
pp. 2108-2112. 

32. Smedje, G and Norback, D. (2000) New ventilation systems at select schools in Sweden—Effects on Asthma 
and Exposure.  Archives of Environmental Health, 35(1), pp. 18-25. 

33. Menzies, D, A Fanning, L Yuan, JM Fitzgerald (2000) Hospital ventilation and risk for tuberculosis infection in 
Canadian Health Care Workers.  Annals of Internal Medicine, 133(10), pp. 779-789. 

34. Drinka, P, P. Krause, M. Schilling, B. Miller, P. Shult, and S. Gravenstein (1996)  Report of an Outbreak: 
Nursing Home Architecture and Influenza-A Attack Rates.  Journal of the American Geriatrics Society, v. 44, 
pp. 910-913. 

35. Myatt, TA, SL Johnston, Z Zuo, M Wand, T Kebadze, S Rudnick and DK Milton (2004) Detection of Airborne 
Rhinovirus and Its Relation to Outdoor Air Supply in Office Environments.  American Journal of Respiratory 
and Critical Care Medicine, v169, pp. 1187-1190. 

36. Husman, T. Indoor Air 2002: Respiratory Infections Among Children in Moisture Damaged Schools.  National 
Public Health Institute, Kuopio, Finland. 

37. Åhman, M., Lundin, A., Musabašić, and Söderman, E. (2000) Improved Health After Intervention in a School 
with Moisture Problems.” Indoor Air. Vol 10, pp 57-62. 

38. Cox-Ganser, Jean M., et al. (2005) Respiratory Morbidity in Office Workers in a Water-Damaged Building, 
Environmental Health Perspectives, vol 113, no. 4, pp 485-490. 

39. Kolari, S., Heikkila-Kallio, U. Luoma, M. et al. (2005) The Effect of Duct Cleaning on Perceived Work 
Environment and Symptoms of Office Employees in Non-Problem Buildings. Building and Environment 40, pp. 
1665-1674. 

40. Kaczmarczyk, J., Zeng, Q., Melikov, A., and Fanger, P.O. (2002)  The effect of a personalized ventilation 
system on perceived air quality and SBS symptoms.  In Proceedings of Indoor Air 2002, Monterey, CA, June 
30-July 5, 2002. 

41. Menzies, D., Pasztor, J., Nunes, F., Leduc, J., and Chan, C.H. (1997)  Effect of a new ventilation system on 
health and well-being of office workers.  Archives of Environmental Health, 52:5, pp. 360-367. 

42. Witterseh, T. (2001)  Environmental Perception, SBS Symptoms and the Performance of Office Work under 
Combined Exposures to Temperature, Noise and Air Pollution. Ph.D. Thesis, Technical University of Denmark, 
Denmark. 

43. Mendell, M.J., W.J. Fisk, M.R. Petersen, C.J. Hines, M. Dong, D. Faulkner, J.A. Deddens, A.M. Ruder, D. 
Sullivan, and M.F. Boeniger (2002) Indoor Particles and Symptoms among Office Workers: Results from a 
Double-Blind Crossover Study.  Epidemiology, v.13, pp. 296-304. 

44. Menzies, D, J Popa, J Hanley, T Rand, D Milton (2003) Effect of ultraviolet germicidal lights installed in office 
ventilation systems on workers’ health and wellbeing: double-blind multiple crossover trial.  The Lancet, v. 362, 
pp. 1785-1791. 

45. Center for Building Performance and Diagnostics / Advanced Building Systems Integration Consortium 
(ABSIC), Carnegie Mellon University.  Building Investment Decision Support (BIDS) Tool. 

46. Aaras, A., Horgen, G., Bjorset, H., Ro, O., and Thorsen, M. (1998)  Musculoskeletal, Visual and Psychosocial 
Stress in VDU Operators Before and After Multidisciplinary Ergonomic Interventions. Applied Ergonomics, pp. 
335-354. 

47. Wilkins, AJ, Nimmo-Smith, I, Slater, AI, Bedocs, L.  (1989)  Fluorescent lighting, headaches and eyestrain.  
Lighting Research and Technology 21(1), pp. 300-307. 

48. Cakir, A.E. and Cakir, G. (1998) Light and Health: Influences of Lighting on Health and Well-being of Office 
and Computer Workers, Ergonomic, Berlin. 

49. Center for Building Performance and Diagnostics / Advanced Building Systems Integration Consortium 
(ABSIC), Carnegie Mellon University.  Building Investment Decision Support (BIDS) Tool. 

50. Wargocki, Pawel (1998)  Human Perception, Productivity, and Symptoms Related to Indoor Air Quality.  
Doctoral Thesis.  Center for Indoor Environment and Energy, Technical University of Denmark 

51. Liu, J. Z., Y. X. Tao, L.Y. Hao (1996) The Relationship between Sick Building Syndrome and Indoor 
Decoration.  Proceedings of the 7th International Conference on Indoor Air Quality and Climate (Indoor Air 
’96), v. 2, pp.321-324 



52. Jaakkola, JJK, P Tuomaala, O Seppanen. (1994) Textile Wall Materials and Sick Building Syndrome.  Archives 
of Environmental Health, 49( 3), pp. 175-182. 

53. Garrett, MH, MA Hooper, and BM Hooper (1996)  Low levels of formaldehyde in residential homes and a 
correlation with asthma and allergy in children.  In Proceedings of Indoor Air 96, vol 1. 

54. Wieslander, G., D. Norback, E. Bjornsson, C. Janson, G. Boman. (1997)  Asthma and the Indoor Environment: 
the significance of emission of formaldehyde and volatile organic compounds from newly painted surfaces.  
International Archives of Occupational and Environmental Health. v. 79, i. 2, pp.115-124. 

55. Jaakkola, Jouni J. K., Leif Oie, Per Nafstad, Grete Botten, Sven Ove Samuelson, Per Magnus.  Interior Surface 
Materials in the Home and the Development of Bronchial Obstruction in Young Children in Oslo, Norway.  
American Journal of Public Health. 1999; 89: 188-92. 

56. Silverstein, B.; Vilkari-Juntura, E.; Kalat, J. (2000) Work-related Musculoskeletal Disorders of the Neck, Back, 
and Upper Extremity in Washington State, 1990-1988, Technical Report Number 40-4a-2000, Safety and 
Health Assessment & Research for Prevention, Washington State Department of Labor and Industries. 

57. Seneviratne, M., Phoon, S. (1997) Do Indoor Air Quality Remedies Cure “Sick” Buildings? Journal Of 
Occupational Health & Safety Australia And New Zealand, 13(4). pp. 381-387 

58. Jaakkola, J. J.K., Heinonen, O.P., 1995, Shared office space and the risk of the common cold, European Journal 
of Epidemiology, Vo1 11, pp 213-216. 

59. Hendrich, A. L.; Fay, J.; Sorrells, K.; “Effects of Acuity-Adaptable Rooms on Flow of Patients and Delivery of 
Care”, American Journal of Critical Care, Jan. 2004. 

60. United State General Accounting Office (1997). Worker Protection: Private Sector Ergonomics Programs Yield 
Positive Results, August 1997, GAO/HEHS-97-163. 

61. Occupational Safety and Health Administration, US Department of Labor (1999). Preliminary Economic 
Analysis and Initial Regulatory Flexibility Analysis for the Occupational Safety and Health Administration's 
Proposed Ergonomics Programs Standard, (Chapter III-V and Appendix III-A, Scenario No. Scenario No. OGI-
14). 

62. Ignatius, E. and Fryer, B.  (1994)  The High Cost of Keyboard Injuries.  PC World, 12:3, pp. 45-46. 
63. Occupational Safety and Health Administration, US Department of Labor.  Success with Ergonomics 

<http://www.osha-slc.gov/SLTC/ergonomics/ergonomicreports_pub/ergonomicsuccess/kansas/in000496.html>. 
64. Zecevic, A.; Miller, D. I.; Harburn, K.;  (2000)  An evaluation of the ergonomics of three computer keyboards.  

Ergonomics, 43:1, pp. 55-72. 
65. Hedge, A.; Morimoto, S.; McCrobie, D.  (1999)  Effects of keyboard tray geometry on upper body posture and 

comfort. - Ergonomics, 42:10, pp. 1333-1349. 
66. Amick, B., M. Robertson, K. DeRango, L. Bazzani, A. Moore, T. Rooney, R. Harrist (2003) Effect of Office 

Ergonomics Intervention on Reducing Musculoskeletal Symptoms.  SPINE, 28(24), pp. 2706-2711 
67. Templer, John (1995) The Staircase: Studies of Hazards, Falls, and Safer Design.  Cambridge: MIT Press. 
68. US DOL Bureau of Labor Statistics, 2004, National Compensation Survey Occupational Wages in the US / 

Employer Cost for Employer Compensation 
69. Leaman, A. (2001) Productivity Improvement. Buildings in Value, Vol. 3, Ch. 19. Building Use Studies Ltd.. 
70. US DOL Bureau of Labor Statistics, 2003, Job Openings and Labor Turnover Survey 
71. Fitz-Enz, J., 2000, The ROI of Human Capital: Measuring the Economic Value of Employee Performance, 

American Management Assoc., NY, 2000. 
72. US DOL Bureau of Labor Statistics, 2003, Current Population Survey, Table 47. 
73. Birnbaum, H., M. Morley, S. Leong, P. Greenberg, G. Colice (2003) Lower Respiratory Tract Infections: 

Impact on the Workplace. Pharmaeconomics 21(10), pp.749-759. 
74. Office of Pollution Prevention and Toxics, U.S. EPA. Cost of Illness Handbook. 
75. Lucas JW, Schiller JS, Benson V. (2004) Summary health statistics for U.S. Adults: National Health Interview 

Survey, 2001. National Center for Health Statistics. Vital Health Stat 10(218). 
76. Anderson et al. (2002)  Relative costs and effectiveness of specialist and general internist ambulatory care for 

patients with 2 chronic musculoskeletal conditions.  Journal of Rheumatology 29(7), pp. 1488 – 1495. 
77. Fendrick et al. (2003) The economic burden of non-influenza-related viral respiratory tract infection in the 

United States. Archives of Internal Medicine Vol.163, pp.487-494. 
78. Silverstein, B.; Vilkari-Juntura, E.; Kalat, J. (2000) Work-related Musculoskeletal Disorders of the Neck, Back, 

and Upper Extremity in Washington State, 1990-1988, Technical Report Number 40-4a-2000, Safety and 
Health Assessment & Research for Prevention, Washington State Department of Labor and Industries. 

79. Apte MG and Ehrdmann CA (2002)  Indoor carbon dioxide concentrations, VOCs, environmental sensitivity 
association with mucous membrane and lower respiratory sick building syndrome symptoms in the base study.  
Indoor Environment Department, Lawrence Berkeley National Laboratory.  LBNL-51570.   



80. GSA Office of Real Property, 2003, Real property performance results 
81. International Facility Management Association (IFMA) (2002) Research Report 23: Project Management 

Benchmarks. 
82. Energy Information Agency (EIA), US DOE, 1995 Commercial Building Energy Consumption Survey  
83. Office of Energy Efficiency and Renewable Energy, US DOE, Buildings Energy Databook 2003. 
84. International Facility Management Association (IFMA) (2001) Operations and Maintenance Benchmarks.  
85. Bureau of Labor Statistics, US Department of Labor.  (2002)  National Compensation Survey: Occupational 

Wages in the United States, 2001 
86. Kaiser Family Foundation and Health Research and Educational Trust.  (2003)  Employer Health Benefits: 2003 

Annual Survey.  <http://www.kff.org/insurance/loader.cfm?url= 
/commonspot/security/getfile.cfm&PageID=20672> 

87. Towers Perrin HR Services.  (2003)  Towers Perrin 2004 Health Care Cost Survey. 
88. US Chamber of Commerce Statistics and Research Center.  (2003)  2003 Employee Benefits Study. 
89. Deloitte & Touche.  Employer Health Care Strategy Survey 2003. 
90. HCUP (Healthcare Cost and Utilization Project). Agency for Healthcare Research and Quality, 

http://hcup.ahrq.gov/HCUPnet.asp 
91. U.S. Census Bureau. (2003). Statistical Abstract of the United States: 2003(123rd edition),  

Washington, DC. 
92. Pittet, Didier et al. (2000). Effectiveness of a hospital-wide program to improve compliance with hand hygiene, 

The Lancet, v.356, pp.1307-12. 
93. SPICE (North Carolina Statewide Program for Infection Control and Epidemiology),  

http://www.unc.edu/depts/spice/MRSA-VRE-Surveillance.ppt  
94. American Organization of Nurse Executives (AONE), “Acute Care Hospital Survey of RN Vacancies and 

Turnover Rates in 2000”, January 2002. 
95. Jones, CB (2004) The costs of nurse turnover.  Part 1: an economic perspective.  Journal of Nursing 

Administration, 34(12), pp.362-370.  
96. Jones, CB (2005) The costs of nurse turnover.  Part 2: application of the nursing turnover cost calculation 

methodology.  Journal of Nursing Administration, 35(1), pp.41-49. 
97. Office of Management and Budget (OMB) 1998. 
 
 

 

View publication statsView publication stats

https://www.researchgate.net/publication/282736493

