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Proposed Addendum a to Guideline 10-2023

FOREWORD

This addendum adds moisture as an Aspect of the four Indoor Environmental Factors to Guideline 10-2023. Edits include the
various properties, measurements, effects, and interactions of moisture with the acceptability of the indoor environment, asso-
ciated definitions (with notes), and References.

Note: In this addendum, changes to the current guideline are indicated in the text by underlining (for additions) and strikethrough
(for deletions) unless the instructions specifically mention some other means of indicating the changes.

Addendum a to Guideline 10-2023
Modify Sections 3, 4, 4.1, 4.3, 4.5, 4.8, 5.1.1,5.1.4, 5.2.2,5.2.4,5.2.5, 5.2.6, 6.1, 6.2, 6.3.5, 6.6, 9.

3 DEFINITIONS

absolute humidity: the weight of water vapor contained in a unit volume of air, expressed as milligrams of water
vapor per cubic centimeter of air.

Note: The measurement of absolute humidity is expressed sensitive to changes with the temperature of air
and atmospheric pressure. Specific humidity is a more accurate and useful term for the indoor environment, while
absolute humidity is technically correct for chemical processes.

acceptable indoor environment: an environment that is suitable for the purposes of the intended occupancy. Note:
The meaning of acceptability depends on the criteria and the process that is applied to perform the determination.
This is influenced by the individuals involved in this process (e.g., occupants, building operators, owners, and visi-
tors) along with relevant health and other standards. These different individuals may render diverse determinations.
Acceptability of an indoor environment is the determination of any affected party that the environment is suitable for
the purposes of the intended occupancy.

It should be noted that acceptability is not identical to the satisfaction of most or all occupants, which would
generally require a somewhat higher level of environmental quality. Ultimately, acceptability is defined by the pro-
cess used to determine it, as well as by the individuals who make the evaluations, assessments, or judgments that are
part of the process. This guideline recognizes that individual acceptability is often dependent on context and on
cultural expectations.

acoustical environment: the sound and vibration conditions in a space.
aspect: the components that make up an environmental factor.

condensation: the conversion of water vapor in the air to liquid water on a surface that is at or below the dew point
temperature of the surrounding air.

contaminant: see pollutant.

dew point temperature: the temperature to which the air must be cooled to become 100% saturated with water vapor.
Water vapor (humidity) will form condensation on adjacent surfaces that are at or below the dew point temperature
of that air.

dry bulb temperature: the ambient temperature of the air as measured by using a normal thermometer freely exposed
to the air but shielded from radiation and moisture.

enthalpy: the integrated representation of the dry-bulb and wet-bulb condition of the air that describes the total energy
content of the air.

equilibrium relative humidity: the relative humidity of air in contact with a surface when neither air nor surface is
gaining or losing energy or moisture.

Note: Full equilibrium between surface and air does not occur in buildings because equilibrium requires a
sealed and insulated container that isolates both surface and air from external sources of energy and moisture. But
when the surface temperature of building components or furnishing and the dew point temperature of the adjacent air




is known with some certainty, converting the dew point of the air to relative humidity with respect the temperature
of the surface can be useful for assessing whether a surface might be gaining or losing moisture.

factor: the major features of the indoor environment that affect its acceptability as addressed in this guideline are
termed factors.

health: the World Health Organization defines health as, “... a state of complete physical, mental, and social well-
being and not merely the absence of disease or infirmity.” For the purposes of this document, the term kealth extends
to the general category of interactions, whether currently known or unknown, affecting the achievement of acceptable
indoor environments.

health risk: an interaction of the factors of the indoor environment that decreases below satisfaction the chance of
developing a diagnosable disease or a definable hazard.

humidity: a—een : v Hstve ative-hy /3 g W
differentiation- The presence of water vapor in the air or in a gas. The amount of water vapor in the air can be
expressed in at least four different terms, each of them linked to a different way of measuring the humidity.

humidity measurement by:

1. Specific humidity is a measure of the weight of water vapor contained in a unit weight of air, expressed as
grams/lb / grains of water vapor per lb/kilogram of air.
Note 1: 1t is the vertical axis of psychrometric charts and corresponds directly with dew point.
Note 2: The measurement of specific humidity is not influenced by the temperature of air or atmospheric pres-
sure of the air.
Note 3: Specific humidity is more relevant to effects on materials rather than to humans.

2. Dew point condition is a measure of absolute humidity that is measured by cooling the air until it starts con-
densing or “dew” forming on a cold surface.

3. Absolute humidity the weight of water vapor contained in a unit volume of air, expressed as milligrams of water

vapor per cubic centimeter of air.
Note 1: _as pressure or drybulb temperatures change, the amount of water vapor in_a fixed volume of air
changes. At the constant temperature and pressure of “standard CFM” conditions, absolute and specific hu-
midity directly correspond to each other as well as the dew point of the air.
Note 2: The measurement of absolute humidity measures weight per volume or g/m3 or grains/cfm. HVAC
air supply conditions are usually defined in terms of volume per time i.e., (CFM/CMH), it can be used to deter-
mine how much water needs to be added or removed to get to target conditions in term of DB/RH.

4. relative humidity: the amount of water vapor present in air expressed as a percentage of the amount needed for
saturation at the same temperature. Abbreviated as RH.
Note 1: Relative humidity is more relevant to effects on humans, while dew point temperature is more relevant
to effects on materials.
Note 2. The relative humidity as measured in the open air is not the same value as relative humidity when
measured near indoor surfaces, unless both the air and the surface in question are at the same temperature.
Note 3: Extremes of the relative humidity of indoor air can affect perception of comfort. High relative humidity
supports growth of biological agents, including disease vectors like viruses. High relative humidity also drives
moisture development on cold surfaces. It can also maintain the size of moisture droplets in the air with vi-
ruses/bacteria inside of them that are expelled by occupants. Heavier droplets will more quickly fall down.
Low relative humidity increases the lifetime of airborne disease vector by quickly reducing the size of droplets.

It also adversely affects the human immune system in a number of ways that lead to significant increases in
transmission of infectious diseases like the flu.

illumination: non-ionizing radiation in the visible portion of the electromagnetic spectrum.
indoor air quality: the measurable physical, chemical, and biological composition of air in a space compared with
reference values for its components, the acceptability of the air to occupants, and the total composition of the air,

whether detectable or not.

indoor environment: the conditions that exist inside an enclosed, nonindustrial building intended for human occu-
pancy.

interaction: the combined effect on a building occupant of two or more environmental factors or their aspects.
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ionizing radiation: a form of energy that acts by removing electrons from atoms and molecules of materials that
include air, water, and living tissue; ionizing radiation can travel unseen and pass through these materials.

moisture: 1. Water vapor in air. 2.Water liquid absorbed or adsorbed into or below the surface of a solid such as the
materials or furnishings of a building.

Note 1: Moisture is an aspect of the environment that is interactive, individually or collectively, as an influence
of the four environmental factors that affect the acceptability of indoor environments. Moisture is active in the air as
vapor (enthalpy). in materials as liquid (moisture content), or on surfaces of materials or furnishings (water activ-
ity/available water) of the indoor environment. Moisture can be considered a pollutant when excessive in air, in
materials, or on surfaces of materials; and potentially considered a health risk when excessive or deficient in air.
Water as vapor, liquid, or solid can also contain or distribute dissolved or suspended material as Category 1, 2., or 3
Water, per ANSI-IICRC S500 Professional Water Damage Restoration.

Note 2: Moisture accumulation in materials creates favorable conditions for biological growth, including but
not limited to the growth of molds on surfaces and growth of disease vectors like viruses and bacteria. Very low
moisture conditions on surfaces can lead to extended life of micro biological substances. High surface moisture can
lead to adverse surface reactions that increase gaseous pollutants of indoor air and over time can lead to health-
relevant building dampness.

Note 3: The term “moisture” is routinely used as a generic reference to the collective or inclusive use of relative
humidity, specific humidity, moisture content, and water activity without differentiation.

moisture content. the weight of water in a material compared to the dry weight of that material, expressed as a
percentage.

Note: Moisture content is a common metric used to assess the risk of excessive moisture accumulation in wood
and other cellulosic building materials, including paper-faced gypsum board and acoustic ceiling tile. For building
materials, moisture content is generally expressed as a percentage of the material when oven dried. Wood moisture
equivalent (WME) is a convenient metric of moisture content because low-cost handheld moisture meters are widely
available with that calibration. WME values that imply risk of mold growth on cut wood surfaces also imply risk of

mold growth and other adverse effects in the adjacent cellulosic materials and fabrics commonly found in buildings.

non-ionizing radiation: a type of low-energy radiation that does not have enough energy to remove an electron (neg-
ative particle) from an atom or molecule; non-ionizing radiation includes visible, infrared, and ultraviolet radiation;
microwaves; radio waves; and radiofrequency energy from cell phones.

pollutant: any unwanted environmental component that is present in an occupied building space.

Note: What is “unwanted” will vary with the use of a space and the individual users. For example, loud sound
(music, speech, motors, etc.) that interferes with a desired function of a space, such as conversation, a lecture, or other
activity with audible content essential to its success, is considered sound pollution (usually referred to as noise).
However, what may be perceived as noise by one person may be considered desirable by another, as in the case of
music, where taste and personal preference differ for loudness (sound intensity). Differences in auditory acuity will
also affect perceptions of acoustical conditions as visual acuity, olfactory sensitivity, and tolerance or preference for
thermal conditions will affect perceptions of thermal comfort.

Both disability glare (lighting that interferes with occupants’ ability to see), discomfort glare (lighting that causes
discomfort for the occupants), and color spectrum could be considered undesirable components in the built environ-
ment. Here, too, individual preferences can be important. Contaminants in air are commonly referred to as air pollu-
tants. No equivalent concept exists for thermal conditions inside buildings, but thermal pollution of water occurs at
power plants where cooling water is released into a water body and adversely affects aquatic life.

psychrometric chart. a graphical representation of the thermodynamic properties of air at various conditions.

thermal environment: the combined effect of the temperature, humidity, air movement, and thermal radiation in a
space.

visual environment: the combined effect of the spectral distribution, intensity, and direction of the visible electro-
magnetic energy in a space.

wet bulb temperature: a measure of the enthalpy/energy content of the air, measured air temperature influenced by
humidity and other environmental factors.

Note: wet bulb temperature reflects the cooling effect of evaporation of water from a thermometer bulb
wrapped in wet muslin, whirled in the air until the thermometer reaches a constant value. Modern digital instruments




calculate web bulb temperature from the measured values of temperature and humidity. The wet bulb temperature
can also be located on a psychrometric chart.

water _activity/available water: the ratio between the water vapor pressure of a surface and the vapor pressure of
distilled water at the same temperature, when both are in equilibrium at a constant temperature.

Note: Water activity is abbreviated as aW and is the decimal equivalent of the equilibrium relative humidity at
the surface in question. For example, a water activity value of 0.8 is the same as an equilibrium relative humidity of
80%. At high water activity values, moisture at the surface of a material is available to fungus and bacteria to support
growth and reproduction.

wood moisture equivalent: the moisture level in any building material as if it were in close contact and in moisture
equilibrium with wood, expressed as the equivalent moisture content of wood.

Note: Wood moisture equivalent is abbreviated as WME and can be used directly to establish if materials are
in a dry, at risk, or damp condition as the critical percent moisture content thresholds for wood are known. WME is
particularly useful not only for direct comparisons but when a material under evaluation is not directly accessible to
the moisture meter.

4 INTRODUCTION TO THE FACTORS AND THEIR INTERACTIONS

In order to provide an acceptable indoor environment, it is necessary not only that each aspect of the environment be
at a satisfactory level but also that the adverse impact of interactions between these aspects is limited. Four factors—
indoor air quality (IAQ), thermal environment, acoustical environment, and visual environment—are widely re-
garded as the principal categories for classifying or characterizing the acceptability of an indoor environment. Each
of these factors includes several separate aspects. For example, within the lighting factor are included the issues of
luminance and illuminance levels, color temperature, color rendering ability, gradients or luminance ratios, discom-
fort glare, and disability glare. The number of possible interactions among the four factors and their several aspects,
especially moisture, is therefore very large. This guideline provides a framework based on the limited available
knowledge for considering these interactions and draws attention to the ones that are currently considered to be the
most important.

Occupant experiences of and responses to the indoor environment may also be strongly affected by a variety of
additional considerations that are not considered to be among the four major indoor environmental factors. Although
many of these are subjective and are difficult to characterize quantitatively, they may actually dominate individual
reactions to a space. These characteristics or factors include, among others, the ergonomics of the workplace; the
time of day and season of the year; the occupant density; the proximity of other occupants; privacy and security;
spatial qualities (volume, shape); the presence of windows and views to the outdoors; contextual understanding of
the space, including logical “wayfinding” and freedom of movement; and the aesthetic qualities and cultural associ-
ations of the space. While these considerations are not addressed directly in this guideline, users of the guideline
should be aware that one or more of them can have significant or even dominant effects on the acceptability of the
indoor environment no matter the characteristics of the factors addressed herein. There is a growing body of literature
that addresses these additional considerations, especially in the field of environmental psychology.

4.1 The Four Factors and Building Design.

There can be interactions among the four main factors that were unanticipated during building design or refurbish-
ment. For example, to limit temperature fluctuation and improve the thermal environment, it may be decided to make
use of the thermal storage provided by interior surfaces of high thermal capacity (thermal mass), such as exposed
masonry ceilings or hard floors which are also susceptible to condensation. But high-capacity materials can be defi-
cient in sound absorption and so produce an unacceptable acoustical environment. If the acoustical engineer then
recommends covering these surfaces with sound-absorbent materials, an unsatisfactory thermal environment may
result. Materials with increased sound absorption often have increased absorption of moisture which can lead to
microbial growth and release of VOCs. Likewise, buildings may be designed to make use of natural ventilation
through operable windows both to control indoor temperature and maintain IAQ. If the outdoor environment is ex-
cessively noisy, ef polluted, or humid, however, people will not open the windows, and both the indoor thermal
environment and the air quality will be poor. Design and construction solutions to control one environmental variable
may therefore result in problems in another variable.

To further illustrate this, acoustical control is often accomplished with high-surface-area materials (“fleecy” ma-
terials such as carpet, fibrous or highly textured ceiling tiles, and textiles) for interiors. This conflicts with what some
consider to be the ideal IAQ solution of hard, durable, non-porous surface materials to reduce emissions of volatile
organic compounds (VOCs) from the materials and to reduce “sink effects” (adsorption on surfaces) that lead to
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subsequent secondary emissions. Smooth surfaces are also more easily cleanable. So, if designs are to produce sat-
isfied occupants, solutions to the acoustical environmental problem must account for the IAQ implications, and the
air quality solutions must consider the acoustical environmental implications.

TIAQ, thermal environment, acoustical environment, and visual environment are all interconnected in the indoor
environment. An effective design process integrates the numerous considerations across factors and aspects to pro-
duce a total indoor environment acceptable to occupants. Building designers should therefore consider potential
conflicts at an early stage of design or refurbishment so that an indoor environment can be provided that is acceptable
with regard to all four main factors and their interactions while—in line with ASHRAE policy—making minimal
demands on energy and environmental resources.

The combination of architecture and mechanical/electrical design of buildings will normally serve to define the
performance of the interior spaces, and it is important to have a high level of occupant satisfaction with the building
indoor environmental quality (IEQ) factors. Traditionally, visual aspects of design have been the leading factors in
decision making on architecture, and now green performance, climate, and moisture management s are becoming
an increasingly influential factors. The challenge is to find compatibility between aesthetic, green, climate, moisture,
and other environmental qualities to ensure a healthy, comfortable, and productive environment for the building oc-
cupants and users.

Efforts to make buildings more energy efficient often incorporate improved insulation of the envelop, improve-
ments to windows, and reductions in uncontrolled infiltration in the building that leads to tighter buildings with
significantly lower cooling and heating loads. As a result, humidity control becomes more important especially in
the warm and humid climates typical for the eastern United States. Traditional condensing technologies are designed
to primarily remove sensible loads. As a result, DX units often need to reheat highly humid air, especially during
unoccupied periods. Absorption based desiccant technologies can improve moisture management in buildings by
allowing for moisture removal without cooling down the building and thereby deliver air with lower relative humidity
levels of about 50% (70Fdb, 55Fdp).

Occupant satisfaction surveys such as those reported by Huizenga et al. (2006) indicate that normal building
design/construction/operation have not been entirely successful relative to occupant satisfaction for several of the
primary IEQ factors. This is confirmed by the results of more than 400 building surveys encompassing more than
45,000 building occupants (Brager and Baker 2009), summarized in Figure 1.

As Figure 1 shows, indoor environmental performance is often less than desirable, which suggests that design
professionals should pay specific attention to each of the four main factors as well as to their interactions to ensure
better performance in future building design.

Studies also show that higher humidity and higher levels of pm?2.5 that can significantly impact health do not
necessarily reduce occupant reported satisfaction (Allen et al. 2015). Research shows significant links between un-
planned, sickness related absenteeism and especially dry conditions during flu periods. Low ventilation is also
correlated with reduced decision making quality and other cognitive factors. Even small effects can have a signifi-
cant impact on performance of people in the space with an impact several times that of the total energy cost (Colton
et al. 2014; NRC 2007; Singh et al. 2010).

4.3 Acceptability and Human Adaptability. People are not passive receptors of their environment but interact
continuously with it. Given the opportunity, people will adjust themselves to their environment and their environment
to themselves. Problems associated with the interactions among the factors and of aspects within each factor can
therefore sometimes be circumvented by providing the occupants suitable control over their environment. People
then perform their own optimization, balancing one factor against another, as their requirements vary from time to
time and from task to task.

For example, consider the thermal environment. The principal aspects within this factor are the temperature of
the air, thermal radiation from surrounding surfaces, and the movement of the air and its moisture content (specific
humidity), while the principal personal aspects are relative humidity, the thermal insulation of the clothing, the degree
of activity, and the physiological status of the individual. Providing control for local air temperature, air movement,
or thermal radiation and adequate freedom in the choice of clothing will usually ensure thermal satisfaction. People
establish their own optimization, balancing the several aspects of the thermal environment. The balance chosen may
differ from person to person and may vary with the time of day or the climate and culture, and it may be that once a
satisfactory balance is established, no further adjustments take place. Nevertheless, the awareness that controls are
available for use could be important for overall satisfaction.




4.5 Human Response to the Environment: Physiological and Psychological Interactions. The main environmen-
tal factors directly affect the human body, and their physiological effects may be perceived by the occupants. How
these perceptions are interpreted will affect the acceptability of the environment and may result in physiological
responses, whose perceptions and interpretations may further affect the acceptability of the environment. A percep-
tion can therefore modify an occupant’s interpretation and consequent response to the environment whether or not
the perception is correctly attributed to its actual cause.

To illustrate, consider a person who has a headache. People often tend to blame a headache on something that is
causing them stress, whether physical or psychological. In fact, headaches can arise from either physical or psycho-
logical causes—or from both simultaneously. Headaches can result from glare, eye strain, noise, air contaminants,
or thermal conditions, as well as from medical conditions, psychological and social conditions such as anxiety, stress-
ful interpersonal relationships, or stressful work. Stress can exacerbate the effects of almost any environmental factor
and cause otherwise normally acceptable environmental conditions to degrade occupant comfort and well-being.

Prior exposure also modifies the human response to the environment. For example, newborn infants react with
increased heart rates the first six to eight times they are exposed to a new odorant, but upon subsequent exposures
their heart rates remain normal. Time can also modify responses. Humans, upon first being exposed to an odor they
find unpleasant, perceive it strongly, but over the course of 15 minutes the intensity generally is perceived as declin-
ing. This is an adaptation effect that is not uncommon with odors. In contrast, irritants work the other way around:
their effects tend to increase with extended exposure. Thus, a chemical or chemical mixture not found unpleasant,
annoying, or irritating upon entry into a space may, after only a short time, become an important parameter that
makes the environment less acceptable.

In addition to considering the four main environmental factors—IAQ, thermal environment, acoustical environ-
ment, and visual environment—it is necessary, when exploring their effects, to consider the physiological and the
psychological dimensions of each. Some authors identify social and institutional factors separately from psycholog-
ical factors. These factors mediate human responses through psychological mechanisms. For example, occupants’
attitudes toward other occupants (employers, supervisors, peers) can create stress that can alter the body’s normal
reactions to the environment.

A Yale study by Kudo identified links between relative humidity levels indoors and the human respiratory sys-
tem. The mucus barrier and ciliary clearance of the respiratory system, and the response by T and B cells, protect
against infection and more severe disease resulting from the flu. (Kudo, Arundel et al).

It is important to note physiological and psychological factors, for not only are occupants likely to influence their
environments by purposeful behavioral adaptations, but there are also responses at a less deliberate level. The body
heat, meistare perspiration, and odor emissions from occupants affect the temperature, humidity, and quality of the
air; if sound absorption is increased people tend to converse more quietly, further reducing the sound pressure levels.
There are certainly characteristics of indoor environments that are appropriate or even desirable for certain occupancy
types that may make another occupancy type unacceptable. Loud music or conversation, the odor of alcohol, or other
characteristics of a typical night club would be unwelcome in a classroom or office. The preferred temperature for a
gymnasium differs from that of a conference room.

4.8 Limits to Reliance on Existing Standards and Previous Guidelines. Because of their combined effects on the
diverse population of building occupants, interactions among the factors can sometimes result in unacceptable IEQ
even where the design conforms to the standards and guidelines for the four major environmental factors. For example,
an odor that may be acceptable when thermal conditions are cool and dry may be annoying or even sickening when
thermal conditions are warm and humid but still within the thermal comfort zone. Particles that may not be annoying
when relative humidity is at normal levels may be irritating to the eyes or upper respiratory tract when relative
humidity is very low.

5.1.1 The PMYV Index. The principal aspects of the thermal environment that affect the subjective warmth of the
occupant are the temperature, speed, and relative humidity of the air and the thermal radiation exchange between
the occupant and the surroundings. The principal “personal” thermal aspects are the level of physical activity and
the thermal insulation of the clothing. ASHRAE Standard 55 (ASHRAE 2020a) combines all these aspects in the
Predicted Mean Vote (PMV) index, which is a numerical value on a seven-point scale of subjective warmth. The
PMYV index quantifies the offsetting of one thermal aspect against another, thus incorporating their interactions on
the basis of their effect on human heat exchange.

5.1.4 Interaction between Metabolism and Thermal Environment. The metabolic rate is similarly responsive
to the thermal environment, for in warm weather people tend to eat less and expend less energy than in cool weather.
This interaction is benign, resulting in satisfaction with environments that might otherwise have been unacceptable.
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Because it is difficult to evaluate this change in activity level, it tends to be disregarded, and hence subjective
warmth is often overestimated in warm environments (see, for example, de Dear and Brager [1998] and Humphreys
and Nicol [2002]). It may also be that people in buildings whose interior temperatures vary in harmony with sea-
sonal outdoor temperatures have different qualitative expectations of their environments than those in convention-
ally air-conditioned buildings. Since 2004, ASHRAE Standard 55 has provided an additional method for use in
naturally ventilated office buildings in warm weather. See also European Standard 15251 (EN 2007) and the Char-
tered Institute of Building Ser-vices Engineers’ Guide A, Environmental Design (CIBSE 2006).

The PMV index works best when assessing the effects of the interactions of the various thermal aspects in moderate
indoor temperatures with low air movement (Humphreys and Nicol 2002). To assess the effects of the thermal
interactions on the acceptability of higher temperatures with substantial air movement, particularly if the relative
humidity is high, an alternative index such as the Standard Effective Temperature (SET) index (ASHRAE 2021,
Chapter 9) may be preferred. Values of the thermal sensation predicted by either index can be calculated using the
CBE Thermal Comfort Tool (CBE 2022). Figure 2 shows paired evaluations for thermal environments drawn from
the ASHRAE database of field studies of thermal comfort (de Dear and Brager 1998). Each point represents a
separate indoor environment. Those environments assessed as neutral or warmer by either method have been in-
cluded (0 = neutral, 1 = slightly warm, 2 = warm, 3 = hot). The scatter is attributable to the different quantifications
of the interactions by the two indices.

Air movement is included in PMV as an interaction among the thermal factors. Increasing the ventilation rate to
improve air quality will often change the pattern and speed of the air currents in the space, which may affect the
acceptability of the environment. Natural ventilation as a thermal comfort strategy will impact IAQ. Natural ven-
tilation as an IAQ strategy will impact the thermal environment.

5.2.2 Temperature and Perception of Air Quality. The sense of smell is more acute at warmer temperatures, so
both pleasant and unpleasant odors become more perceptible. Substantial research has shown that changes in the
thermal environment can cause changes in perceptions of the air quality. Changes in temperature or relative humidity
affect human responses to, and perceptions of, the chemical content of the air. Several laboratory studies have found
that subjects describe air as more stuffy, odorous, and stale when the air temperature is elevated, the relative
humidity is increased, or both (Berglund and Cain 1989; Fang et al. 1998a, 1998b, 1999). This relationship
holds true at both low activity levels and at the levels attained when walking or jogging (Berglund and
Cain 1989).

Berglund and Cain (1989) investigated the effect on perceived air quality (freshness, stuffiness, and acceptability)
of 20 subjects at 2°C, 11°C, and 20°C (36°F, 52°F, and 68°F) dew-point temperatures at air temperatures of 20°C,
24°C, and 27°C (68°F, 75°F, and 81°F) while holding air quality constant. Their results (see Figures 3 through 5)
indicate that subjective comfort depends “upon almost all perceptible influences.” Temperature and humidity influ-
enced not only thermal comfort but also the “perception of the chemical quality of the air.” Contaminant concentra-
tions influenced subjective judgments of air quality, “but in some instances, may actually prove secondary to tem-
perature and humidity.” Changes of 0.5°C (1°F) typically “had the same effect” on perceived air quality as changes
of 3°C (6°F) in dew point temperature. Temperatures greater than approximately 26°C (79°F) produced significant
decrements in perceived IAQ.

Subsequent investigations by Fang et al. (1998a, 1998b, 1999) have confirmed the findings of Berglund and Cain
(see Figure 6). One study by these authors (1998a) found that the perception of odor intensity during facial exposure
did not change significantly with changing air temperature and humidity. These same researchers (1998a, 1998b,
1999) found a strong effect of temperature and humidity on the acceptability of the air. All of these studies confirmed
that acceptability of air linearly increased with decreasing enthalpy of the air.

A 1°C (0.5°F) increase in dry-bulb temperature has approximately the same effect on perception of air quality
as a 5% increase in relative humidity (Berglund and Cain 1989; Fang et al. 1998a).

These laboratory-based findings have yet to receive confirmation in the field. Analysis of perceived air quality
from respondents in a large year-round study of the environment in offices in France, Greece, Portugal, Sweden,
and the United Kingdom found that perceived air quality was related to the subjective thermal state of the respond-
ent rather than to the actual temperature and humidity, the enthalpy of the air, or the concentration of CO,, an
indicator of the outdoor air ventilation rate in relation to total human metabolic activity. Those who successfully
adapted thermally to warmer room temperatures did not report deterioration in perceived air quality (Humphreys
et al. 2002).



Implications: In summary, in mechanically ventilated spaces, as the temperature becomes uncomfortably warm,
people may perceive the IAQ as less acceptable.

5.2.4 Hygro-Thermal Conditions and Biological Contaminants. Thermal conditions strongly affect the potential
survival, growth, and distribution of microbial contaminants in indoor environments. Cold surfaces, for example,
are susceptible to condensation, which can contribute to microbial growth. The higher the air-humidity; dew point
emperatur e the hlgher the p_otentlal water act1v1ty (_) at the surface. ;-and-water-aetivity-is; by definition-astrong
: wih- At high water activity values, moisture at the
surface ofa matenal is ava11ab1e to ﬁmgus and bacteria to sunnort growth and reproduction. The water activity level is
not measured directly but is a function of the aispecific humidity and the moisture content of the material imme-
diately below the surface (Prezant et al. 2008; Harriman et al. 2001).

Providing a comfortable thermal environment may result in pressure differences among various spaces within a
building, resulting in migration of gases and particles from one space to another. The movement may be horizontal,
vertical, or both. Movement is normally from areas of higher pressure to those of lower pressure. Most mechanically
ventilated commercial buildings are designed to be intentionally pressurized relative to the outdoors to prevent un-
wanted intrusion of unconditioned/contaminated air from outdoors from entering through cracks or other gaps in a
building enclosure. Humid outdoor air may enter and condense on interior surfaces, ultimately leading to microbial
growth, deterioration of building materials, and occupant health effects.

Indoor air often has higher meisture-content(abselute humidity) specific humidity than outdoor air in cold
climates. In cold climates, water vapor in heated buildings tends to migrate through the materials of the building
envelope toward the outdoors. Moisture migration in the opposite direction can occur when buildings are cooled and
dehumidified in warm humid climates. Condensation and elevated specific humidity, efthe-meistare-as it migrates
through the envelope assemblies, can result in_increased moisture content and water activity of cellulosic materials,

resulting in mold growth and decay of building materials (ASHRAE 2020c, ASHRAE 2021b). The increased moisture
content of the inaccessible 1nter10r materials of the building envelope is descrlbed as the wood m01sture equ1valent

Impllcatlons MlCI‘Oblal orgamsms—fungl bacterla and viruses—are among some of the most significant con-
taminants of indoor air (dust mites and especially their feces are also important, although presumably more so in
residences than in nonresidential environments). The absence of these organisms at harmful concentrations is a cri-
terlon for acceptab111ty There is a 1ack of spemﬁc gu1dehnes on acceptable or harmful concentrations. H-is-eurrent

accompanted-by excessive moisture in the building, either from leaks or spills or from condensation. Eliminating the
moisture source will reduce or eliminate the growth of these organisms indoors. Careful attention to the pressure
relationships between a building and the outdoors as well as the differences between spaces is important to avoid
unwanted movement of contaminants.

5.2.5 Humidity and Particulate Matter. As the abselute specific humidity of the air decreases (more commonly
determined by measuring relative humidity), so do upper respiratory defense mechanisms based on bodily tissue
moisture and mucociliary removal action. Particles then may penetrate deeper and stay longer, resulting in in-
creased effects for a given particle concentration. The irritation and discomfort of “dry nose,” “dry throat,” “itchy
nose,” and “scratchy throat” feelings, as well as effects on other mucous-membrane-protected surfaces (such as the
eye), are potentially exacerbated by low humidity (Wyon 1991) or higher chemical concentrations in the air (Sun-
dell 1994). Also, drier air will result in reduction in airborne particle size and mass of particles generated by exhaled
breath, talking, coughing, and sneezing, resulting in longer airborne suspension times and greater likelihood of
particles being inhaled (WHO 2009).

5.2.6 heating Equipment and Particulate Matter. The breakdown of dust into finer particles on contact with heat-
ing elements may result in more irritation for occupants. There is increasing concern about very small particles
because they can penetrate more deeply into the respiratory tract (Institute of Medicine 2000). It is now believed
that they may carry chemicals adsorbed on their surfaces and deliver these chemicals to the lung, where they can
cross into the bloodstream. Some of the types of chemicals of concern are known or believed to be quite odorous,
irritating, or even toxic. As an example of this process, consider the odorous component (gaseous phase chemicals)
of cigarette ash residue in an ashtray. The effect of heating particles can also result in the generation of particles
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made more odorous from partial combustion or singeing effects.

Implications: The designer of a mechanical ventilation system should consider a higher efficiency filter (such as
MERYV 13) for heated spaces designed for operation at low relative humidity (e.g., <20% RH). MERV is the Mini-
mum Efficiency Reporting Value—a single-number designation derived from the composite curve data product of
ASHRAE Standard 52.2, Method of Testing General Ventilation Air Cleaning Devices for Removal Efficiency by
Particle Size (ASHRAE 2017). The test method determines the minimum efficiency of particulate filters at 12
specific particle size fractions ranging from 0.3 um, or microns, to 10 um. The MERV 13 level of efficiency is
necessary to control the smaller particles (0.3—1 pm) that impact human health. Refer to Chapter 12, “Air Contam-
inants,” in ASHRAE Handbook—Fundamentals (ASHRAE 2021b) and Chapter 28, “Air Cleaners,” in ASHRAE
Handbook—HVAC Systems and Equipment (ASHRAE 2020b) for more fundamental information on gaseous and
particulate contaminants.

6.1 interactions. There are usually hundreds of organic compounds in most indoor environments. While none of
these individual compounds might exceed concentrations known to cause odor, irritation, or toxicity, in some cases,
combinations of chemicals may have adverse effects that are not indicated by their individual properties.

It may be necessary, under normal conditions of temperature and humidity, to modify the operational procedures
of the ventilation system to increase ventilation or to modify the system to provide more ventilation to accommodate
these interactive effects. If outdoor specific humidity is high, then introducing more outdoor air requires control of
the dew point temperature indoors humidity to limit its potential contribution for microbial growth by preventing
condensation,-er and control of relative humidity for te occupant discomfort. In the case of low outdoor air specific
humidity, increasing outdoor airflow may result in a very dry environment with various potential effects on occupants
and on the electrostatic environment. In very cold climates, bringing in too much outdoor air can result in very dry
indoor air and potential eye, skin, and throat irritation (Jaakkola et al. 1991a, 1991b). Finally, if volatile organic
compounds (VOCs), inorganic pollutants, or particle concentrations are higher outdoors than indoors, increasing
ventilation will increase indoor concentrations of these pollutants.

6.2 Control of Pollutant Sources and Ventilation to Remove Pollutants. Indoor sources of pollutants include
occupants, building materials, interior finishes, furnishings, equipment, maintenance products and procedures, and
consumer products. Outdoor sources include combustion products, agricultural processes, and exhaust from neigh-
boring buildings and vehicles. These and other factors affect the quality and meisture-eontent specific humidity of the
outdoor air, which in turn affect the quality of the indoor air via ventilation and infiltration.

The irritation potential, odor, and toxicity of indoor air vary greatly. It is widespread practice to measure certain
characteristics of indoor air in order to infer whether it is healthy or acceptable. But because of potential interactions
among the constituents of air and the potential for interactive effects (additive, synergistic, or prophylactic), it is not
possible to determine all or even most of the impacts of indoor air directly from measured concentrations. It is evident
that there are potentially important chemical compounds and bioaerosols in indoor air that are not measured or meas-
urable. It has also been difficult to correlate low concentrations of many pollutants directly with occupant health
effects. Finally, the concentrations of individual chemicals known to cause human health and comfort effects provide
little guidance on the effects of the mixtures of hundreds of chemicals usually present in indoor air.

ASHRAE addresses IAQ in Standard 62.1, Ventilation for Acceptable Indoor Air Quality (ASHRAE 2019a), and
Standard 62.2, Ventilation and Acceptable Indoor Air Quality in Low-Rise Residential Buildings (ASHRAE 2019b).
The primary methodology employed in these standards is to establish requirements for ventilation believed adequate
to provide what is defined as acceptable IAQ for the majority of adapted occupants of a space or by specifying that a
substantial majority of occupants should find the IAQ “acceptable.” Thus, ASHRAE Standard 62.1 does not purport
that following its requirements provides acceptable IAQ to visitors to a space. This is because visitors may not accept
an odor that has become less noticeable—and therefore more acceptable—to occupants who have been in a space for
some period of time. The Ventilation Rate Procedure of Standard 62.1 does not include visitors. However, the IAQ
Procedure of Standard 62.1 does provide for using the standard for visitors, which is important in certain occupancy
types (such as shops).

The requirements of ASHRAE Standards 62.1 and 62.2 also include certain design features intended to avoid or
mitigate potential sources of indoor air pollutants. However, Standards 62.1 and 62.2 do not specify the chemical,
physical, or biological contents of the indoor air that meet its definition of what is acceptable. Instead, these standards
are based on engineering judgment and laboratory and field studies of subjects’ evaluations or ratings of air quality
in terms of its acceptability based on assumed sources and source strengths as well as various ventilation rates.
Clearly, such studies differ from actual field experience in that all factors in the studies except the air quality are held
constant. In practice, while IAQ varies, other factors such as thermal conditions, sound and vibration conditions, and



illumination may vary as well. Also, such studies are often done with subjects who are reasonably healthy and not
known to be particularly sensitive to indoor air pollutants. Furthermore, as other conditions vary, even if ventilation
and sources remain the same, contaminant concentrations may vary as well as occupant responses to the perceived
air quality or its impacts on human physiology.

6.3.5 Formaldehyde and Other Indoor Air Pollutants. Low-level concentrations of formaldehyde and VOCs
not known to cause irritation and other Sick Building Syndrome (SBS) complaints alone often do cause such com-
plaints when present together. More than 80% of the most common indoor air pollutants identified during the late
1970s and early 1980s in buildings and in laboratory studies of emissions from materials were classified by
Molhave (1982) as mucous membrane irritants. This finding can be explained if some compounds act synergisti-
cally; it appears plausible if they act in a roughly additive fashion. Note that the VOCs listed by Melhave as irritants
and the concentrations at which they are found have changed dramatically since the original research. Some of the
most toxic chemicals are found less commonly, and most of the chemicals are found at lower concentrations than
in the 1970s and 1980s (Hodgson and Levin 2003a). Nevertheless, as some chemicals have been eliminated or their
concentrations reduced, new chemicals have appeared to replace them functionally in the products from which they
were emitted. The concentrations are often lower, but the health implications are unknown.

Implications: Designers should strive to use low-emitting materials in buildings. This is a form of source control
and is usually both cost-effective and easily achievable. Low-emitting materials refers to products that have been
formulated to emit little to no VOCs after installation. Information on low-emitting materials can be found in Objec-
tive 5 of Indoor Air Quality Guide: Best Practices for Design, Construction, and Commissioning (ASHRAE 2009).

Emissions of VOCs from most materials are strongest when they are new and decrease dramatically over time,
but many emissions continue at lower levels for months and even years. Ventilation affects emission rates, and
increased ventilation is associated both with higher emissions and with lower airborne concentrations. Extra venti-
lation during the early life of new materials accelerates the emissions decay process.

Where materials are replaced in existing buildings, the replacement work should be performed during unoccupied
periods and with maximum outdoor air ventilation. Designers should recommend that operators run the HVAC sys-
tem on all outdoor air in order to flush out pollutants prior to new or renovated buildings being occupied. A flush-
out typically occurs for four days to a week, although the length of the flush-out depends on the amount of outdoor
air that can be supplied and properly conditioned for acceptable indoor thermal temperature, specific humidity, and
dew point temperature. and-humidity: Flushing out to achieve 100 complete air changes might be a more useful
guideline. The number of hours is less important than the total number of air changes after the application of new
finishes and before occupancy or re-occupancy. (Tichenor 1996).

6.6 Indoor Air Quality—A coustical Environment. The primary ways to achieve IAQ include the use of ventila-
tion, either mechanically with equipment or passively through window openings. Mechanical ventilation is often ac-
companied by the noise of fans, airflow through duct elbows and branches, mixing boxes, dampers, and diffusers or
even the sounds of air leakage from the ductwork or other system components. This HVAC noise will generally be
dominated by low-frequency sound, which may in extreme cases induce secondary vibration in walls, floors, and
other surfaces (in addition to that caused by improperly isolated or mounted equipment). See Indoor Air Quality
Guide: Best Practices for Design, Construction, and Commissioning (ASHRAE 2009) for a more detailed discussion.

If ventilation equipment is noisy, it may not be used as intended by the designer. For example, teachers tend not
to operate noisy unit ventilators in their classrooms, resulting in reduced outdoor air ventilation and increased indoor
source pollutants. Home occupants tend not to operate noisy bathroom or kitchen fans, resulting in a buildup of all
aspects of moisture, combustion gases, or other products and by-products of activities conducted in the home. Be-
cause of this interaction, Standard 62.2 (2019b) requires quiet fans to achieve its TAQ objective.

Passive control of IAQ is often attempted with the use of operable windows. Opening windows to “get some
fresh air” may not be an option where noise enters a space from outdoors. In busy urban areas or areas adjacent to
highways, railways, airports, playgrounds, or factories, the ambient noise levels can deter people from opening win-
dows. But it should be recognized that the primary purpose of a window is to let daylight in while providing visual
relief by making it possible for occupants to see outside. It is not necessary to use operable windows to allow outdoor
air entry; an acoustical plenum or acoustical louvers can be used in conjunction with a window (above, below, or to
the side) to allow outdoor air entry without allowing noise to enter.
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