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Abstract

Building more air-tight dwellings is having a deleterious impact on indoor air quality. In a range of recently
completed dwellings CO, concentrations were measured in occupied bedrooms at unacceptable con-
centrations (occupied mean peak of 2317ppm and a time weighted average of 1834ppm, range
480—4800 ppm). Such high levels confirm that air-tight dwellings with only trickle ventilators as the
‘planned’ ventilation strategy do not meet the standards demanded by the Building Regulations.
Reducing ventilation rates to improve energy efficiency and lower carbon emissions, without providing
a planned and effective ventilation strategy is likely to result in a more toxic and hazardous indoor
environment, with concurrent and significant negative long-term and insidious impacts on public health.
Furthermore, the methodology underpinning the current regulations cannot be considered as creditable.
While the complexity around numerical modeling often leads to conclusions based upon simplistic and
unrealistic assumptions around all doors in a dwelling being open and trickle ventilators being unob-
structed, this paper demonstrates that in ‘real life’ situations, this is not the case and could lead to
significant risks of under ventilation. This is particularly the case when standards and guidance are
based upon theoretically modeled scenarios that are not representative of real-life operation. The con-
sequences of this are important in terms of the likely negative impacts on occupant health.
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‘air-tight’, but it can be under ventilated. This
approach built on a BRE publication® that
claimed there was wide acceptance that a
whole house ventilation rate of 0.5ach™" — sup-
plemented by mechanical air extraction during
cooking and bathing — was sufficient to dilute
indoor pollutant concentrations and suppress
relative humidity below 70% — a threshold asso-
ciated with condensation and mould growth.
The current recommendations for trickle vent
free opening area (12,000mm?> for apartments
with a minimum of 11,000 mm? where an aver-
age of 11,000 mm? is provided per room), as rec-
ommended in clause 3.14.2 of the Domestic
Technical Handbook, Building Standards
(Scotland) Regulations® are derived from
a ‘Review of Guidance of Energy and
Environment™ conducted by Glasgow Caledo-
nian University, that utilised BREVENT® soft-
ware to calculate the area of trickle ventilators
required under various conditions, to produce
acceptable indoor air quality (IAQ). BREVENT
software considers a dwelling to be a single zone.
The potential impact on health, resulting
from increased air tightness, has been high-
lighted in recent research by Davis and
Harvey® and Crump et al.,” who called for fur-
ther investigations to ascertain ‘healthy’ ventila-
tion rates. This was partially addressed in a
recent study® commissioned by the Scottish
Government, ‘The effect that increasing air-
tightness may have on air quality within dwell-
ings.” In this study, air tightness and air change
rates were measured in a mid-terrace dwelling
(Garston, Watford) under a variety of condi-
tions and the published report concluded that
dwellings built to 5m?/m*/h@50Pa provide
air change rates roughly in line with the
CIBSE’ recommendation of 81/s per person.

BRE test results

In a mid-terrace dwelling, with an air tightness
of 6m*/m?/h@50 Pa and standard trickle vents
fitted on all windows, ventilation rates were
measured at 0.7 to 1.3ach™" on the upper floor
(equating to 37-691/s), and 0.4 to 0.6ach™' on

the ground floor (equating to 21-321/s).
Measurements of CO, concentrations (released
from a mechanical source) did not provide any
cause for concern and settled at circa 1000 ppm
in the living room and 600 ppm in bedrooms.

The test protocol had, however, several sig-
nificant confounding variables that ignored ‘real
life’ conditions. The tests were undertaken with
all internal doors wedged open, creating one
unified internal air mass of 192m>. Such a test
method does not produce a realistic scenario,
given that, in practice, occupants will tend to
keep internal doors closed for reasons of priv-
acy, noise transmission (particularly in bed-
rooms), thermal comfort and in flatted
accommodation will be required to do so for
fire safety. Furthermore, the release of CO,
from a central point does not reflect concentra-
tions and intensity of occupation. All trickle
vents were open and there was no occlusion of
the vents by blinds or curtains. External wind
speeds during the test regime were above aver-
age (5m/s) and would create both positive and
negative pressures on the elevations, driving
cross and displacement air movement in the uni-
fied volume. The test protocol did not examine
air quality in discrete room volumes where occu-
pants will spend the majority of their time. The
task was therefore to identify a ‘tightly’ con-
structed test house where air quality under
‘real life’ conditions could be measured.

Method

A recently completed ‘Passive House’ in
Pittenweem, Fife (Kingdom Housing Associa-
tion) shown in Figure 1, was selected and air
pressure tests (Figure 2) produced a figure of
1.18 m*/m?/h@50Pa. The ‘tightness’ of this
dwelling was then reverse engineered by fitting
tarpaulins to the living and bedroom windows
(fixed open) with standard trickle vents incorpo-
rated (Figures 3 and 4).

The living room and double bedroom were
repeatedly pressure tested with the mechanical
heat recovery ventilation (MHRYV) system out-
lets/inlets sealed and disconnected from the
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Figure |. Front elevation of the ‘Passivehouse’ in
Pittenween.

Figure 2. Tarpaulin fitted to the patio doors in the
living room.

power supply. By progressively increasing the
opening area of an additional vent in the tarpau-
lin, the target air leakage/infiltration rate of
S5m’/m*h@50Pa was achieved. The rooms
were then re-occupied and a Graywolf CO,
monitor placed at seated head height (Figure
S) and programmed to take readings every
60s. The living room was a combined kitchen/
diner with a floor area of 31 m? and a volume of
75m>. The bedroom had a floor area of 15m?
and a total volume of 44 m>. Four data sets were
collected over two 24-h occupied periods.

Figure 3. Tarpaulin fitted to the bedroom window.

Figure 4. Tarpaulin fitted to the bedroom window.
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Figure 5. GrayWolf ‘Wolfsense’ CO, monitoring
device.

The initial set measured CO,, temperature and
humidity, with the MHRYV system disabled
throughout the dwelling, between 1800 and
2200 h in the living room and 2300 and 0700 h
in the master bedroom. The second two data sets
measured the same parameters with the MHRV
system re-activated.

Results
Discussion

When the living room door is closed and the
room occupied by two adults and three children,
CO;, levels climbed at a rate of 514 ppm/h, peak-
ing at just over 2600 ppm. At this time, the chil-
dren started retiring to bed with CO,
concentrations falling slightly and then levelling
off at circa 2300 ppm. Readings in the bedroom
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Graph 1. Living room MHRV disabled.
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started at a higher level, possibly due to residual
CO, from the afternoons occupancy required to
fine tune the air infiltration rate, or CO, diffusing
from the living room. Two adults were, however,
able to maintain a level of 2200 ppm for the 8-h
overnight  sleeping period, well above
Pettenkopfer’s'® recognised 1000 ppm threshold.
It is also important to note that the room vol-
umes in this dwelling are significantly greater
than those found in contemporary ‘affordable’
housing where living room volumes are typically
circa 30 m® and bedrooms 28 m® (as per Housing
For Varying Needs'' typical layout recommen-
dations assuming 2.4 m floor-to-ceiling height).
Under similar occupancy loads, concentrations
in smaller volumes are thus likely to be much
higher (2.5 times in living rooms and 1.57 in bed-
rooms). With the MHRYV system re-activated,
CO,, levels fell within a range of 910— 280 ppm.

Contemporaneous research

As part of a major post-occupancy evaluation
study (POE) funded by the Technology
Strategy Board (TSB), the Mackintosh
Environmental Architecture Research Unit is
monitoring a range of new-build houses
(n=20) in five geographical locations. All dwell-
ings are naturally ventilated and represent a
range of construction types. Air tightness of
these dwellings was measured in the range of
2.88-6.07 with an average of 4.66m’/m?/
h@50Pa (see Table 1). CO, levels in living
rooms and bedrooms have now been monitored
for over five months. Bedrooms are of particular
interest as they tend to have consistent condi-
tions in terms of occupancy, ventilation regime
and occupant interaction, with fewer confound-
ing variables.
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Graph 2. Bedroom MHRY disabled.
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Seasonality

This data is taken from a week in March and
shows a consistent pattern for CO, with levels,
in the majority of bedrooms, rising well above
1000 ppm during occupied hours. Of particular
note are the observations during summer in case
study 2 — that has now been monitored for 10
months — where the same pattern exists with
little seasonal change, suggesting that bedroom
ventilation regimes are habitual rather than
adaptive.

Discussion of case studies

Longitudinal observation of CO, levels has indi-
cated that these are reaching consistently high
levels in bedrooms at night. In some cases, IAQ
is less problematic due either to reduced occu-
pancy or more frequent window opening habits.
Where windows were kept closed (n=12) CO,
levels were noticeably higher, with an occupied
mean peak of 2317 ppm and an occupied time
weighted average of 1834 ppm measured between
11 pm and 7 am (range 480 — 4800 ppm). All bed-
rooms are characterised by a rapid increase in
CO, on first occupancy then a levelling out, pre-
sumably due to the background ventilation char-
acteristics. Window opening in monitored rooms
was recorded using contact sensors. As yet there
is limited information available on occupant
behaviour such as internal door opening and
use or occlusion of controllable trickle vents.
Closing bedroom doors is an entirely rational
and predictable behaviour, and where this
occurs, trickle vents on one window elevation
are opening into what is effectively, a ‘dead-end.’

Health impacts

In 1991, the House of Commons Select
Committee'? established to investigate indoor
air pollution, concluded

Overall there appears to be a worryingly large
number of health problems connected with indoor
pollution which affect a large number of people.

Carbon dioxide is normally found in ‘bad
company’. At the outset of the 20th century

there were approximately 50 materials used to
construct buildings. By the end of the century,
Raw'® claimed that this list had grown to
around 55,000, with half of them being syn-
thetic. Compounds found in indoor air may
have off-gassed from the building materials, fur-
nishings and fittings, internal processes, cleaning
products, with somewhat ironically even air
fresheners are implicated in IAQ toxicity. The
most common gases found in the indoor envir-
onment are carbon dioxide/monoxide, nitrogen
and sulphur dioxide, volatile organic com-
pounds, radon, formaldehyde and ozone. The
most common suspended particulate matter are
asbestos fibres, fibrous particulates (fibreglass or
rockwool), bacteria and fungi, tobacco smoke,
house dust mite (HDM) allergens, pollen and
dust."*'> Changes in lifestyle such as indoor
clothes drying are in part driven by changes in
design and high levels of indoor humidity can
have a major impact in terms of stimulating
the growth of bacteria, mould fungal spores
and HDM allergen generation.'®

Asthma

In all, 80% of children with asthma are skin-
prick sensitive to HDM allergens.'” Low venti-
lation rates can produce high relative humidity.
HDMs thrive in high humidity'® and their aller-
gens cause asthma.'” Asthma prevalence in
Britain has risen six-fold in 30 years.>® There is
now a compelling body of evidence that under-
pins the hypothesis that our dwellings are the
single most important independent variable
driving the current asthma pandemic.
Maintaining internal RH below 60% will inhibit
HDM colonisation and proliferation. Two
recent studies have shown that it is possible to
achieve this by retro-fitting intelligent ventila-
tion strategies.”!"*?

Performance gap

Research have shown that there is a substantial
performance gap emerging between the design
intentions and measured performance of both
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new and refurbished buildings in the UK, with
some sectors producing more than twice their
predicted carbon emissions.”> In the domestic
environment, energy and water use can vary by
a factor of 3-14.*2° The above case studies
support similar outcomes when applied to ven-
tilation rates.

Conclusions

The observed data from ‘real life’ conditions,
where dwellings have been built to the pre-
scribed standards for air tightness (5m’/m?/
h@50Pa) with trickle ventilation as the sole
‘planned’ ventilation strategy, produced CO,
levels indicative of poor IAQ. When considered
as a discrete volume, an occupied apartment will
require a substantially greater ventilation rate
than can be provided solely by trickle ventilators
with a free vent area of 11,000 mm?”. In most
dwellings, air infiltration through these vents
will be occluded by curtains or blinds and in
many cases where vents incorporate controllable
flaps, they will remain habitually closed. Whilst
it may be argued that elements such as occu-
pants closing vents or occlusion by curtains is
out with the remit of statutory regulations,
these are nevertheless predictable behaviours
which should be taken into account, in the
same way that ‘safety factors’ are applied in
structural regulations to account for accidental
overloading.

In the case studies, 60% of households did
not open windows during the heating season.
Were this to be consistent across the UK popu-
lation as a whole, the majority of households
residing in non-mechanically ventilated homes
are relying solely on trickle ventilation and
fabric air infiltration as the effective ‘fail safe’
ventilation regime. Such trickle ventilation has
additional difficulties relating to user inter-
action. Where vents are adjustable they may
remain closed year round, for a variety of rea-
sons (draughts, noise or inaccessibility). Where
non-adjustable vents are provided, it is common
to find that they have been blocked in order to
prevent heat loss or reduce the impact of

external noise pollution, particularly where
dwellings are situated close to traffic.
Furthermore, occupants cannot interact with
such controls when they are asleep. When con-
sidered as a discrete volume, a living room with
five occupants will require close to 40 1/s to enter
through an area of 12,000 mm?. This in turn will
require an air speed of 3.3m/s, equivalent to a
pressure differential of close to 18 Pa. Where
rooms have a window vent in only one elevation,
cross-ventilation will not occur. Without a
potential exhaust, it is difficult to conceive how
an opening area of 12,000 mm? could provide
anything close to ‘healthy’ ventilation rates.

It appears from these case studies that dwell-
ings built to the new prescribed air tightness
standard — that rely solely on trickle ventilators
for background ventilation — do not appear to
satisfy the requirement of Technical Standard
3.14 that states:

Ventilation should have the capacity to:

e provide outside air to maintain TAQ sufficient
for human respiration;

e remove excess water vapour from areas where
it is produced in sufficient quantities in order
to reduce the likelihood of creating condi-
tions that support the germination and
growth of mould, harmful bacteria, patho-
gens and allergies;

e remove pollutants that are a hazard to health
from areas where they are produced in signifi-
cant quantities.

Reducing ventilation rates to improve energy
efficiency and lower carbon emissions without
providing a planned and effective ventilation
strategy is likely to result in a more toxic and
hazardous indoor environment, with concurrent
and significant negative long-term and insidious
impacts on public health.

Recommendations

Technical Standard 3.14 (Scottish Regs.) should
be rigorously enforced with designers and house
builders required to demonstrate a planned
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ventilation strategy that maintains ‘healthy’
TAQ (below 1000 ppm) in all occupied rooms.

To assist with this the recommendations of
the Sullivan Report?’ calling for post occupancy
evaluation of dwellings should be implemented.
Further building performance evaluation (BPE)
of completed buildings is required to establish a
clearer picture of actual performance and to
provide an epidemiological evidence base for
changes in legislation and ventilation design
for occupant health.

Reliance on trickle ventilators to provide back-
ground ventilation in airtight buildings should be
reconsidered, with a greater emphasis placed on
the planning and prediction of overall house ven-
tilation strategies, taking into account, either
solely or in combination, cross, stack, permanent,
displacement and mechanical ventilation.

The Building Regulations that underpin any
applied ventilation strategy require to be based
on a more robust house model that views occu-
pied rooms as discrete volumes. This will allow
for a better understanding of the actual free vent
area and distribution required particularly
where a room has no facility for cross ventila-
tion. It should also account for room volume,
ergonomic occupant control and external influ-
ences on operation.

Legislation is required to specify minimum
‘safe’ levels for indoor air pollutants in the
domestic environment. Many countries are
developing such standards and several have
now brought forward legislation. Although any
study that attempts to incorporate the synergis-
tic, additive or antagonistic chemical and bio-
logical reactions that may occur in the indoor
environment would have to address an unman-
ageable number of variables, such complexity
should not provide an excuse for doing nothing
in terms of research, guidance and the develop-
ment of legally binding standards in respect to
individual compounds. These ‘proxy’ com-
pounds can be used indicatively as measures of
TAQ and should be included in performance
standards and monitored post completion.

Monitoring or control of actual performance
for immediate feedback to occupants or

mechanical systems could be achieved by using
CO, or humidity sensors. This could include a
CO; monitor installed in the living room (pos-
sibly on a standard traffic light warning system)
to alert occupants when CO, levels exceed
1000 ppm (amber) and 2000 ppm (red). Such an
alert may stimulate occupants to open a window
for even a short period of time and allow CO,
levels to partially equalise with ambient air.

Further work is needed to establish more pre-
cise relationships between room volume, likely
levels of occupancy and ventilation require-
ments. Although appearing intuitive, assump-
tions that a smaller openable area is suitable
for smaller rooms is not actually the case. An
occupied small volume will more rapidly reach
unacceptable levels of carbon dioxide and there-
fore will require a larger vent.

Summary

The above data sets confirm that small, ‘tight’
modern dwellings are highly likely to present
with exceptionally poor TAQ that will, in turn,
have an increasingly negative impact on occu-
pant health. At present IAQ is being prejudiced
by the drive to reduce carbon emissions.
Although a worthy aim, public health should
not be compromised in the name of ‘energy effi-
ciency.” Making dwellings tighter without insist-
ing on a robust ‘planned’ ventilation strategy
will produce further deleterious effects. The
methodology underpinning the current regula-
tions cannot be considered as creditable.

While the complexity around numerical mod-
eling often leads to conclusions based upon sim-
plistic and unrealistic assumptions around all
doors in a dwelling being open and trickle ven-
tilators being unobstructed, this paper demon-
strates that in ‘real life’ situations, this is not
the case and could lead to significant risks of
under ventilation. This is particularly the case
when standards and guidance are based upon
theoretically modeled scenarios that are not rep-
resentative of real life operation. The conse-
quences of this are important in terms of the
likely negative impacts on occupant health.
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