
Prepared for presentation at: 
CIB Conference "Healthy Buildings 'BG" 

Stockholm, Sweden 
September 5-8, 1988 

. . RECENT DEVELOPMENTS FOR HEATING, COOLING, AND VENTlLATING BUILDINGS: 
Trends for Assuring Healthy Buildings 

James E. Woods, Ph.D., P.E. 
Honeywell, Golden Valley MN, USA 

Abstract 

Recent investigations suggest the existence of two populations of 
buildings for environmental evalue.tions: 1) problem buildings (20-30%) 
and 2) buildings without known problems (70-80%) including those with 
undected problems and those with an "absence of problems" (i.e, Healthy 
Buildings). Data are presented that indicate most problem buildings are 
associated with inadequate performance of heating; ventilating, and air 
conditioning systems. Performance criteria are suggested for evaluation 
of these systems. These data and criteria lead to propositions that 
indoor air quality control is evolving from the principles of psychro­
metrics, and that ventilation efficiency may be a critical concept for 
cost-effective control. Finally Heal thy Buildings ar'e characterized in 
terms of human response, systeru perfoT.il\ance, and service factors that can 
be employed to assur'e acceptable building perfonnance. 

Introduction 

The fundamental objective of environmental control l.S to not only 
prevent the existence of deleterious or unpleasant conditions, but to 
provide: for the comfort and well-being of the occupants. However, another 
important objective is to provide these conditions cost effectively. 
Because of cost (and sometimes energy) constraints, the design and oper­
ation of buildings and their systems have occasionaly been compromised. 
When this occurs, env i ronmental quality is usually degraded, sometimes to 
deleterious conditions. 

According to the World Health Organization: "Health is a state of 
complete physical, mental and social 'li'ell-being and not merely the 
abs e nce of disease or infirmity" (5). Within this context~ the sense of 
well-being may be characterized in ternie of comfort. Oc cupant responses 
of cC11t1fort or discomfor t require sensory perceptions of environmental 
stressors. Some of these stressors cause physiological strains while 
others, such as job-related &tress, predispose the physiological strains. 
If these stressors, which stimulate the fou r basic types of sensory 
receptors (i.e., thermoreceptors, olfactory recepton.i, andi tory recep­
tors, and vlsu~l rel~eptors) 1 are controlled within C<!Ht&in limits, resul­
tant physiologi cal strain&i {e.g.» vasorooto .r control) can be pleasant or 
comfortable to the occupant. However, if acceptable l.imita an! exceeded, 
if the perceived stressors .&re not 'feco~n i:ted (e.g.~ strange odors), or 
if psycho-social !ltressors L\lre significant» complaint s of discomfort will 
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usually result. Symptoms associated with unacceptable stressors include 
headaches, nausea, and fatigue from heat, glare, noise, and odors; eye 
irritation from low humidity, glare, and odorous compounds; throat and 
respiratory irritations from cold drafts, low humidity, and odorous com­
pounds. Thus, to provide comfort, simultaneous control of the four basic 
environmental stressors is required. 

The objectives of this paper are to: l) Present findings from inves­
tigations of existing buildings that assess the role of heating, ventila­
ting, and air conditioning (HVAC) systems in providing for acceptable 
occupant responses; 2) Identify performance criteria for these systems; 
and 3) Characterize Healthy Buildings in terms of these criteria. 

Findings from Existing Buildings 

Two Populations of Buildings 

A committee of the World Health Organization 'has estimated that as 
many as 30% of the buildings in the developed world may have problems 
that can lead to occupant complaints and illnesses (1). In another study, 
a stratified random sample of 600 U.S. office workers surveyed at home by 
telephone, indicated that a significant percentage of respondents (24%) 
were dissatisfied with the air quali ~ _ at the office (10). Moreover, 20% 
of the 600 perceived their performance to be hampered by the air quality. 
This 20% of the sample also reported "serious" or "very serious" concern 
with five symptoms associated with Sick Building Syndrome at frequencies 
more than twice those expected from normal populations (i.e., a tired­
sleepy feeling, 56%; a congested nose, 45%; eye irritations, 41%; diffi­
culty in breathing, 40%; and headaches, 39%). From these data the follow­
ing hypothesis was proposed: "It is possible that 20% of the office 
workers in the United States are exposed to environmental conditions that 
are mani. fested as the Sick Building Syndrome". 

For the purpose of evaluating environmental quality in buildings, it 
is proposed, here, that two building populations may exist, as indicated 
1n Fig. l: 20 - 30% of non-industrial buildings which may be considered 
as "Problem Buildings"; and 70 80% which may be considered as 
"Buildings Without Known Problems". 

Problem Buildings. Two types of building problems have been described 
10 the literature (4, 9, 14): "Sick (or Tight) Building Syndrome" (SBS), 
and "Building Related Illness" (BRI). These differ significantly: 

When exposure to indoor contaminants results in disease or infirmity, 
the occurrence has been referred to as Building Related Illness. Examples 
of BRI include: nosocomia 1 infect ions, humidifier fever or hypersensi­
tivity pneumonitis from exposure to bioaerosols (e.g, fungi, bacteria), 
fiberglass dermitis from exposure to fibers from materials such as duct 
liners, legionellosis from exposure to bacteria, and toxicity from expo­
sure to chemical or biological substances (e.g., carbon monoxide, radon, 
mycotoxins). BR! is usually characterized by clinical signs (e.g., blood 
serology, fever, infect ion, tissue deterioration), identifiable pollu­
tants, and prolonged recovery times after leaving the building. An addi-
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tional characteristic of BRI is that successful mitigation usually 
requires removal of the source rather that increased ventilation. The 
attack rate on occupants is often low (e.g., two or more cases is often 
used as an indicator of potential BRI). 

Sick Building Syndrome is suspected when occupant complaints of cer­
tain symptoms associated with acute discomfort (e.g., headaches, fatigue, 
eye irritation, sore throat, nausea) persist for more than two weeks at 
frequencies significantly greater than 20%; the cause or causes of the 
complaints are not recognizable; and a substantial percentage of the com­
plainants report almost immediate relief upon exiting the building. In 
most cases, a physical basis for the occurance of the SBS can be found: 
lack of proper maintenance; changes in thermal or contaminant loads 
imposed during the building's life; changes in control strategies to meet 
new objectives (e.g., energy conservation); or inadequate design. 

Non-lndustrlal Bulldlngs 

I 
i i 

Problem Buildings Buildings Without 
(20-30%) +----1 Known Problems 

(70-80%) 

I I I I 
! I 

Sick Bulldlng Bulldlng Related L_ Undetected Absence of 
Syndrome Illness Problems Problems 

Healthy -
M111 Bulldlngs 

Fig. l. Two populations of non-industrial buildings for environmental 
evaluations. 

Buildings Without Known Problems. As shown in Fig. 1, this population 
of buildings can be categorized as those in which problems exist but have 
yet to be detected and those in which problems are absent. 
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Incipient problems, such as those that are "not perceived but cause 
physiological strains" (4), can exist without detection for indefinite 
periods of time. This category of buildings is important to recognize as 
it is the basis for a continuous source of problem buildings. Although 
incipient problems are more difficult to identify, they can be minimized 
through preventive maintenance and diagnostics programs. 

Buildings that function with minimal occupant complaints and within 
acceptable performance and economic criteria meet the objectives of 
environmental control and may be defined as Healthy Buildings. 

Summary of Recent Cases 

In the past two years, we have received more than 300 inquiries about 
problem buildings. Of these we have investigated more than 30. These 
cases have been characterized by two types of problems, four types of 
contaminants, and two types of physical causes. 

Types of Problems. About 65% of these investiga~ions were in response 
to symptoms associated with SBS, and 35% in response to symptoms associ­
ated with a combination of BRI and SBS; none were in response to BR!, 
alone. 

Types of Contaminants. Symptoms were associated with thermal problems 
in 55% of the cases; humidity problems other than thermal (e.g., eye 
irritation, allergies) in 30% of the cases; chemical contaminants in 75%; 
and microbiological contaminants in 45%. Of the chemical contaminants, 
odors w3re detected in 70% of the cases; particulate concentrations above 
50 ug/m in 5%; and other chemicals (e.g., PCBs) in 5%. 

Physical Causes. These 
inadequacies, which consist 
and operational problems, 
changes in loads imposed 
strategies. 

can be considered in two categories: design 
of system problems and equipment problems; 
which consist of inadequate maintenance, 
on the systems, and changes in control 

0 Inadequate Design. 

System Problems. The most commonly found problems were 
inadequate outdoor air in 75% of the cases, inadequate 
supply air to occupied spaces in 65% of the cases 1 and 
inadequate return/exhaust air from occupied spaces in 70% 
of the cases. 

Equipment problems. The most commonly found problems were 
inadequate filtration in 65% of the cases, malfunctioning 
condensate drain pans and drain lines in 60% of the cases, 
inadequate access panels to HVAC components in 60% of the 
cases, contaminanted duct linings in 45% of the cases, and 
malfunctioning humidifiers in 20% of the cases. 

o Operational Problems. 

Maintenance. Many of the buildings investigated have been 

·. 
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occupied for more than 10 or 15 years. In 75% of the cases, 
inadequate maintenance procedures have been found. These 
included: dirty make-up air intakes, missing or dirty 
filters, fouled and contaminated heating and cooling coils, 
contaminated supply and return air ducts, disconnected 
damper linkages, disconnected exhaust fans, and abandoned 
automatic control systems. 

Load Changes. In 60% of these cases, the thermal or 
contaminant loads imposed on the systems had changed from 
original design. When these changes occur, the impact on 
the capacities of the existing systems is usually not 
evaluated. As a result, the building may undergo higher 
occupancy density, additional thermal loads (e.g., light­
ing, computers), and new sources of contaminants (e.g., 
copy machines, printers, cleaning fluids) than the sys tern 
was designed to handle. Two effects are common: 1) the 
total system capacity becomes insufficient to meet the new 
demands; or 2) while the tot a 1 · sys tern load remains 
adequate, the balance in loads throughout the building 
changes resulting in areas of the building not being 
supplied enough air to meet the demands. 

Control Strategies. In 90% of the cases, we found control 
systems had been modified since original design. Two basic 
problems exist: 

I) Overcomplexity of control systems. Although the design 
engineer and the original owner/operator of the building 
may have had adequate documentation and may have under­
stood the logic of the control systems, subsequent 
owners or operators failed to receive appropriate train­
ing, or economic pressures caused less qualified person­
nel to be placed in responsible charge of the systems. 
Often, the original system is subsequently modified to 
meet the level of understanding of the current operating 
personnel, resulting in system malfunction or inadequate 
performance. 

2) Energy Management. To reduce energy costs, many existing 
control systems have been modified by reducing the 
amount of outdoor air that could be supplied to an 
occupied space, reducing the temperature or enthalpy 
differentials between supply and return air systems, or 
reducing air flow rates to occupied spaces. 

Performance Criteria 

The need for standards which can be used to specify, control, and 
evaluate indoor environmental conditions has been recognized for many 
decades (14). During this time, two basic types of sandards have evolved: 
prescriptive criteria, which typically describe acceptable system 
throughput (i.e., ventilation rates or heat transfer rates), and perform-
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aoce criteria, which typically describe acceptable conditions within 
occupied spaces (i.e., contaminant concentrations or temperature and 
humidity conditions). Both types of criteria are useful and in most 
cases, it should be possible to rationalize between them (11). Prescrip­
tive criteria, which are often derived by consensus processes, are 
primarily used for design (i.e., for selection of system capacity), 
whereas performance : ri teria, which are more often based on sc ient i fie 
findings, are primarily used for system evaluation and control (i.e., for 
system operation). 

Environmental Criteria 

For purposes of indoor air quality diagnosis, we currently recommend 
three sets of performance criteria for evaluation of acceptable indoor 
air quality and HVAC systems: 

o Thermal criteria should comply with ASHRAE Standard 55-1981 
(2). 

o Six air contaminants are recommended as measurable variables 
for evaluating office spaces as shown in Table 1 (13). These 
can each be used as surrogate indicators of both the intensity 
of human activity and the adequacy by which a ventilation 
system dilutes contaminants from human activity in occupied 
spaces. For special environments, such as hospitals, addition­
al criteria should also be considered (12). 

o Standards for risk associated with exposure to saprophytic 
bioaerosols have not yet been published. We therefore 
recommend assessment of this exposure by current guidelines of 
the American Conference of Govenmental Industrial Hygienists 
(3): compare samples with those taken in a non-problem (i.e., 
control) area and in the outdoor air. Concentrations should 
not exceed one-third of the those outdoors and the rank order 
of the taxa should be similar. 

Energy and Economic Criteria 

An important secondary objective of environmental control is to 
provide cost-effective sys tern performance (15). Criteria by which this 
objective can be evaluated are also needed. These are usually developed 
on an on-site basis, as they are dependent on the environmental criteria 
chosen and the physical constraints of the systems. We recommend the 
following criteria to evaluate system performance: 

0 

0 

0 

0 

Energy Requirements (MJ/m2 floor area) of the HVAC system to 
comply with the chosen environmental criteria. 

Energy Consumption (MJ/m2 ) by the HVAC system to provide 
energy requirements. 

Energy Costs ($/m2) for the building. 

Maintenance Costs ($/m2) for the building. 
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0 Operational Costs ($/m
2

) for housekeeping, repair, and other 
incidential expenses for the building. 

Table l. Honeywell IAQD recommended guidelines for six airborne 
contaminants in office spaces (13). 

Agent Occupational Odor Recommended Protection 
Exposure Recognition Guidelines Factor 
Limit Threshold 

Butyric N.A. 0.001 ppm 0.002 ppm (C) N.A. 
acid 

Carbon 5000 ppm N.A. 1000 ppm (C) 5 
dioxide 

3 . 3 
Total 10,000 ug/m N.A. 50 ug/m (Y) 200 

suspended 
particulates 

Pyridine 5 ppm 0.02 ppm 0.05 ppm (C) 100 
Furfural 2 ppm 0.002 ppm 0.004 ppm (C) 500 
Toluene 100 ppm 2 ppm 4 ppm (C) 25 

N.A. = Not applicable; C = Ceiling concentration; Y •Yearly average 

Trends in HVAC Control Criteria 

Psychrometrics. Because of the strong interactions between occupant 
responses to thermal and air qua 1 i ty parameters, and because the most 
common methods of providing for occupant comfort involve HVAC systems, 
control criteria for common factors are desirable. Moreover, investiga­
tions of problem buildings indicate strong relationships between reported 
SBS symptoms, thermal control problems, humidity control problems, and 
energy management strategies. It is therefore reasonable to assume that 
acceptable indoor air quality is evolving from a strong foundation in the 
specialized field of thermodynamics known as psychrometrics. 

In this context, the characterization ~f indoor air is beginning to 
focus on the interactions between airborne contaminants and moist air. As 
shown in Fig. 2, the impact of simultaneously requiring acceptable air 
quality and thermal acceptability is to constrain the psychrometric 
criteria now specified in ASHRAE Standard 55-1981 (2). For example, our 
investigations indicate that relative humidities above 60% are conducive 
to microbial growth and odors in HVAC systems and in occupied spaces, 
whereas relative humidities below 30% tend to elicit complaints of eye 
and respiratory irritation. 
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Fig. 2. Conceptual impact of improved air quality (i.e., decreasing 
contamination) on the phychrometric profile of thermal 
acceptabality specified in ASHRAE Standard 55-1981 (2). 

a. 

Ventilation Efficiency. Air movement (i.e., convection) is an impor­
tant method of sensible heat control in occupied spaces. Mo~eover, it is 
the only practical method available today for control of latent heat and 
airborne contaminants within occupied spaces. Traditionally, air movement 
control in non-industrial buildings has focused on methods of supplying 
air to rooms (7). However, only recently has the distribution of supply­
ing air to personal spaces within the room or the effectiveness of remov­
ing this air from the personal spaces been seriously considered for non­
industrial applications. To address the overall ventilation performance 
of HVAC systems for thermal and air quality acceptability, concepts of 
ventilation efficiency have been introduced and are being ev 2 '~ated for 
standardization by ASHRAE (6, 8). Our investigations of problem buildings 
have resulted in measurements of ventilation efficiencies (i.e., the 
fraction of outdoor provided by the system that ventilates the personal 
space) as low as 33%. Values this low indicate either inadequate ventila­
tion for acceptable air quality or significant energy waste in providing 
acceptable conditions. We recommend that ventilation efficiencies be 
maintained above 80% to comply with both environmental and economic 
criteria. 

Characterization of Healthy Buildings 

As indicated in Fig. 1, Healthy Buildings should have an absence of 
problems as evaluated by a building diagnosis. From a practical perspec­
tive, it is recognized that any occupied facility cannot exist without 
some problems. It is therefore suggested that a Healthy Building be char­
acterized with three sets of criteria: human responses, system perfor­
mance, and service factors. 

·:-
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Human Responses 

To be characterized as a Healthy Building: 

o No known clinical signs of BRI should ~xist among any of the 
occupants, and 

o The frequency of reported SBS symptoms and discomfort 
complaints should be significantly below 20%. 

System Performance 

The building and its systems should meet the following criteria: 

o Compliance with environmental criteria. 

o Ventilation efficiencies for each space should exceed 80%. 

o Energy management strategies should not compromise environ­
mental acceptability. 

o Outdoor air for ventilation should not be contaminated by 
exogenous or indogenous sources (e.g., combustion products or 
cross-contamination for exhaust air). 

o Supply and return air ductwork should not be conducive to 
contaminant accumulation. 

0 Exhaust 
systems 
spaces. 

air 
to 

systems should be balanced with 
assure acceptable ventilation in 

make-up air 
all occupied 

o Systems should be designed for ease of maintenance. 

Service Factors 

The continued acceptable performance of the building should be 
assured by the following: 

o Records should be established to document occupant complaints 
and symptoms. 

o A structured preventive maintenance program should be insti­
tuted to include: 

Periodic inspections and routine procedures for all components 
comprising the HVAC systems. 

Scheduled filter changing or cleaning. 

Scheduled control calibration. 

Scheduled air and hydronic balancing of systems. 
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