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ABSTRACT
World Surface temperatures have increased 20 times faster than they rose at the end of the last ice age, and
they will continue to rise due to the volume of greenhouse gases already released into the troposphere.
This paper explores thedamagedone tobuildingoccupants aswidespread sealing is carriedout for energy-
efficient buildings in a warming world, with reduced ventilation to a point where toxic moulds grow in
houses and offices and occupants develop sick-building-syndrome symptoms. Tools are also discussed to
assist designers in accommodating rising indoor temperatures, and novel approaches are considered to
improve ventilation, particularly providingguidanceon the specific air gust frequency for increased cooling
at low power.
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Introduction

Howmuch can ventilation strategies contribute to our future in
a warming world?

There are two common philosophies related to designing
buildings for dynamic external temperatures:

• Maintaining a narrow range of internal temperatures which
requires a highly sealed envelope of low conductivity,
mechanical heating and/or cooling, and a reliable power sys-
tem despite severe storms, and

• A more passive approach where a wider range of temper-
atures are tolerated, and the temperatures are moderated
with a low diffusivity building envelope (i.e. low conductiv-
ity/thermal mass) (Barrios et al. 2011).

World Surface temperatures have already increased 20 times
faster than they rose at the end of the last ice age. They will also
continue to rise due to the volume of greenhouse gases already
released into the troposphere (Nuccitelli 2016).

Houses that are tightly sealed and highly insulated will be a
liability (Lstiburek 2013)with awarmingworld if air-conditioning
is relied on as the main mechanism for comfort and centralized
power systems begin to fail due to:

• Severeweather events (Jacobs 2013a, 2013b; Kinget al. 2016),
• Dwindling fossil fuel resources (Mohr et al. 2015; WEC 2016),

or
• Unforeseen circumstances (Kempton 2015).

So ventilation has a vital role to play in lowering temperatures
that occupants effectively ‘feel’, particularly in heat waves and
when indoor air quality deteriorates in humid areas such as the
tropics and in coastal cities. More ventilation will be activated
at night to cool buildings down after the heat of the day, and
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lifestyles are likely to change, with lighter clothing becoming
more prominent at work (e.g. the Cool Biz campaign in Japan)
and siestas implemented to minimize physical activity during
the day, which are already popular in many countries. Greater
use will be made of the cool stored a few metres below the sur-
face, and in streams and groundwater sources. Ventilation is one
of the few critical processes that can be performed passively by
utilizing solar energy, wind, and gravity.

Recent global minimum ventilation problems

Prior to the 1970s, condensation in houses was rarely an issue.
In those days, air leakage from a three bedroom house was
between 900 and 1400 L/s (14 L/s per person), levels nowconsid-
ered indicate a leaky house. However, the 1970 Middle East ‘oil
embargo’ brought with it increased energy costs and the need
for energy conservation.

A widespread response to the oil embargo was an energy
conservation programme for buildings. The installation of ther-
mal insulation, together with severe cuts in ventilation, often to
around 4 L/s per person or less, was introduced to reduce heat-
ing and cooling energy use. Sealing air leaks around windows
and doors became a booming industry, and in large buildings,
this reduced air leakage had consequences such as exacerbating
‘Sick Building Syndrome’ in office buildings due to poor indoor
air quality (NHBC 2009; Wargocki 2013). Mould growth prob-
lems became commonplace, particularly in schools and houses
due to indoor moisture build-up due to reduced ventilation.
Many buildings with extreme mould cannot be reclaimed and
are demolished (Brandon 2014). Building energy efficiency was
gained, but at the cost of widespread poor indoor air quality.

It took decades after the oil embargo for building code
authorities to accept the very poor state of indoor air qual-
ity and increase minimum ventilation rates, back to around
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15 L/s per person (Janssen 1999). The resulting increased loss
of heated or cooled indoor air by mechanical ventilation sig-
nificantly increased building heating and cooling energy costs.
Indoor air quality hadbecomean issuewith regard to indoor pol-
lution from cigarette smoke and later, off-gassing of formalde-
hyde.

Surveys of houses suggested that air in a typical house is up to
five timesmore polluted than surroundingoutdoor air (Sherman
2004). With new houses being even more tightly sealed, expen-
sive Energy Recovery Ventilation (ERV) systems were developed
to recover heat or cool from exhausted air to pre-heat or precool
incoming make-up air. More complex ERVs include moisture
absorption frommake-up air using desiccants.

Also, although earth sheltering to buildings can add thermal
mass and assist with moderating internal diurnal temperature
swings, it can also lead to greater exposure to harmful soil-borne
gases such as radon andmoist environments conducive to toxic
mould growth.

Ventilation problems in New Zealand and Australia

Some countries have experienced building damage from inter-
stitial condensation resulting from increases in thermal insula-
tion and decreases in ventilation due to higher sealing require-
ments. In New Zealand, building damage resulting from energy
efficiency flaws in their building code has been estimated to
date at NZ$ 11.3 billion, for which the NZ government has been
paying home owners compensation (Williamson 2009).

In addition, the Australia Building Codes Board guidance
on condensation control in the latest Condensation Handbook
(ABCB 2014) leads the housing construction industry towards
wall construction commonly used in North America, which
is mostly lightweight and heavily insulated (Aynsley 2012a,
2012b). However, in Australia there are three types of wall con-
structions (lightweight, medium weight, and heavyweight) that
have roughly the same market share (DEWHA 2008).

For Australian homes with low ventilation rates, indoor air
quality was also found to be compromised by pollutants gener-
ated within the house (Brown 2002; CSIRO and BoM 2010). This
is concerning because buildings in Australia are being designed
tomatch cool regions that use the German Energy Saving Regu-
lation (EnEv) (Bambrook, Sproul, and Jacob 2011, 1706) or Passiv
Haus standards (Ambrose, Syme, andDIIS 2015, 10), and very low
air-tightness targets are being called for (Ren and Chen 2015, 79,
81) with little regard for ERV systems (Ambrose, Syme, and DIIS
2015, 10).

Indoor sourced pollutants that impact on the health of build-
ing occupants include carbonmonoxide, carbon dioxide, radon,
ozone, relative humidity less than 40% or over 60%, formalde-
hyde, bacteria, viruses, fungi, and dust mites and their drop-
pings (Sterling, Arundel, and Sterling 1985). International indoor
environmental quality and health studies have also shown that
low ventilation rates in energy-efficient houses can have health
and well-being consequences, and regulating bodies have set
recommend minimum air exchange levels. Examples include:

• To prevent the risk of mould growth and poorer indoor air
quality, a minimum air change rate of 0.5 air changes per
hour at natural pressure (ACHnat) is recommended in the

Figure 1. A survey of average concentrations of formaldehyde for US house air
changes in natural air exchange rate (ACHnat). Source: Aynsley after Lstiburek
(2013).

UK (NHBC 2009), which is approximately equivalent to 10 air
changes per hour at 50 Pa (ACH50).

• Concentrations of formaldehyde significantly
increased as the air change rate fell below 0.5 ACHnat (see
Figure 1) when there was no mechanical assistance in a US
survey by Offermann (2009). Nearly all houses in this survey
failed a 9 µg/m3 8-h Reference Exposure Level for formalde-
hyde (Offermann 2009, 5–6).

• Where ‘Sick-Building-Syndrome’ symptoms such as dryness,
nasal problems and itching were reported across many
international studies, leading to asthma, allergy and airway
obstruction, the recommendation was that the ventilation
rate should be greater than 0.4 ACHNat in existing homes
(Wargocki 2013).

Formaldehyde standards

Formaldehyde standards include:

• The US, which has several standards, including an 8-h Refer-
ence Exposure Level for formaldehyde at 9 µg/m3 (Offermann
2009, 5–6).

• Japan, which has an exposure time of 1 h for a formalde-
hyde concentration of 100 µg/m3 and above in indoor air
(Salthammer, Mentese, and Marutzky 2010).

• Australia regulations that limited the exposure to formalde-
hyde concentrations in indoor air in 1982 to less than 0.1
parts per million (120 µg/m3) (NHMRC 1982) and was revised
in 2006 to less than 0.08 parts per million (100 µg/m3), similar
to Japan’s limit. However, in both cases no exposure timewas
nominated.

Insights into body heat exchange

Heat exchange between the human body and the surrounding
environment is complex (Parsons 2003). The cooling capacity of
airflow across exposed skin is yet to be fully utilized and will
prove to be a key tool in accommodating rising global temper-
atures. The relative contribution of evaporative cooling by air
movement across the exposed skin compared to other human
body heat exchanges is shown by Chan (Chan 2008) in his
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diagram of a lightly clothed sedentary person. It shows that as
themetabolismwasmaintained at a relatively constant level and
operative temperatures increased:

• Combined radiative and convective heat exchange (losses)
decreased up to an operative temperature of around 38°C
and thereafter become heat gains.

• Evaporative cooling loss from respiration was relatively small
and constant up to an operative temperature of around 28°C
and thereafter heat loss increasedwith the onset of sweating.

• Body heat storage increased with operative temperature.

Tools for accommodating rising global temperatures

Thermal comfort and heat stress indices

The common thermal comfort indexes are PredictedMean Vote,
Effective Temperature (ET) with its variation Standard Effec-
tive Temperature (SET*) and Adaptive Thermal Comfort. The
New Effective temperature variant, signified as ET*, is used
close to the region of thermal neutrality, and cannot accommo-
date evaporative heat loss when operative temperatures exceed
approximately 28°C. The Standard Effective Temperature signi-
fied as SET* includes the influence of skin wettedness, a key
factor in the effectiveness of sweating for evaporative heat loss,
as indicatedbyChanabove. Calculating SET* is complex; so com-
puters are commonly used for this task. One readily available
user-friendly computer program for this purpose is the ASHRAE
‘Thermal Comfort Tool’ (Shiel et al. 2017).

These thermal comfort indexes vary in ability to predict the
cooling effect of airflow over exposed skin. A comparison of
thermal-indexes-predicted thermal responses (Figure 2) indi-
cates that the SET* index (the Pierce 2 Node Model) is closer to
the empirical data (of KSU and Givoni et al. than to the Fanger
Model).

Heat stress indexes are rationalmathematicalmodels used to
predict the limiting metabolic rate due to heat stress in humans
engaged in physical work in hot conditions. They are relevant
to both inside buildings and outdoor locations. The common
heat stress indexes are the ISO 7933 Standard, ACGIH index

Figure 2. Comparison of predicted subject verbal responses from thermal comfort
indexes from a common data set at 82% Relative Humidity (RH). Source: Aynsley,
after Berglund (1978).

referenced to the wet bulb globe temperature, USARIEM index
and the ACP index. These heat stress indexes also vary in abil-
ity to predict the cooling effect of airflow over exposed skin on
heat stress in subjects. A comparison of heat stress indexes’ abil-
ity to predict metabolic rates in subjects under heat stress, and
the influence of airflow (Brake and Bates 2002) indicates that the
USARIEM index better models the influence of airflow to affect
the limiting metabolic rate.

Weathermonitoring and alerts

Just as bushfire alerts are now being sent by phone messaging,
high forecasts of temperature and humidity conditions could
be monitored and alerts sent to the regions affected. Strategies
need to be put in place to evacuate those vulnerable especially
if electricity failures occur as noted above.

Ventilation strategies

Natural ventilation

Air movement can be greatly helped with practical approaches
to building design, including house orientation and its eleva-
tion, correct wing wall placement, extended roof overhangs,
appropriate window types to catch breezes, dormer windows
and wind towers, porous internal openings, correct spacing to
neighbours, use of vegetation barriers and deflectors, buried
cooling pipes, and installation of appropriate ceiling fans and
their proper use (Aynsley 2014; Roaf 2012).

Much progress has also been achieved with the stack effect
where there are a range of design options available to enhance
air movement flows within a home, by adding roof-level open-
ings and low-level intakes. Increasing interest is being shown in
such methods by many designers in Australia and overseas for
cooling-dominated climates, and especially in the light of global
warming (Goad 2005, 25–26, 104; Parnell and Cole 1983, 59, 61,
79, 214; Roaf 2012, 113, 123, 292).

Mechanical ventilation

When installing and using residential ceiling fans:

• The fan motor should have a fine continuous speed con-
trol and large diameter blades, to save energy in summer,
and avoid having to reverse the fan and reduce the heat
loss through the ceiling inwinter. This allows de-stratification
of the warm air and can push it down near the occupants.
Some manufacturers recommend reversing fans in winter
since using the lowest of only three speeds will cause unwel-
come drafts, but this is a very inefficient use of the fan and
gives poor results with gusting.

Enhanced cooling effects of low-frequency gusts

Enhanced cooling effect of pulsing airflow was reported by
Fanger andPedersen (Olesen 1985). The increased cooling effect
was found to be near the peak response frequency of thermal
receptors beneath the skin, 0.47 Hz. Fanger and Pedersen (1977)
suggested a method to include this effect in a building code by
identifying an equivalent uniform velocity. A field study in China

JS
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Figure 3. Distribution of preferred gust frequency at 30.5°C and 65% RH. Source:
Aynsley after Xia et al. (2000).

Table 1. Uniform air speed required for equivalent cooling effect of 0.47 Hz air
gusts.

Actual gust air speed at a gust
frequency of 0.47 Hz (m/s)

Uniform air speed required for
equivalent cooling effect (m/s)

0.10 0.24
0.15 0.3
0.22 0.36
0.29 0.45
0.40 0.6

Source: Aynsley, after Olesen (1985).

(Xia et al. 2000) illustrated in Figure 3 showed that subjects could
dial up the mean wind speed and the gust frequency and that
95% of subjects were able to achieve thermal comfort at 30.5°C,
RH 65% and Clo 0.7 within the gusting range up to 0.7 Hz. It also
demonstrated that:

• the peak response frequency of human thermal receptors
beneath the skin in hot humid conditions was the same as
that for cold conditions, and

• the airflow with gust frequencies between 0.3 and 0.7 Hz is
more effective at providing a cooling sensation than uniform
airflow.

This low-frequency highly beneficial and low-power cooling
effect is illustrated in Table 1 with the uniform air speeds that
would be required for the equivalent cooling effects of a range
of 0.47 Hz air gusts, and this has been exploited in:

• Car dashboard ventilation systems,
• Desk fans with a swing action, and
• With High-volume low-speed fans with a variable speed

motor, for large spaces.

Comfortable buildings or comfortable occupants?

In a warmer future, the SET approach with occupants actively
managing the building’s environment can be used as an

approach to have ‘comfortable occupants’ rather than ‘com-
fortable buildings’. Instead of conditioning most of a building,
occupants canmake themselves comfortable with personal and
building controls:

• In summer, e.g. with light clothing, small personal fans and
even using the additional cooling effect of low-frequency
gusting, ceiling fansonhigh speed,while at night indwellings
using ceiling fans on low speeds, and

• In winter, e.g. with heavier clothing, small radiant heaters
under a desk, other heaters and fans on a very low speed to
keep the heat near the ground and in dwellings using heavier
blankets at night.

Better regulations

Occupants are spendingmore time at homeby living longer and
by working from home, or by having only part-time jobs, and so
there should be:

• Better guidelines for condensation of typical Australian build-
ings,

• Indoor pollutant concentration andduration standards, espe-
cially for formaldehyde, and

• Minimum ventilation standards, including ones for homes
with, and without, ERV systems.

Summary

Although heat stress indices and thermal comfort indices are
similar, the critical difference is the criteria used in their appli-
cation. Thermal comfort indices are typically used to ensure
thermal comfort for around 80% of building occupants. Heat
stress indices are typically used to determine a critical safe work
time and rest time regimes for workers in hot environments in
order to avoid heat stroke and other potentially lethal effects of
heat. Neither of these indexes incorporates the confirmed bene-
fit of airflow gust frequencies around 0.4 Hz probably because
the initial research on the topic was focused on 0.4 Hz gust’s
detrimental effect in cold draughty conditions.

Other natural andmechanical ventilation enhancements out-
lined above can also achieve significant heating and cooling
energy and greenhouse gas savings.

The responseof building regulators indevelopedcountries to
save energy by requiring sealing of leaky houses andmandating
higher levels of thermal insulation, without recognizing the risks
of inadequate ventilation should be a lesson to us all. The only
country that we know of that has seriously addressed this catas-
trophicbunglewasNewZealand. Their governmenthaspaidout
$11.3 billion dollars in compensation for damage to buildings.
The damage to the health of occupants of these houses from
indoor pollution remains unknown.

The construction of tightly sealed and highly insulated
houses continues unabated, supported by an ever-increasing
array of high-maintenance air-conditioning equipment. Builders
in the residential market have shown little interest in availing
themselves of more sustainable passive design techniques. In
a similar manner, the air-conditioning industry has shown little
interest in introducing increased airmovement promotedby the
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ASHRAE 55 Standard revisions to enhance summer comfort and
reduce summer cooling loads. Passive ventilation seems to be
a dying art in residential design. Ventilating strategies such as
buried tubes for cooling make-up air used in the 1980s (Givoni
1994) come to mind.

Further research

Thermal comfort standards are continually updated with
progress in relevant knowledge. Areas likely to influence thermal
comfort standards for built environments are:

• Optimizing gust frequency of airflow devices to around
0.47Hz based on its demonstrated benefits for summer
cooling.

• Consider promoting the use of heat stress indexes in assess-
ing thermal conditions in passively designedbuildings tobet-
ter acknowledge the risk of heat stroke andother heat-related
effects, particularly on the elderly and infants.

• Upgrading ratings systems to consider the beneficial cooling
effect of air movement, particularly at high humidity levels
and particularly its contribution to the reduction of green-
house gas emissions.

Conclusions

It is not clear that professionals in building design and con-
struction have learned much from the widespread impact of
poor ventilation in the quest for energy efficiency. More effort
is needed to promote and demonstrate the benefits of adopting
more passive and sustainable approaches such as earth cooling
tubes to ventilation in building design and construction in our
warming world.

ASHRAE has revised Standard 55 with new ASHRAE Thermal
Comfort Tool software to promote the benefits of elevated air-
flow for cooling building occupants in summer. This tool needs
to be adopted by building designers. Further increases in the
cooling effect of airflow from specific gust frequencies around
0.5 Hz can be achieved by developing a standard for quantifying
the presence of such gusting frequencies from airflow devices.

The quickest and most effective way to achieve genuinely
low emissions buildings is to ensure that they are heated and/or
cooled for as much of the day and year as possible with natu-
ral ventilation and much can be done to ensure this happens.
The key step to take is to understand this simple reality. Once
designers and decision-makers comprehend that, then rapid
improvements in providing affordable comfort in more resilient
buildings canbe achievedby simply applying the idea using reg-
ulations, standards, guidance, tools, and through better design
for natural ventilation.
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