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Abstract

A two year intervention study investigated the relationship between domestic heaters
and indoor environment of children with asthma. The main objectives of this project
were to investigate the changes to the measured indoor environmental parameters, when
a higher capacity non indoor polluting replacement heater was installed and to examine
if this intervention was sufficient to provide the households with a healthy indoor

environment.

Baseline monitoring was carried out in the living rooms and child’s bedrooms of 33
homes including the real time measurement of four gaseous key pollutants, room
temperature, relative humidity (RH) and usage of the original heater (unflued gas heater
(UGH) or portable electric heater) for up to one week. Airborne fungi level and fungi
level from the floor dust were measured and a visual inspection of fungi was
undertaken. The suitability of the wall environment for fungi development was
estimated via a fungal detector and correlated to wall psychrometric conditions
(temperature, RH). The different fungi assessment methods were compared. The
measurements were repeated in 36 homes, following the replacement of the UGH or
portable electric heater with a higher capacity non indoor polluting heater such as flued
gas heater, wood pellet burner or heat pump in the intervention homes. Of these homes,

27 were monitored for both winters.

Excessive levels of pollutants were found when the UGH was operated, even for short
periods. Acceptable air quality levels were achieved for all replacement heater homes.
The study showed that the replacement heaters were operated for longer periods than
the heaters they replaced. The homes with the replacement heaters installed were
warmer and dryer and had less mould than the homes with UGHs. The replacement
heater also had a positive impact on the wall psychrometric conditions with reduced

water availability for mould to grow.

Replacing the UGH with a higher capacity non indoor air polluting heater reduced the
asthmatic children’s exposure to harmful indoor environment. Unvented gas heating

appliances should be more regulated and ideally should not be operated in homes.
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CHAPTER 1 — Introduction

I INTRODUCTION

On the 10™ December 1948, New Zealand (NZ) adopted the United Nation’s Universal
Declaration of Human Rights which Article 25 states: “Everyone has the right to a
standard of living adequate for the health and well-being of himself and of his family,
including food, clothing, housing and medical care and necessary social
services....”(UN. General Assembly 1948). In addition, the NZ Human Rights
Commission considers housing as “a primary determinant of an adequate standard of
living” where dampness and coldness are regarded as keys issues to solve (Human

Rights Commission 2004).

In developed countries, people spend around 80% of their time inside buildings (Baker
et al. 2007). Some vulnerable groups like the elderly, young persons and the chronically
ill may spend nearly all their time inside (Howden-Chapman et al. 1999). However, the
indoor environment, which is considered as a “safe place”, could represent a more
harmful environment than the outdoor environment. In fact, there is about a one
thousand times greater chance that a pollutant released in the indoor environment will
reach a person’s lung than the same pollutant released in the outdoor zone (WHO 2000).
This “rule of one thousand” was an estimate to highlight the risks of indoor pollutant
exposure, as pollutant transfer is a complex issue to address and calculate accurately
(Zhang and Smith 2003). In a non-healthy building, occupants may experience troubles
like allergenic reactions such as coughing, wheezing, sneezing, etc in response to
exposure to allergenic material such as mould, pollen, dust mite, etc poisoning reaction
such as headache, lethargy, convulsion, etc, in response to chemical exposure, for
example, carbon monoxide, nitrogen dioxide, formaldehyde, etc or just a general
discomfort due to a low temperature and/or a high humidity, or a combination of the

above.

There is no universal definition for “healthy environment” (Ranson 1988). However, a
“healthy environment” will have basic requirements for occupants such as a temperature
profile within the World Health Organisation recommended temperature range (WHO
2000), a relative humidity level (Bayer 2000, Sterling et al. 1985) which will not favour
the bio-contaminants growth (bacteria, mould), an exposure to chemicals below the

recommended levels (EPA 2011, Health Canada 2011, NEPC 2009, WHO 2006). This
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“healthy environment” could be affected by complex interactions between the building
itself (envelope, insulation, glazing, etc), the occupants’ activities which can generate
pollutants (heating, cooking, smoking, painting, etc) and the surrounding outdoor
environment such as temperature, moisture, potential pollutant sources, etc (Isaacs

1998).

Compared to other developed countries, NZ has a high rate of respiratory diseases, in

particular about 20% of children and adults have asthma (Holt and Beasley 2002).

Different heating options and heating behaviours will lead to different home
environments in term of comfort (temperature and relative humidity level) and
household’s exposure to pollutants and mould and thus, a deterioration of the home

environment could lead to adverse health effects.

A randomised community intervention trial, called the Housing, Heating and Health
(HHH) study, led by the University of Otago, Wellington School of Medicine and
Health Sciences, and with collaboration from the University of Auckland, Massey
University, Victoria University of Wellington and Building Research Association of
New Zealand (BRANZ), was carried out in five NZ communities: the Hutt Valley,
Porirua, Christchurch, Dunedin and Bluff. The HHH study aimed to assess the changes
in the temperature and nitrogen dioxide level (diffusive sampler), and to investigate the
health improvement of 409 asthmatic children and their families, when a low capacity
heater like a portable electric heater or an unflued gas heater (UGH), was replaced with
a higher capacity heater like an inverter heat pump, a flued gas heater or a wood pellet

burner.

The PhD project, called Intensive Environmental Monitoring (IEM) project, was nested
within the HHH study. The houses selected for the IEM project were all located in the
Hutt Valley. Where the HHH study was monitoring temperature, nitrogen dioxide level,
primary health outcomes (changes in lung function) and secondary health outcomes
(questionnaire), the IEM project undertook monitoring of four chemical pollutants

(carbon dioxide, carbon monoxide, nitrogen dioxide, formaldehyde) using real time
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monitoring, temperature, relative humidity and mould in the living room and in the

asthmatic child’s bedroom of a sub-sample of the HHH study houses.

The IEM project aimed to assess the changes in these parameters when a low capacity
heater (UGH or portable electric heater) was replaced with a higher capacity heater, and
to compare the occupants’ exposure with the World Health Organisation or other

authoritative guidelines.



CHAPTER 2 — Review of the Literature

2 REVIEW OF THE LITERATURE

The following review of the literature provides some background information on NZ
climate and ambient air condition (temperature, relative humidity, pollutants) during a
typical winter period. It discusses the typical characteristics of NZ housing (building
typology, insulation and glazing level, etc) which influence the indoor air quality. Then,
the typical NZ heating options are covered including the energy use for space heating,
the households heating behaviours and their impacts of these choices and behaviours on
the home environment in terms of temperature, moisture level, chemical pollutants
(carbon dioxide, carbon monoxide, formaldehyde and nitrogen dioxide) and biological

contaminants (mould).

2.1 New Zealand climate and ambient air insights

New Zealand is stretched between the latitudes 34°S and 47°S. The closer to the
subtropical zone (northern part of the North Island) the warmer the climate will be and
conversely the closer to the sub Antarctica zone (southern part of the South Island) the

colder the climate will be.

The Hutt Valley area, which is the site of this IEM fieldwork, is located close to
Wellington (capital city) at latitude 41°S in a semi coastal area. The winter season is
classified as June to August. Ambient temperature and relative humidity averages for
the Hutt Valley area, from year 2002 to year 2006, are given in Table 2.1. These data
were kindly provided by the Greater Wellington Regional Council. Table 2.1 shows that
Hutt Valley experiences a very mild winter with an average winter temperature of

10.3°C.

Table 2.1: Daily minimum, mean, maximum temperature and relative humidity in June, July and
August at the Birch Lane weather station (Hutt Valley) for the averaged 2002-2006 period.

Temperature (°C) / June July August
Relative humidity (%)
Min (mean daily) 6.1 °C/91.9% 5.6°C/91.7% 5.5°C/90.6%
Mean daily 11.1°C/75.2% 9.7°C/78.1% 10.2°C/76.0%
Max (mean daily) 16.1 °C/50.2% 15.8°C/58.7% 14.4 °C / 50.0%
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The Greater Wellington Regional Council also monitors the ambient nitrogen dioxide
(NO,) level and carbon monoxide (CO) level at the Birch Lane station (Hutt Valley).
Figure 2.1 shows the averaged hourly level of NO, and CO from the 20™ of June to the
14" of August 2006 (time period of the second year of monitoring). Figure 2.1 shows
two daily peaks for NO; and CO (8 am -11 am and 5 pm -8 pm) which are probably
correlated to the traffic peaks as NO, and CO have origin from fuel combustion from
transportation. Figure 2.1 shows a maximum ambient level for NO; and CO eight times
and 40 times respectively lower than the World Health Organisation (WHO) one hour

recommended maximum exposure values (WHO 2006).
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Figure 2.1: Ambient nitrogen dioxide and carbon monoxide hourly average at the Birch Lane
station (Hutt Valley) from the 20™ of June 2006 to the 14™ of August 2006.

2.2 New Zealand housing

2.2.1 Housing typology

Since 1840, when Europeans colonised NZ, buildings have changed from the rustic
weather-board villas which were the first permanent dwellings, to the current modern
house. In general, NZ homes lack air tightness, insulation and heating. The architects
and house designers designed different styles of predominantly timber frame buildings,
mainly inspired from Europe, like the Victorian and Edwardian villa style (1880-1920)
and the Art Deco Style (1925-1935). The Californian inspired NZ bungalow was
popular in 1920-1940. The predominant house constructions from early colonisation to

1960’s were stand-alone, timber framed, and timber weather board with timber joinery,
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and as such they are not very airtight. Raised timber floors with strip flooring were most
common. Sheet flooring or concrete slab on grade became more common from the
1970’s, which together with the emergence of aluminium joinery, brought about a
decrease in the air infiltration rate. The houses from the 80’s are similar to those from
the 70’s. Insulation became mandatory in 1978, albeit at low levels. The house typology
is different from the beginning of the 90’s with a emergence of some steel-framed,
monolithic cladding and brick, and houses built in the last decade being better insulated
and more airtight (McNeil et al. 2011, Ryan et al. 2008). Table 2.2 shows the baseline
whole house infiltration rate according to the house type (adapted from Bassett (2001)).

Table 2.2: Baseline whole house infiltration rates according to the house type and classification
(adapted from Bassett (2001)).

Base level infiltration
House type Air changes per hour | Classification
(ACH)
Post 1960 houses with a simple
rectangular single story floor plan of less _
than 120 m” and airtight joinery (windows 0.3 Alrtight house
with airtight seals).
qut 1.96'0 hqusps of larger simple designs 0.5 Average house
with airtight joinery.
Post 1960 houses of more complex
building shapes and with unsealed 0.7 Leaky house
windows.
All pre 1960’s houses with strip flooring Draughty
. . 0.9

and timber windows. house

NZ houses are on average bigger than other OECD country member houses (Ministry
for the Environment 2005). More than 70% of NZ houses have at least three bedrooms,
and over three quarters of the NZ houses are stand-alone single storey (Statistics New
Zealand 2006). That New Zealanders typically construct large, single storey detached,

low density housing is a reflection of the low population density.

2.2.2 Housing stock

Figure 2.2 gives an estimate of the NZ population from 1880 to March 2006, which was
the date of the last census, and also the number of homes constructed per decade for
each decade starting with the first year of each period (Page and Fung 2008, Statistics
New Zealand 2006).



CHAPTER 2 — Review of the Literature

65% of the house stock 35% of the house stock
<+ » ¢—>
300,000 - 4,000,000
279,000 1 R
262,000 u
— L "' T+ 3,500,000
250,000 S e
¥ 200000 43,000,000
194,000 "’ m 189,000
200,000 -

— ’

’ - 2,500,000

150,000 2,000,000

- 1,500,000

100,000

Number of dwelling per decade
Population estimate per decade

| |
. . - 1,000,000
_#°756,000 .
50,000 v .
o 27,000 . - 500,000
[ |
600 1,500 3>900|_| .
0 T T = T | 0

Pre 1880 1890 1900 1910 1920 1930 1940 1950 1960 1970 1980 1990 2000
1880

Decade beginning

Figure 2.2: Age of the current housing stock and population estimate as at March 2006 (Statistics
New Zealand 2006; Page and Fung 2008).

In 120 years, the population has multiplied by ten with a current estimate (July 2012) of
4.44 million inhabitants. The NZ population increased by 13% for the period 1996-2006
(Statistics New Zealand 2008).

The total number of dwellings of March 2006 was estimated to 1.6 million (Page and
Fung 2008). This dwelling stock is an estimate based on the 2006 Census, integrating
the construction rate and deducting the number of dwellings which were not completed
and the number of dwellings which have been demolished. It has been very difficult to

get accurate data on demolished houses (Amitrano et al. 2006).

Figure 2.2 shows that the building construction area was very active from the end of
World War II to late 70’s. It can be seen in Figure 2.2, that two-thirds of the current
housing stock was built before insulation became mandatory in 1978 (vertical dashed
line on Figure 2.2) (Amitrano et al. 2006). Moreover, Bates and Kane (2006) estimated
that 70% of the projected 2030 housing stock had already been built by 2006.
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2.2.3 Insulation deficiency and single glazing

The current thermal performance regulations for NZ are found in the New Zealand
Building Code (NZBC) and in its application Compliance Document for NZBC Clause
HI. This compliance document, from June 2008, superseded the New Zealand Standard
(NZS) 4218:2004: Energy Efficiency — Small Building Envelope. NZS 4218:2004 was
revised in 2009 (NZS 4218:2009: Thermal insulation — Housing and small buildings) to
align NZS 4218 with the NZBC clause H1 third edition (energy efficiency). Figure 2.3
presents the different levels of regulation for energy performance relating to buildings
smaller than 300 m’. The NZBC is the master document which sets the energy
performance and there are two ways to comply with it. The traditional way which
follow the Compliance Document, and the Alternative Solution where the designer
needs to provide evidence of compliance to the NZBC. The NZS 4218:2009 is not
currently recognised by the NZBC clause H1. It cannot be considered as an acceptable

solution, but could be used as an alternative solution (Camilleri et al. 2009).

Ensure buildings are safe, healthy and sustainable.
Note: The Building Regulations 1992 and amendments are treated as if

Building they were regulations made under the Building Act 2004.

Act 2004
Set the performance standards for buildings.

Note: The majority of the 1992 Regulations were revoked on 31
March 2005 by the Building Regulations 2004 except the Building
Code.

Building Code
Clause H1
Energy Efficiency

Alternative Compliance
Solution Document Provide means of complying with the clause H1 of
e Appraisal method e Verification the Building Code.
methods
e Provide evidence (Calculation or test)
to establish
compliance e Acceptable Solutions
(step by step the
building methods)

Standards Standards
NZS 4218:2009 NZS 4214:2006

NZS 4218:2004
NZS 4305:1996
AS/NZS 4859: Par1:2002

NZS 4214: 2006 Methods of determining the total thermal resistance of parts of buildings

NZS 4218: 2004 Energy efficiency-housing and small building envelope

NZS 4218:2009: Thermal insulation — Housing and small buildings

NZS 4305:1996 Energy efficiency- domestic type hot water systems

AS/NZS 4859-Partl: 2002 Materials for the thermal insulation of buildings. General criteria and technical
provisions

Figure 2.3: Energy efficiency regulations for small buildings (adapted from Department of Building
and Housing (2007¢)).
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New Zealand is divided into three climatic zones for the purposes of insulation
requirements. Climate Zone 1 consists of the northern part of the North Island, Climate
Zone 2 is the southern part of the North Island and Climate Zone 3 is the South Island
and the elevated central plateau, located in the central North Island. Table 2.3 shows the
current zonal thermal resistance (R-value) requirement (roof, wall, floor, and glazing)
for a house of non solid construction (light timber/metal frame, brick veneer) and a

house of solid construction (masonry concrete or earth wall construction).

Table 2.3: Minimum thermal resistance requirements for non- solid construction house and solid
construction house (excluding solid timber) (adapted from Department of Building and Housing
(2007b)).

Zone 1 Zone 2 Zone 3

Thermal Non-solid Solid Non-solid Solid Non-solid Solid
Resistance | construction | construction | construction | construction construction construction
R-Value house house house house house house
(m’K/W) (excluding (excluding (excluding

solid timber) solid timber) solid timber)
Roof 2.9 35 2.9 3.5 33 35
Wall 1.9 0.8 1.9 1.0 2.0 1.2
Floor 1.3 1.5 1.3 1.5 1.3 1.5
Glazing 0.26 0.26 0.26 0.26 0.26 0.26

The 2005 New Zealand House Condition Survey (Clark et al. 2005) showed that North
Island houses seldom have double glazing (less than 3% of the investigated houses). In
South Island around 13% of the investigated houses had some double glazing installed.
However, the survey did not mention if all the windows were windows with double
glazing or some or only the south facing windows. The trend was for double glazing to
be more common at southern latitudes (Clark et al. 2005). In terms of glazing, the
thermal resistance requirements (R-value > 0.26 m’K/W) made insulated glass units or
low emissivity single glazing mandatory for all three zones (Department of Building

and Housing 2007¢).

The 2005 House Condition Survey also reported that around 70 % of the 565 inspected
houses had roof insulation but only 10% met the 2004 insulation requirements, mainly
due to an inadequate insulation thickness (Clark et al. 2005). The authors found that
56% and 70% of the inspected houses did not have any wall insulation and under floor
insulation for houses with raised floors respectively, and only two-thirds of the houses

built after 1978 met the 2004 thermal resistance requirements.
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Figure 2.4 compares the estimated thermal resistance (R-value) installed in 14 European
countries and in NZ. These data were retrieved from the 2004 European insulation
thickness survey database (Eurima 2004) and from the 2005 New Zealand House
Condition Survey (Clark et al. 2005). Estimates of the R-values for the European
countries, were calculated using the measured fieldwork of insulation thickness and an
average thermal conductivity (A = 0.040 W/mK). Estimates of the R-values for NZ were
calculated using the 2005 New Zealand house condition survey data (Clark et al. 2005).
The European Survey was carried out in houses built in 2004 whereas the NZ survey

was a sample of the 2005 NZ housing stock.
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Figure 2.4: Estimated thermal resistance (R-value) in 14 European countries (Eurima 2004) and the
2005 New Zealand house condition survey (Clark, Jones et al. 2005).

Figure 2.4 showed that the insulation levels were higher in most European countries
than in NZ. For the last 40 years, in Europe, home owners were installing insulation
above the code requirements and this has led to an improvement in comfort levels,
whereas in NZ, there was no significant progression as home owners have been

insulating homes to the minimum code requirements (Isaacs 1998).

10
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Figure 2.5 compares the thermal resistance requirement from nine European cities, and
two NZ cities (Auckland and Dunedin). These data were compiled in 2007, from
national and regional building regulations (Eurima 2004) and from Table 2.3 (solid
construction house). These European cities were chosen as they are located in similar
Heating Degree Day (HDD) zones as the two NZ cities (Benestad 2008, Lloyd et al.
2008). The HDD is given on Figure 2.5 under each city name. The HHD is calculated as
the sum of the differences from 18°C to the daily averaged outside temperature (T) over

a year period ( HDD = X(18 — T) with T < 18).
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Figure 2.5: Thermal resistance requirement for 9 European cities and two New Zealand cities.
Centres are labelled with their Degree Day Value.

Figure 2.5 shows that the floor and roof insulation requirements for Auckland (NZ
Climate Zone 1) are higher than those for Valencia and Barcelona. However, the wall
insulation code requirement for Auckland is lower than those for Valencia and
Barcelona. Dunedin (NZ Climate Zone 3), which is in a similar HDD zone as Nantes
(France), Milan (Italy) and Paris (France), shows lower insulation requirements for floor
and wall. Roof insulation requirements in Dunedin are higher than Milan but lower than

the two French cities, Nantes and Paris.

11
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2.2.4 Insulation brings indoor benefits

Prior to the introduction of the 1978 insulation regulations, a NZ study reported no
significant temperature difference between insulated homes and uninsulated homes in
the kitchens, lounges and bedrooms (Department of Statistics 1976). However, the 200
home sample was not balanced with insulated homes mostly located in the colder
climate of the South Island. The Household Energy End-use Project (HEEP) monitored
397 houses and found that homes constructed post 1978 were on average 1°C warmer
than the pre 1978 houses (18.6°C vs. 17.6°C) in the living rooms during the evening
period with no difference in space heating energy use between both groups. As more pre
1978 houses were located in colder climate, the authors suggested that the temperature
difference might be overestimated (Isaacs et al. 2010). Another NZ study showed that
after an insulation upgrade brought uninsulated homes up to the current thermal
requirements for ceilings and subfloors, the 679 retrofitted houses were on average
0.5°C warmer than the 671 non-retrofitted houses (Howden-Chapman et al. 2007). The
same authors reported a 2.3% relative humidity decrease in the upgraded houses. This
study also showed that the temperatures were below 10°C for an hour less per day in
insulated houses with corresponding improvements in daily exposure to high relative
humidities. Another NZ study showed a 1.4°C increase in the indoor temperature
compared to the outdoor temperature, a 7% decrease in the relative humidity and a
reduction of 300 kWh in the winter heating energy use following an insulation upgrade
(Cunningham et al. 2001). In Dunedin (South Island, NZ), 100 state houses were
insulated to the current code for thermal performance, and the authors reported a 0.6°C
temperature increase and a 6% relative humidity decrease following the insulation
upgrade. Lloyd et al. (2008) concluded that once ceiling and under floor insulation was
completed, non insulated walls and single glazing still represent 60% of the fabric losses

and will be more technically challenging and more costly to upgrade.

These above studies showed that insulation in houses brings benefits in increasing
indoor temperatures and decreasing indoor relative humidity. The relative humidity
decrease is probably related to the temperature increase rather than a change in the
water vapour pressure. Poorly insulated houses require a higher level of purchased
energy, than a well insulated house, in order to reach the same indoor temperature.
Easton et al. (2007) observed that households expect short paybacks when they

investigate spending money to improve their house such as upgrading the insulation

12
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whereas when they spend ten times the price of the insulation on a car or a boat, they
usually do not think about return on investment. Recently, a joint venture between
Energy Efficiency and Conversation Authority (EECA), Building Research Association
of New Zealand (BRANZ), Beacon Pathway and the Department of Building and
Housing have developed a comprehensive home rating system (Homestar ') which
gives an energy efficiency rating (star rating) for homes. This rating system, supported
by industry partners, is currently a voluntary scheme and, to date, there are no
requirements for mandatory disclosure of an energy rating, as it is the case in UK and

other OECD countries where Energy Performance Certificates are required on sale of a

property.

2.3 Energy use for space heating, heating options and heating
behaviours

2.3.1 Energy used for space heating.

Figure 2.6 shows the self reported proportion of fuel type which was used for space
heating, in private dwellings, during the 1996, 2001 and 2006 censuses (Statistics New
Zealand 2006). Table 2.4 presents the 2006 heating fuel census data broken down for
the North Island and the South Island. For all three censuses, electricity was the highest
energy source use for space heating (Figure 2.6) and was uniformly used, in 2006, in
North Island and South Island (Table 2.4). The second highest energy source used was
wood for around 45% of the household and then bottled gas came third around 25% of
the households (Figure 2.6).

Excluding mains supplied gas and coal, the proportions of electricity, bottled gas, wood
and solar power use were similar for both islands in 2006 (Table 2.4). In NZ, the gas
fields are located on the west coast of the North Island and reticulated gas is available in
most of the North Island cities. The main coal mines are located in the west coast
region of the South Island and coal is more abundant and readily accepted fuel in the
South Island (Ministry of Economic Development 2011). Solar power is still a marginal
energy source in both islands despite good solar access in many parts of NZ and
examples of passive solar houses performing well. The households, who were not using
any form of purchased energy for heating, were mainly located in the North Island, and

probably in the northern part where the climate was warmer (Table 2.4).

13
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Figure 2.6: Percentage of fuel types used for space heating, in private occupied dwellings, from the
1996, 2001 and 2006 censuses. Multiple fuel types were reported which gave a total above 100%
(Statistics New Zealand 2006).

Table 2.4: Percentage of fuel type used for space heating, in North Island and South Island private
dwellings, in 2006. Multiple fuel types were reported which gave a total above 100% (Statistics New
Zealand 2006).

Type of fuel used in 2006 Use in North Island (%) Used in South Island (%)
Electricity mains supply 62.6 72.8
Main Gas 17.3 0.7
Bottled Gas 294 24.7
Wood 43.5 56.3
Coal 34 21.3
Solar power 1.0 1.3
No fuel used 2.2 0.9

2.3.2 Heating options and energy price in New Zealand

2.3.2.1 Heating options

2.3.2.1.1 Electric heaters

Two NZ studies (Department of Statistics 1976, Isaacs et al. 2010) found that of the
total energy use for space heating in NZ homes, the proportion of electricity was 15% in
1971/1972 and 12% in 1999/2005; the proportion was stable over the thirty years.
Electric heaters are generally either portable (oil column electric heater, electrical
resistance heater or electric fan) or wall mounted (convector panel) and with a low

nominal heat output up to 2.4 kW (Strategic Energy and Energy Consult 2005).
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2.3.2.1.2 Wood burners

Wood burners are flued heaters which, when installed and operated in the proper way,
generate no indoor air pollution. The heat output will depend of the quantity of wood
consumed, the net calorific value of the wood and the efficiency of the wood burner.
Modern enclosed wood burners have between 10 kW to 20 kW nominal power input.
The HEEP study reports that two-thirds of the 151 monitored enclosed wood burners
released less than 6 kW heat output in part due to fuel limitations (Isaacs et al. 2005).

2.3.2.1.3 Unflued gas Heaters

Unflued gas heaters (UGH) are also known as unvented gas heaters or flueless gas
heaters. The UGHs are generally operated on low or economy settings, giving an
average power input of 1.5 kW but typically have a nominal power input of 4.5 kW
(Isaacs et al. 2004a).

There are two categories of UGHs:

e UGH using natural gas as fuel:

Natural gas is delivered, in most parts of most large cities of the North Island, to
consumers via a reticulated network. Natural gas is a gaseous fossil fuel consisting
mainly of methane gas. In NZ, natural gas is currently produced in the Taranaki region
(west coast region of the North Island). It can be used as a fuel for wall mounted or
portable UGHs. If a house is installed with plumbing for natural gas, it will often have
gas bayonet points in rooms, into which a portable UGH can be plugged.

e UGH using Liquid Petroleum Gas (LPG) as fuel:

LPG is a gas mix of around 60% propane and around 40% butane (LPG Association of
New Zealand 2007). In NZ, LPG is generally stored in a 9 kg gas cylinder which is
directly connected to the portable UGH. This cylinder can be refilled at some petrol
stations. However, some households who are not connected to the natural gas grid, and

are operating fixed wall mounted gas heaters use larger 45 kg cylinder.
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Portable UGH were introduced into NZ in the mid 70’s, due to LPG production from
the new Maui oil field (Taranaki area, North Island)(Wakelin 2004). This new LPG
supply was initially intended to be used in gas vehicles. However, in 1986, the new
government preferred to import petrol and diesel cars instead of modifying the car fleet
for LPG. This decision ended the gas vehicle subsidies, which undermined the “auto
gas” market and consequently the LPG supply was fully available for the domestic
market (Mulvena 2002).

In 2000, a national random telephone survey reported that around one-third of the
contacted households had an UGH as their main form of heating (Howden-Chapman et
al. 2005). Another study found similar results, with 24% of households using UGH and
9% using flued gas heaters (Wilton 2005). The 2006 NZ census reported that 28% of
private occupied dwellings used bottled gas for heating fuel (Statistics New Zealand
2006). In 2010, the New Zealand LPG Association has estimated that around a quarter
of NZ households own at least one UGH (Peter Gilbert, LPG Association of New

Zealand Executive Director, personal communication).

The safety of UGHs is controlled under the Gas Act 1992 and the Gas Regulations
2010. In addition, the Hazardous Substances Regulations 2001 for "Compressed Gases
Regulations" provide controls in respect of flammability hazards with LPG cylinders,
used with all gas appliances. The Fireguards Regulations 1958 provide controls in
respect of primary guards (dress guards) for a variety of domestic heaters. In addition,
there are two major standards, NZS 5261:2003 Gas Installation and NZS 5262:2003
Gas Appliance Safety, which are recognised as Codes of Practice for professional
plumbers. To date there is no New Zealand Code of Practice for households to safely

operate their heaters, like that found in the UK (Wakelin 2004).

2.3.2.1.4 Flued Gas Heaters, wood pellet burners and heat pumps

Flued gas heaters are usually connected to mains natural gas or 45 kg refillable gas
cylinders. Wood pellet burners and heat pumps are recent space heating options in NZ
(Estcourt 2009, French 2008). However, the heat pump coefficient of performance
could be significantly affected at low ambient temperature (below 8°C) which occurs

during winter time mainly in South Island. All three heaters are electricity dependent,
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and to some extent issues of security of energy supply have to be taken into
consideration as most power cuts occur in winter. Of these three heaters types, wood
pellet burners have the higher heat output and are more suitable for large houses

(Chapman and Westergard 2005).

2.3.2.2 Energy price and criteria for heating choice

Figure 2.7 compares the 2011 fuel prices for different home heating. LPG for UGH and
electricity for portable electric heater are the two most expensive fuel options. Wood
burners (10 cents’kWh) and heat pumps (15 cents/kWh) are the cheapest heater to
operate, followed by wood pellet burners and natural gas heaters (20

cents/kWh)(Consumer 2011).
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Figure 2.7: Estimated fuel prices for home heating (Consumer 2011)

Table 2.5 compares subjectively the positive and negative aspect of each heating option
according to the criteria of “health and safety”, “heat output”, “capital cost”, “operating
cost” and “usability and maintenance”. The Table 2.5 data were compiled from three

different sources (Chapman and Westergard 2005, Consumer 2011, Isaacs et al. 2010).
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Table 2.5: Positive (+) and negative (-) aspects of heating options.

Portable Wood
. Flued gas | Wood Heat
UGH Electric £ Pellet
heater burner Pump
heater burner
Health and safety -——- +++ + + ++ A
Heat output + + + +++ +++ +++
Capital cost +4+ +++ - - - -
Operating cost -- - ++ + +++
Usgblllty and + i i N i
maintenance

UGHs are low capital cost heaters but release harmful emissions from the combustion
process, can be a fire risk and they are also expensive to operate. Whereas heat pumps
and wood pellet burner are high capital cost heaters but safe and energy efficient (Table
2.5). For people with budgeting issues, UGH, wood burner or wood pellet burner are the
easiest options as they can refill the gas cylinder, buy some wood or wood pellets at
their convenience. Regarding electricity use, some electricity providers have introduced
the prepayment option. The customer buys an electricity voucher from the retail for the
desired amount of money, to pay for power use in advance. However, a comparison of
prepay plan and standard plan from the same energy provider showed a 16% average
annual costs increase (8%< 9s5,CI <23%) on the prepay plan (Consumer 2012). Where
this prepayment option could be attractive for families with budgeting issues, it is not a
cost effective solution for low income families as it increases the energy cost and the

risk of self disconnection (O’Sullivan et al. 2011).

2.3.3 Heating behaviours in New Zealand

2.3.3.1 Low residential energy use for space heating

In 1990, 2000 and 2005, NZ had the 7th, 5" and 4" respectively lowest residential
energy consumption per capita compared to 27 other International Energy Agency
(IEA) country members. Of the last twenty years (1990-2010), the estimated NZ
residential energy consumption per capita was stable (average 1990-2010 consumption
= 4168 kWh, ¢50,CI from 4124 to 4212)(Ministry of Economic Development 2011).
Figure 2.8 shows that NZ has a lower estimated residential energy consumption per
capita than Australia, Europe averaged, IEA averaged, UK and United States (World
Resources Institute 2007).

18



CHAPTER 2 — Review of the Literature

12000
o 01990 ®=@2000 m2005
‘& 10000
o
5)
o
g 8000
2
=
Iz
gz 6000
5%
5
Q e
g 4000 s
o e
=
g
:-9 2000 ........
5
[

0
New Zealand  Australia Europe  IEA members  United  United States
Kingdom

Figure 2.8: Residential energy consumption (kWh) per capita in 1990, 2000 and 2005 in New
Zealand, Australia, Europe (averaged value), IEA members (averaged value), United Kingdom and
United States.

Space heating is estimated to consume a third of the energy consumed in NZ homes.
This means that the energy used for space heating in NZ is very low compared to other
developed countries (McChesney et al. 2006). However, as shown in Figure 2.6,
firewood which is the second most common energy used for space heating in NZ is not
accurately estimated. According to Brian Moore (Energy Analyst, Ministry of
Economic Development, personal communication), in the Energy Data File 2011,
published by the NZ Ministry of Economic Development, the calculation method for
firewood energy contribution is based on the NZ Statistic census (number of households
using wood for space heating: Figure 2.6) and on the estimated wood consumption per
household from the 151 HEEP study homes using enclosed solid fuel (Isaacs et al.
2010) .

2.3.3.2 Low heater use

The HEEP study reported that 50% of the households operate their heaters only during
the evening and 20% of the households operated their heaters in both the morning and
the evening (French et al. 2006). Around 6% of the households reported not using any

type of heater. These “non heated homes” were mainly located in the north part of the
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North Island which is the warmer area in NZ. Only 46% of the households operate their
heaters in both their living rooms and in their bedrooms on regular basis (Isaacs et al.

2010).

2.4 Home environment and household’s exposure

2.4.1 Household’s exposure to low temperature

Operating the heater mainly during the evening periods and only in the living room area
(consistent with low energy consumption for space heating) lead to home temperatures
well below the 18°C WHO recommended value, even with an insulation upgrade (Lloyd

et al. 2008).

Table 2.6 shows temperatures achieved in the living room from 5 pm to 11 pm (Isaacs
et al. 2010). Households that operated either an open fire, a portable electric heater or an
UGH did not achieve 18°C, whereas households operating a heat pump, a gas wall
mounted heater or an enclosed solid fuel did achieve 18°C (Table 2.6). Some
households from the HEEP study commented that if the living room was too cold, they
just moved to a bedroom and watched TV in bed (French et al. 2006).

Table 2.6: Winter living room evening temperature (°C) by heater type (Isaacs, Camilleri et al.
2006; Isaacs, Camilleri et al. 2010).

Main heater type Number of house Average temperature achieved in the

monitored living from 5pm to 11pm [o5,,CI] (°C)
Open fire 11 16.0 [15.4-16.6]
Portable electric 83 16.9 [16.6-17.2]
UGH 54 17.0 [16.8-17.2]
Heat pump 4 18.0 [17.6-18.4]
Gas wall mounted 28 18.1 [17.6-18.6]
Enclosed solid fuel 142 18.8 [18.6-19.0]

The older the house, the more difficult it will be to heat. Isaacs et al. (2004b) found that
the average winter temperature in NZ houses was negatively correlated to the age of the
house with an average estimated temperature decrease of 0.33°C per decade, consistent

with the poor insulation level in old homes. After an insulation upgrade has been
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completed, Lloyd et al. (2008) reported that the reason for achieving an inadequate
temperature was mainly due to low heater usage. Cupples et al. (2007) describe how the
NZ identity, which is partially based on a masculine pioneering heritage, can affect

home heating practices.

2.4.2 Sources of moisture and household’s exposure

There are several moisture sources in a building. Some are qualified as indoor sources
and are related to people activities and include cooking, bathing, showering. Human and
plants metabolism or fuel combustion are also indoor moisture sources (Lstiburek and
Carmody 1993, Trechsel 2001, Yik et al. 2004). Other sources are qualified as outdoor
sources (rain, fog, snow...) which can enter via natural or mechanical ventilation or
from a deficient building fabric (leaking building, rising moisture from subfloor or

basement, infiltration) (Christian 1994).

Unflued combustion of fuel is another source of indoor moisture. LPG consists of 60%
propane and 40% butane (LPG Association of New Zealand 2007), consequently the
combustion reaction for this blend will release water vapour at a rate of 1.6 kg per kg of
expended LPG. Studies found that operating an UGH at a high setting releases around
half kg of water vapour per hour (Camilleri et al. 2000, TenWolde and Pilon 2007).
During the operation of the UGH, the home water vapour pressure will increase at an

average rate of 0.01 kPa/min (Francisco et al. 2009).

Overall, cultural facts added to low building insulation, combined with low capacity
heating systems and low heater use result in low indoor temperatures and high moisture
levels. Pollutants exposure from unflued combustion is another concern to address and

this will be discussed in the following section.

2.4.3 Household’s exposure to chemical pollutants

Monitoring of sulphur dioxide, carbon monoxide, ozone, nitrogen dioxide levels in the
ambient air from transportation, industry and housing has been undertaken through the
NZ ambient air quality network (Fisher et al. 1995). However the indoor environment,

which is also a potential pollutant exposure zone, has been under researched. Only a few

21



CHAPTER 2 — Review of the Literature

studies have been dedicated to pollutants in NZ homes (Bettany et al. 1993, Gillespie-
Bennett et al. 2008, Kingham and Petrovic 2005, Neale and Phipps 2004).

Emissions from unflued gas appliances used for space heating, water heating or
cooking, are released directly in the room, and are an important source of indoor
pollution (Brown et al. 2004, Gilbert et al. 2008, Gillespie-Bennett et al. 2008, Pilotto
et al. 2004). The operation of an UGH in a environmental chamber has shown emissions
of nitrogen dioxide (NO;), carbon monoxide (CO), and formaldehyde (HCHO) at levels
well above the WHO recommendations (Brown et al. 2004, Upton et al. 2004).
Furthermore, the combustion of LPG also causes carbon dioxide (CO;) levels to
increase and the oxygen (O,) level correspondingly to decrease. O, depletion in the
combustion air supply can lead to incomplete combustion and then increased formation

of CO (Hill and Pool 1999).

This review focuses on four major pollutants (CO,, CO, HCHO and NO;) which are
released during the gas combustion process when UGH are operated. The pollutant
sources and household’s exposure level will be discussed, and potential adverse health

effects will be briefly reported.

In NZ, the indoor exposure guidelines are stated in the Building Code. The
recommended values are firstly based on the WHO guidelines (WHO 2006) and
secondly on the Health Canada standards (Health Canada 2011), if WHO recommended
values are not available (Department of Building and Housing 2007a). Table 2.7 shows
the recommended maximum value applicable in NZ and compares them to guidelines

applicable in the US and Australia.

22



19

(6007 DdAN) [19UNO)) UONIOI] JUSWUONAUH [euoleN DJAN ,
(1107 Vdd) Aouddy uonoa)01{ [eIUSWUOIAUH/SPIepUR)S ANI[en() 1y 1UdIqUY [eUONEN 'V Jd/SOV VN,

(110T epeue) WjeaH),
(9007 OHM) |
(/3 817) (/3 281) (w/3 081) (;w/31 007)
INoy- € Inoy- £ Inoy- € Inoy- € L) 110
il qdd oz1 ol qdd 001 Tl qdd o5z Tl qdd 11 s (‘ON)
(w/31 96) (w/3 001) ((w/31 o) dPIXOIP URFONIN
enuue € Inoy- € enuue € w1 Suo
VN VN I qdd ¢¢ U+ qdd og I qdd ¢7 ) Suo]
(/s €z1) (gwy/ 31 001)
Jnoy- € uru WL (o)
VN VN VN VN -1 qdd o7 I (g qdd 0g }3104S (OHOH)
(/8 og) (/81 og) opAyopyewIo |
Inoy- € Inoy- € wi19) Suo
U+ qdd o VN VN -8 qdd o VN VN T
] (/3w og) i (/3w o) i (/3w 9'87) i (;w/sw o¢)
Inoy-| MEQQ o7 Inoy-| MEQQ ce Inoy-| € wdd ¢7 Inoy-| mEmm o7 uLR) JI0YS ©00)
i (/3w o) - ({u/sw o) - (/W ¢ Iy) - (/8w 1) apIxouow uogre)
Inoy-g mammm Inoy-g MEQQQ Inoy-47 MEQQQ Inoy-g mEmmm wid) Juog
(f0D)
VN VN VN VN M wdd oS¢ VN VN B
pouad Ao poudad Ao poudd Ao porod Ao
guideroay 19AT guideroay 19AT Fuideroay oA FuideIoAay 19AT
(erensny) DdAN, (SN) Vda/SOVVN; epeuR) [I[edH, UODESIUESIO [EAH PHOM, | dxg T
pue[BdZ MIN UI dUI[OPING PIIOFUD UON puB[BaZ MON UI dUI[OpING 9[qeIdI0JuUY

*JUIWU O.ITAUD JWIOY Y} UT ‘APIXOIP UISOI)IU PUE IPAYIP[BULIOJ ‘OPIXOUOW UOC.IBD “IPIXOIP UOQ.IBD J10J SIUIIPINT) PUE SPILPUE)S JULINY) :/°7 e

JIMBINIT ) JO MIIAY — 7 YALIVHD




CHAPTER 2 — Review of the Literature

2.4.3.1 Sources of carbon dioxide and household’s exposure

Carbon dioxide (COy) is a product of all types of combustion including unflued space
heating, unvented gas cooking and smoking. It is also a by product of respiration. The
level of CO, is also a good indicator of the air-tightness of the building (Mohle et al.
2003), and CO; is often used as a surrogate estimate of a building’s ventilation rate for
the removal of bio-effluents to achieve acceptable comfort (ASTM Standard D6245
2007). Comfort, related to odour perception, is likely to be satisfied if the ventilation
rate is set so that 1000 ppm of CO; is not exceeded (NZS 1990). This NZ standard
4303:1990: Ventilation for acceptable indoor air quality was developed from the
ASHRAE (American Society of Heating, Refrigerating and Air-Conditioning
Engineers) Standard 62:1989 and adapted to suit NZ conditions. The current ASHRAE
Standard 62.1-2010 mentions that CO, should be used as occupancy indicator rather
than as a sole determinant to indicate acceptable Indoor Air Quality (IAQ)
(ANSI/ASHRAE Standard 62.1 2010). IAQ is connected to pollutant sources and their
concentrations. A mass balance analysis will determine the minimum outdoor airflow
rates required to meet the maximum concentration set in international guidelines (Table

2.7).

A number of studies have been undertaken on emission from heaters. Some are

summarised in Table 2.8.

CO; monitoring is usually undertaken using a non dispersive infrared sensor (Table
2.8). Table 2.8 (Study A) shows that during the 4 pm to 9 am period, households
operating an UGH were exposed to 1.65 time higher CO, levels than households
operating flued gas or non gas heaters (Bettany et al. 1993). This study reports only the
overnight averaged value and not the CO; level achieved during the heater use.
However, Table 2.8 (Study C) reports an estimated accumulation rate of 17 ppm per
minute during UGH operation, but the heater power output was not mentioned
(Francisco et al. 2010). This accumulation rate value is very low compared to two test
chamber studies (Table 2.8, Study D and Study E). In these 40 m® chambers, the UGHSs
have been operated with a minimum window opening of 100 cm” as stated by UGH
manufacturers (DeLonghi 2004). The result show an accumulation rate of 96 ppm/min

on a high setting (3.5 kW) (Hill and Marks 2004), and an accumulation rate of 161
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ppm/min and of 52 ppm/min on a high (4.1 kW) and on a low setting (1.4 kW)
respectively (Upton et al. 2004).

Table 2.8 (Study D) found no room size effect when operating UGH for 2 hours on high
setting in a 20 m’ or a 40 m’ room. However, the same study showed a similar level of
CO; of 9400 ppm with the ventilator on low or high setting but a higher CO; level
(12100 ppm) if the ventilator is switched off (Hill and Marks 2004). These results are
consistent with the other chamber testing (Study E) which found an increasing time to

reach the same CO, value with an increasing ventilation rate (Upton et al. 2004).

Ferrari et al. (2004) showed that 97% of the households were exposed to CO; level well
above the 1000 ppm level set for comfort criteria and 22% of the households were
exposed to a level above 3500 ppm (Table 2.7: Health Canada) with a ventilation rate
estimated to 1.1 air changes per hour (ACH) (Table 2.8, Study B). Bassett et al. (2001)
gave an estimated infiltration rate of 0.3 ACH for airtight post- 1960 NZ homes and 0.7
ACH for air leaky post-1960 NZ homes (Table 2.2). This level of natural ventilation
might not be sufficient to assure a healthy environment during UGH operation in NZ

homes.

Manufacturers of UGH recommend that a window is opened during the operation of
UGH to vent the combustion by products to the outside air. Their minimum
recommended window opening is 75 cm? and they also recommend a minimum room
surface area of 18 m? which gives a room volume of about 40 m’ (DeLonghi 2004).
However, chamber testing (Table 2.8, Study D) showed that even when the UGH
manufacturer’s recommendation were followed, the CO, level exceeded 10 000 ppm
which is the level that is considered as the maximum 1 hour recommended value in

Germany (Hill and Marks 2004, MAK 2000).

Overall, the five studies, in Table 2.8, showed that the operation of an UGH

dramatically increased the CO; level.
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2.4.3.2 Sources of carbon monoxide and household’s exposure

Carbon monoxide (CO) is a combustion gas produced from incomplete burning of fuel
and smoking. Even at low levels, it can cause symptoms of mild poisoning such as

headaches and flu-like effects and at high level it can be fatal (Penney et al. 2010).

CO is an important parameter to measure in the presence of any combustion source
(Mohle et al. 2003). Table 2.9 shows that CO monitoring is usually undertaken using an

electro chemical analyser or an infrared sensor.

Despite of the low number of dwellings monitored (N = 10), Mohle et al. (2003) found
a significant higher level of CO measured in homes where unvented gas cookers were

operated.

A 1997 - 1999 English survey of 876 homes found some seasonal differences in CO
concentrations, with a higher concentration in autumn and winter, which reflects a fossil
fuel use increase at this time of the year and a lower level of natural ventilation (Coward
et al. 2001). Table 2.9 (Study A) showed that households operating an UGH were
exposed to a level of CO two times higher than those operating a non gas heater,
however similar levels were found in households operating UGH and flued gas heaters

(Bettany et al. 1993).

UGH are usually fitted with a ceramic block which is coated with a catalyst to convert
CO gas to CO,. After operating UGH for one hour, Hill et al. (2004) found that
removing the catalyst will cause a 12 times increase of the CO level ([CO]with catatyst = 9
ppm vs. [CO]without catalysty = 108 ppm). With the catalyst removed, the households were
exposed to CO level four times higher than the WHO recommended value whereas with
the catalyst installed, the CO level stayed well below the recommended value (Table
2.7). However, Ferrari et al. (2004) showed that the use of an UGH with an estimated
ventilation rate of 1.1 ACH, exposed 2% and 5% of the households to a CO level above
the recommended 1 hour average value and the recommended 8 hour average value
respectively (Table 2.9, Study B). These results are consistent with Table 2.9, Study C
which found 6 households out of 30 with a CO level above the recommended 8 hour

value (Francisco et al. 2010). Table 2.9 (Study D) also showed similar results, however

28



CHAPTER 2 — Review of the Literature

none of the households were exposed to a level above the recommended 25 ppm one
hour average WHO value (Table 2.7), however they were exposed to levels up to 12.5
ppm which is above the 8 hour average recommended value (Hill and Marks 2004).
Further a test chamber study of UGH (Table 2.9, Study E) found that the CO level did
not exceed the recommended 1 hour average value, but did exceed the recommended 8

hour average value respectively (Upton et al. 2004).

Overall, the studies summarised in Table 2.9 corroborate with the fact that if an UGH is
operated for an extended period, households will be exposed to a CO level well above

the recommended 8§ hour average value (Table 2.7).
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2.4.3.3 Sources of formaldehyde and household’s exposure

Formaldehyde (HCHO) is a chemical that can frequently be found in all new or
renovated homes. It comes from many sources and is difficult to completely avoid
exposure to. Common sources are combustion (unflued space heating, smoking,
unvented cooking), surface treatment (glue, paint, lacquers), building materials

(plywood, particle board, some insulation foams) and textiles (Kaden et al. 2010).

Table 2.11 shows that HCHO sampling is usually undertaken using a diffusion method
(passive or active). Myers et al. (2009) found similar results in HCHO sampling when
monitored with real time measurement equipment or with an active diffusion method
(0.37 ppm vs. 0.34 ppm, p-value = 0.15, N = 47). The diffusion method used for this
comparison was the method NIOSH 2016 from the National Institute for Occupational
Safety and Health (Tucker 2003). Passive or active diffusion sampling and real time
monitoring are two methods for monitoring of air pollutants. Table 2.10 reports the

principal advantages and disadvantages of these two methods.

Table 2.10: Advantages and disadvantages of the passive/active diffusion air sampling and real time
air sampling.

Method Advantages Disadvantages
e Low capital cost method e Report averaged period value
Passive or active | ® E?sy to 1ns.tall anfl do not detect the peak
o e Simple maintenance value
diffusion air e Light instrument e Need post ﬁelq laboratory work
monitoring e Detect personal exposure for data analy§1s o
e No power supply required for e Cannot provide with instant

. . . measurement
the passive diffusion

e (Calibration and maintenance
need expertise.

Bulky equipment

Noisy equipment (pump)

High operating cost equipment
High capital cost equipment

e Detect peak values
Real time” air | o  Pprovide instant measurement
monitoring e Low detection limit

Room monitoring exclusively

Chamber testing (Table 2.11, study E) showed that the HCHO level exceeded the
recommended level (Table 2.7) after the operation of an UGH on high setting with a 0.5
ACH ventilation rate (Upton et al. 2004). The same study showed that even when
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following the UGH manufacturer’s recommendations (DeLonghi 2004), the HCHO

level exceeded the maximum recommended level by 2.7 times (Table 2.7).

Table 2.11 (Study C and Study D) compared the operation of UGH with other types of
heaters (electric, wood burner, flued gas heaters) and found a higher level of HCHO in
locations where UGHs were operated (Marks et al. 2010, Sheppeard et al. 2002).
Furthermore, Ferrari et al. (2004) (Table 2.11, Study B) sampled HCHO both over a 24
hour period which included periods of heater use and heater free time, and over a 3 hour
period of UGH operation, and found that the HCHO level during UGH operation was
2.5 times higher than during the 24 hour period, and 4 out of 13 households were
exposed to a HCHO level above the WHO short term recommended value (Table 2.7).
In contrast, Levesque et al. (2001) did not found any difference in HCHO levels
between households operating wood burners or non combustion heaters, and similarly,
Gilbert et al. (2008) found that 95% of the households operating electric heaters were
exposed to HCHO level below the 40 ppb recommended 8 hour average value (Table
2.7). These studies found that operation of an UGH increased the HCHO level, whereas
the operation of electric, wood burner, flued gas did not have any impact on the HCHO
level. However, Bettany et al. (1993) reported that the type of heater (UGH and flued
gas) did not impact on the HCHO level, but the age of the house had a negative effect
on the HCHO level (Table 2.11, Study A). This study did not report any information on

time of heater use during the 4 hour sampling period.

Another study (Table 2.11, Study C) found that “presence of an UGH”, “age of the
house” and “type of construction” were the main predictor variables associated with
high HCHO levels (Sheppeard et al. 2002). Similar results were found by Sakai et al
(2004) in their comparative study between Nagoya (Japan) and Uppsala (Sweden)
homes. As 76% of the Japanese houses had plywood furniture (HCHO based adhesive)
but none of the Swedish ones, the authors found a decrease of the HCHO concentration
with the age for the Japanese houses and no association between the Swedish house age
and the level of HCHO (Sakai et al. 2004). A few studies have shown a seasonal pattern
of greater levels of HCHO in summer time, possibly due to vapour off-gassing from

building material and furniture (plywood, particleboard, fabrics, newly painted
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surfaces...) due to higher indoor temperatures (Dingle and Franklin 2002, Rumchev et

al. 2002, Sherman and Hodgson 2004).

The above studies showed that unflued combustion (unflued space heating, smoking,
unvented cooking) and also off-gassing from building materials (plywood, particle

board, some insulation foams) were potential indoor sources of HCHO.
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CHAPTER 2 — Review of the Literature

2.4.3.4 Sources of Nitrogen dioxide and household’s exposure

Nitrogen dioxide (NO;) sources have natural origin (ammonia oxidation, lightning) and
an anthropic origin from fuel combustion from transportation, industry and housing
(Jarvis et al. 2010). However within a home, as soon as an unvented indoor combustion
is present, the indoor NO; source will overwhelm the outdoor contribution (Lee et al.
1995). Studies report households exposure to NO, coming from UGH and unvented
cooking (Garcia Algar et al. 2004, Gillespie-Bennett et al. 2008, Hansel et al. 2008,
Willers et al. 2006).

Table 2.12 shows a summary of studies where NO; levels have been measured using
either a passive method or real time measurements (direct reading instrument). In the
passive method, NO, is passively absorbed onto a coated disk (Palmes et al. 1976) and
chemical analysis is undertaken in a laboratory to evaluate the level of pollutant which
is an integrated measurement over the sampling period. Real time measurements give an
instant value of NO; exposure. The benefits and disadvantages of each of these methods

are given in Table 2.10.

Using a personal badge allowed daily occupational sampling of the NO, exposure
(Chauhan et al. 2003), while real time measurement using a chemiluminescence
analyser (CL) can detect the household exposure peak value. The two methods were
used, side by side, over the same period, in some studies and the passive sampling gave
higher values than the CL analyser (Bush et al. 2001, Ayers et al. 1998, Heal et al.
1999). However, for other studies the CL analyser gave higher values than the passive
sampling method (Kirby et al. 2000, Vardoulakis et al. 2009). Plaisance et al. (2004)
suggested that the climate surrounding the sampling tube including wind velocity,
temperature and relative humidity, could impact on the sampler performance whereas
other studies report that the composition of the absorbent (aqueous capacity of the
tricthanolamine) may explain the differences between the two methods (Kirby et al.
2000, Vardoulakis et al. 2009). The latter explanation is supported by indoor studies
where no wind effect was present which report higher NO, values from passive

sampling than the CL analyser (Gillespie-Bennett et al. 2008, Tas 2008).

37



CHAPTER 2 — Review of the Literature

The studies reported in Table 2.12 were in agreement that the households who were
operating an UGH were exposed to a higher level of NO, than households operating
another type of heater (Bettany et al. 1993, Farrar et al. 2005, Gillespie-Bennett et al.
2008, Kingham and Petrovic 2005, Pilotto et al. 2004, Sheppeard et al. 2002).

Using the CL analyser method to measure the NO, level, Study A in Table 2.12
reported an overnight average of 69 ppb and a peak 1-hour average of 170 ppb in
households operating UGH. In this study, 5 out of 21 households were exposed to a 1-
hour average value over 280 ppb; close to three times the WHO recommended value
(Table 2.7) (Bettany et al. 1993). Similar levels were reported from Study B (Table
2.12) with a peak 1-hour average of 190 ppb and a maximum value of 930 ppb; 8.5
times the recommended value (Ferrari et al. 2004). Chamber testing (Table 2.12, Study
E and Study F), following the UGH manufacturer’s instructions found values from 4 to
8 times above the recommended value (Hill and Marks 2004, Upton et al. 2004). All the
above studies used the CL real time method to measure the level of NO, in the room.
Studies using passive diffusion method, which give an averaged value over both heating
and non heating periods, supported the CL study findings that operating an UGH
increased the NO, level. Study G in Table 2.12 found a NO, level three times higher in
households operating an UGH compared to the households operating a heat pump or
plug-in electric heaters (Gillespie-Bennett et al. 2008). Study H in Table 2.12 found a
NO; level 3.8 times higher in eight households operating UGH compared to eight
household operating electric heaters (Kingham and Petrovic 2005). Study I in Table
2.12 found a NO, level two times higher in household operating UGH than in those
using a non gas heater (Farrar et al. 2005). Another study, not shown in Table 2.12,
reported the presence of a gas heater in the home had a positive effect on NO, level;
unfortunately the study did not differentiate between vented and unvented gas heaters
(Hansel et al. 2008). Furthermore, Smith et al. (2000) reported a three times higher NO,
exposure level when people were using an UGH compared to an electric heating option
(67 ppb vs. 12 ppb). Sakai et al. (2004) undertook monitoring in two cities (Nagoya,
Japan and Uppsala, Sweden) and found that the Japanese households, who operated
unvented kerosene heaters, were exposed to a NO; level 17 times higher than the
Swedish household who operated flued heaters (62 ppb (N = 26) vs. 3.7 ppb (N = 27)).
Conversely, Levesque et al. (2001) did not find any difference in NO, level when
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monitoring 41 households operating a wood burner and 8 households operating non

combustion heaters.

Sakai et al. (2004) also found that the house characteristics can influence the NO; level,
as a significant higher level of NO, was found in modern house constructed from
concrete compared to older style wooden housing. This result might be correlated to the
higher level of air-tightness found in newly built houses (McNeil et al. 2011). Upton et
al. (2004) and Hill et al. (2004) found that a ventilation rate increase and a room size
increase respectively had a positive impact on the NO, level decrease (Table 2.12,
Study D and Study E). However, to decrease the household’s exposure to NO,, some
manufacturers of UGH have developed “low emission” and “ultra low emission” types

of heater.

In 2004, the Australian Commonwealth Scientific and Industrial Research Organisation
(CSIRO) tested in a 32.4 m’ dynamic environmental chamber, three brand new UGHs
labelled as “ultra low emission”, one brand new UGH labelled as “low emission” and
one standard nine year old UGH (Brown et al. 2004). The authors reported that the
“ultra low emission” UGHs showed a NO, emission rate below the 5 ng/J Australian
regulation rate, but reached a room NO, concentration slightly above the WHO
recommendation (Table 2.7). Moreover, the “low emission” and standard unflued gas
heater showed emission rate between 6.7 ng/J and 8.7 ng/J] which were well above the
Australian regulations for NO, and reached twice and four times respectively higher
than the WHO recommendation. While the “ultra low emission” heaters gave acceptable
result for the NO, pollutant, they gave worst results than the “low emission” and
standard heater for the CO level and HCHO level and were well above the WHO
recommendation for these two pollutants. This test was conducted in a room with 2
ACH which is four times the internationally recommended ventilation rate, and higher
than that found in NZ homes (Bassett 2001, McNeil et al. 2011). So, it is plausible the
levels would be much higher with a ventilation rate typically found in a home. Another
study funded by the Australian Gas Industry Trust, compared an “ultra low emission”
heater to a 20 year old blue flame UGH (Tas 2008). The old model showed a 4.5 times
higher NO; level than the new one (321 ppb vs. 72 ppb). However, for 3 times out of 16

times of use the “ultra low emission” heater showed a level well above the WHO

39



CHAPTER 2 — Review of the Literature

recommendation. CO level and HCHO level were not measured in these tests (Tas
2008). A school study showed that children in classrooms, where “low emission” UGH
were operated, were exposed to 1.8 times higher NO; and 1.3 higher HCHO than the

children in classrooms where flued gas heater were operated (Marks et al. 2010).

Overall, this Review of Literature shows that some research has been undertaken on
these four chemical pollutants (CO,, CO, HCHO and NO,) in homes, and strong
evidence of relationships between unflued combustion and higher indoor levels of

pollutants have been reported.

40



Iy

"I10JBaY SBS POJUdAUN

WOIJ UOISSTUWS CON 01 Paje[ar
WIOOUOD [)[BAY [BSI B ST QI ],
an[eA OHA PAPUSWIIOII
o3e1oAe Inoy ouo qdd

011 9Y} 2A0QE [9AJ] 0} pasodxd

"10)8Y
0IoM SPIOYASNOY O JO MO 47 e o} WOIJ SoNoW
-aurpopms 7 pue Y31y anowt ‘SurIojiuow J
OHM 9y} papa2oxd Apuanbaiy T'1 e PIed0] JOSUS Aep -¢
1sow yorym ses oY) sem (vsn)
(010T 1218 | ToN "ApMIs SIY) UI PAINSEAW 21OM "POYIOIN "Surpear ogeIoAe SToulI[[[
00s1ouRIL]) | SUOHENUSOUOd CON PUE (0D ‘0D o ‘qdd 009= [CON] XeIN Q0UddSAUTUN[ WY ) nuIut U sawoy ¢
aNeA OHA\ PAPUSWIIOdAT "HON (erensny)
o3eroAe oy ouo qdd [eITnjeN pue HJT eLIOqUE))
011 oy} dA0qe QN 03 pasodxad PUR BLIOIOI A
QIOM SPIOYASNOY Y} JO 2%/9 e ‘Surids £nunod
‘(01 <¥00dLN0 [ZyN[] MOOANI[ZO)N[] -qdd g6 = [CON] XeIN pruu— Ijurm pIjy QUINOQIIIN q
(00T 'Ie ‘(HOV) Inoy 1ad a3ueyp ire ‘qdd 061 = [FON] HON poylowr ‘Koupks
10 uewog) | 11 0} POJEWINSI SJI UOHE[HUSA e :98e10A® INOY [ JBSJ Q0UQISAUIUN] T ‘sKep-asnoy 8¢ 1 Sosnoy 91|
"S[OAQ] 9Fes 0} pasodxd ‘qdd /1 = [CON] 10189} seD) uoN
QoM S19SN 19JeaY Se3 uou/sed ‘qdd oz = [CON] 101891 Sen) pany
ponyj [[e sealoym anfeA OHM ‘qdd 9L1 = [FON] HDN "10)89Y sed
oFeI0AE INOY SUO PIPUSUIIOIL :an[eA WnWIxew pagerose A[INOH uou pue 1918y
qdd 011 2y1 2A0qe [9A9] CON se3 pany ‘HON
0] Pasodxo a1om S1SN HOM %9/ e :qdd 11 = [ZON] 19189F] SeD) UON (pue[EoZ MoN) v
‘on[eA pageIoA. WYSIUIAQD e ‘qdd $1 =[zON] 19182}] Ssen) panyq we ¢ oy wd 4 odne ] ‘eniojoy
(€661 [ '$9°S ‘qdd 69 = [FON] HON "POYRIN woy Surroy o ‘puepny
1o Auepog) | = loNl N 10 O /TNl gD e :on[eA JY3IUIOAO PIFRIAY Q0UQISAUIWUN[IWAY D) JYS31UIOA0 QUQ sosnoy 9¢
Q0UdIOJY UOIIBAIISqQO UTBIA OpIXOIp USSONIN JO [QAJ] J00pU] POUIOIN uSisap Apmg az1s ordureg Apmg

*31nsodxd ZQN S,P[OYISNOY PUE SN J13)EAY UIIAMII(Q SUOIIEIIOSSE FUIUTULIIIIP SIAIPN)S JO Arewrming :7]°g d[qe],

SIMBINIT ) JO MIIAY — 7 YALIVHO




(44

‘[oAs] TON oy uo joedur

urw 0z 1eye qdd 0o

= [FON :3J0 101B[IULA ‘WOOI W (T
‘urw Oz 1oye qdd oot

= [CON] :3J0 103B[IUAA ‘WOOI oy
unw oz 1eye qdd 0o = [FON
{(Sumnas MO[) I0JB[HUAA ‘WOOI W ()T

“IoquIeyd
Ay} JO aNudd Ay}

‘Suruado wo 00|

m (330 10 y3iy
‘AO[) JOJB[IIUD A

(A
¢'¢) Sumes ysiy
uo (ouedoid)

jou pIp Sunjas I0JB[IIUA YT, a0z 1¢ye qdd ooy = [CON] 0} 183U ‘SOI}0W G | jouIqed DJT d
{(Sumnes MO[) I0JB[IUGA W00 W (f 1B PIILOO[ J0SUDS
"TOAQ[ “uru ‘Sanoy (W of pue
(+00T SN CON 93 UO J09JJ9 U dARY 0) 0Z1 Ioye qdd oot = [FON] :(Sumes ‘poyiow 7 Jo spouad 10J L 07) Sunsoy
pue [ITH) | ‘Punoj sem woox dy Jo ozIs Ay, y31) JOJB[HUSA ‘WOOI W () Q0UDOSAUIUN[ WY Pa1oNpuod SIS, nquey) e
T?oN] o u
uo pajoedul 9)eI UOTR[TIUSA oY [, 161 1oye qdd 029 = [CON] :3utuado
A0 001 “(Sumes mo[) HON
(£00¢ MBu0TRQ) It 9 19YE
on[eA OHM PopUSILIOdal qdd 0.8 = [CFON] :3ueA & Jo Suruado
oSe1oAe moy ouo qdd [ 001 “(Bumes y3my) HON “IoquIeyo
011 9Y} 9AOQE [[9M UOTIBIIUIOUOD ur 9} JO auad
ZON ® sSumoes yloq uo 97z 1ye qdd pep = [CONT :HOV §°0 Y} 0} JedU ‘Onow "HON d
POMOYS 153} Y} ‘(WD G/ < JUdA = 9JeI UONB[NUIA ‘(Sumas mo[) HON ['T Y& Po)eO0] J0SUSS (W7 X w
© Jo Suruado ‘ w g < oI Woor) U 96 ‘sIoy pX WG W gy)
(+00¢ HO JO asn 9Jes uo suononIsul 1y¢e qdd g6L = [CON] :HOV S0 = ‘poypowr  Jo spourad 10y Sunsay
‘Te 19 uoydn) S JoImjoe nuew oY) Sumor[o] dje1 uone[IUdA ‘(Sumes ysiy) HoN 9OUDOSAUIUN[IAYD) Pa1oNpuod SIS, nquey) e
an[eA OHA\ PIPUSWITIOII (M1 $°€) HON ‘(wopSury]
oSe1aAe oy suo qdd "woox FuTIAT] paiun)
(£00T syreN 011 9y} 9A0QE [9A9] & 0} pasodxa ‘qdd 101 = [CON] poyowr ‘Burdwes QIIYSIOISAVI |
pue I'H) 9I9M SPIOYasnoy ()] JO N0 G :onjea yead oFe1dAe 1oy suQ 90UQISAUIUN[IWAY) sInoy ¢ sosnoy ] e a
Q0UdIOJ Y UOIIBAIISqQO UTBIA OpIXOIp USSONIN JO [9AJ] JI00pU] POUIOIN uSisap Apmg az1s ordureg Apmg

(ponunuod) 3ansodxa QN S, P[OYISNOY PUE ISN JII)LIY UIIM}I(Q SUONBIIOSSE FUTUIULIIIIP SIIPN)S Jo Arewiwing :7[°7 dqeL

SIMBINIT ) JO MIIAY — 7 YALIVHO




1974

"S9Jel UOIIR[IJUSA
3y} 2INseAW J0U PIp ApMIs SIY,

‘uonerado Suneoy Surnp
UonenuUIdU0d QN dpraoid
jouued Apnis 9y ‘(uorsnyrp

"qdd 86'¢ = [CON] woo1paq ‘qdd
0Lt = [FON] wooI Suralf :(ueow
o1owo0a3d) rouang 3o1[od poo

'qdd ¢0°¢ = [*ON] wooipaq
‘qdd ¢8°'9 = [CON] woox SuiAf|
:(ueow O113OWO09F) JLI309[d UI-3N]

'qdd 66°¢ = [CON] wooIpaq
‘qdd 69 = [CON] woox SuIAf|
:(ueow o1ow0a3) dund jeoH

'qdd ¢¢'p = [CON] wooIpaq
‘qdd 11°9 = [<ON] woox Fural]

aatssed) pasn poyeu 03 ang :(ueow o1owoad) ooejday uadO 1)
“SWO0IPaq ) Ul ULy 10ySIy "qdd ¢ty = [CFON] wooipaq ‘qdd
punoj 910M W00 SUIAT] ) 9/°S = [FON] woor Surar :(uedw
Ul S[OA] CON U} ‘WO0Ipaq Ay} OLIJOW033) IAUING POOM PISO]OUH “10)8oY
0} uey} SuIAl] Ay} 03 13500 (CON ses3 uou pue
JO 901n0S) UYLy Ay} A[[ensn ‘qdd 2169 = [CON] wooipaq “100[J o3 WOy se3 panyy ‘HON
pUE WOOoI SUIAI] 9y} UT Pajeoo] ‘qdd 5z°01 = [*ON] woox Sutar] W g'[ J& pue [[em ‘(pue[eaz MaN)
Suroq 1018 AU} YIIM JUIISISUO)) :(ueow o1130W093F) 10jeaY B3 pan[ JOLIDJUI U WOLJ “9pISINo ‘Ko[re A INH
wo G I8 PAjedo] pue wooipaq o) PUE BNILIOJ
(8002 oAd :qdd 01 = [CON] wooIpaq ‘Woox SUIAI] ‘gomnysLIyD)
‘e 13 pouusg ZON 1oyS1y 03 pasodxa arom ‘qdd g4/ 1 = [FON] woo1 Surarg 'saqm) ‘urpaun( ‘Jnig
-o1dsa[[1n) ‘SHO( Sunerado ‘spioyasnoy :(ueow omowoasd) HON UOISNIJIP JAISSE] "SYQOM  ‘souwln) 4 sowoy ¢
Q0UdIOJ Y UOIIBAIISqQO UTBIA OpIXOIp USSONIN JO [9AJ] JI00pU] POUIOIN uSisap Apmg az1s ordureg Apmg

*(ponunuod) dansodxa QN S, P[OYISNOY PUE ISN JII)EIY UIIM}I(Q SUONBIIOSSE JUTUIULIIIIP SIIPN)S Jo Adewiwing 717 dqe L

SIMBINIT ) JO MIIAY — 7 YALIVHO




144

‘posn

Suroq HON Jo Jequnu  1oYSIY
B YIIM S[QAJ] LN poseaIoul
Jo puan & punoj Apmis oy [,

'S9Jel UOIJR[IIUSA
9Y) 2INSBIW J0U PIp APMIS SIY ],

‘uonerodo Sureay Surmp
UONBIUIIU0D LON dpraoxd

‘qdd
81y = [CON] woo1paq ‘qdd oty
= [CON] woo1 SuIAl] :uBdW O11J0[H

(8 = N) s1ore07
J11)0979 pue

(8 = N) s1owing

jouued Apm3s oy} ‘(uoISnyIp H
Jaissed) pasn poyiaw 03 on(q poom (8 = N)
'qdd 181 *10JBaY] oY} WOIJ HDN
"SWOO0T UIAI] = [CON] woo1paq ‘qdd 099 = [*ON] Keme samow ¢ pue

(<002 o[} UI PUNOJ 9I9M S[OAJ] JOYSTH WOOI SUIAI[ {UBSW JOUING POO A\ [OAS] I00[J Y} 2AOQE “9pIsINo

SOIJQW 7 J8 Pajed0] pue wooIpaq
1AM “ToAQ] QQQ ‘Wool MQM\&‘H (puepeaz MoN)
pue YON 1oy31y 0} pasodxo a1om £€6'9 = [FON] wooipaq ‘qdd o1°L1 "saqny ‘uosjoN
weySury) ‘SHO( Sunerado ‘spioyasnoy = [CON] woo1 SuIAl] :ueowW HOHN UOISTYJIP QAISSEJ ‘SYOOM T SSNOY

Q0UdIRJY UOIIBAIISqQO UTBIA OpIXOIp USSONIN JO [9AJ] JI00pU] POUIOIN uSisap Apmg az1s ordureg Apmg

*(ponunuod) aansodxa QN S, P[OYISNOY PUE ISN JI9)LIY UIIM)I( SUONBII0SSE SUTUTULIINIP SIIPN)S Jo ATewiwing :71°7 d[qe L

SIMBINIT ) JO MIIAY — 7 YALIVHO




Sv

‘[9AS] OPISINO ) Sem
UoNeIUIIU0I TN JO 10301pard
Auo oy owrwns ujy -od£y

101831 Y] SeM UOIBIUIIU0D QN
Jo 10301pa1d AJu0 o) ‘IojuIM U]

‘oW Jowwuns ul pasn seg ou se
[OAQ] JB[IWIS dARY SaWOY HON

‘S9Jel UOIJB[IIUSA
9} 2InSeow jou pIp Apns

"qdd 7'8 = [CON] wooipaq

‘qdd 16 = [FON] uayoiry

‘qdd §°g = [(ON] woox Surar]

:(ueow

JL1JOWOAS) JoWWNS Ul 19Jeay Se3 ON

"qdd 72 = [CON] wooipaq

‘qdd ¢'8 = [FON] uayoiry

‘qdd 7' = [FON] woox Surar]
(ueow

OL1OWO0A3) JoWWNS Ul SaWoy HON

SIY) ‘A[91BUN}IOJU() "UOTIB[IJUIA ‘qdd 1701 = [CON] woo1paq ‘Surpdwes Aep ¢ I
19Mm0] 03 anp Ajqeqoid ‘qdd £°61 = [CON] uoyory
I91uim ur sdnoi3 ypoq 10g ‘qdd 0 ¢1 = [FON] woo1 Suiar] ‘Wo0Ipaq
IoU31Y sem [9A9] CON JojuIm T, :(ueow pue uoyoIy|
JL1}OWO093) IOJUIM Ul JOJedY Se3 ON ‘wool SuIAI]
“WO0IPaq Y} UBY) SWOOL FUIAL|
oy} Ul PUNOJ A10M S[OAJ[ JOYSIH ‘qdd ¢'81 = [CON] wooipaq ‘(porxad (errensny)
‘qdd ¢ = [CON] uayory osn 1919y NURER|
‘[OA9] ‘qdd 9'z7z = [CON] woo1 SuIAl] uou) JowruIns (1oyuIM) Sowoy
(sooz e ZON 19y31y 03 posodxa arom :(ueowr 901A9p pue (porrad asn 6€ + (Jowums)
19 Ieury) HOD( Suneiado ‘spjoyasnoy JLI}OWOA3) IJUIM UI SOWOY O Surdwes oa1ssed e 19183 JJUI A\ sowoy gt
Q0UdIRJY UOIIBAIISqQO UTBIA 9pIXOIp USONIN JO [9AJ] 100pU] POUIOIN uSisap Apmg az1s ordureg Apmg

SIMBINIT ) JO MIIAY — 7 YALIVHO

*(panunuo0d) 31nsodxa QN S, P[OYISNOY PUER ISN J1IJLIY UIIAM}I(Q SUONEIIOSSE SUTUTULIINIP SAPN)S Jo Alewrwing 7] 7 dqeL




9

"qdd ¢'g = [CON] oprsno
‘qdd ¢'¢ = [CON] wooIpaq ‘Burdwes
‘qdd 9°¢ = [CON] woox SurAr] yoom auQ
:(ueow 91130W09F) 10JeAY SBT ON
“OpISINo
'qdd ¢'01 = [*ON] oprsmno pue woodpaq “(erensny Dl
‘SW00Ipaq ‘qdd z'z1 = [CON] wooipaq ‘WooI SUIAI'] ‘sore M\
(zooz e 18 oy} uBY) SWOOI SUIAI] Y} UL ‘qdd 9'¢1 = [CON] woo1 SuIAl "901AD IO MaN)
preaddoyg) | PUNOJ o10M CQN JO S[OAS] IOUSIH e :(ueow oLOWO93) HON Surjdwes oatssed e “IOJUI A\ sosnoy O [
"HO[ ‘S[ooyos
[o1uod O]
‘(pareooy[e
‘aurepms oy ‘qdd 911 AJuiopuex) ‘(erpRNISNY) [
POPIXI SHUIWAINSBIW [OLUOD — T1 = [CON] :swooisse[o jonuo) S[ooyos ‘Opre[apy
oy} JO % O[IYM SuIopIng UuonuOAIOI uLIp[IYo
(rooz 'Ie AU UM QIOM SJUIWAINSBIW ‘qdd g¢ -03peq se3 panyy [ooyos Arewrid
1 onofy) WOOISSB[O UONUAAINUI [[Y o | — L = [CON] :SWOO0ISSE[O UONUIAINU] o UOISNJJIP QAISSEJ o p+OIOP YL e | T ‘SJOOYIS 8] o
00UQI0JOY UOI)BAIOSQO UTBA opIX0Ip USONIN JO [9AJ] J00OPU] POUIOIN ugisop ApniS ozis ojdwreg Apms

(ponunuod) 3ansodxa QN S, P[OYISNOY PUE ISN JII)EIY UIIM}I(Q SUONEBIIOSSE FUTUIULIIIIP SIIPN)S Jo Arewiwing 717 dqeL

SIMBINIT ) JO MIIAY — 7 YALIVHO




CHAPTER 2 — Review of the Literature

2.4.4 Household’s exposure to mould.

Viable mould spores are ubiquitous, and thus always present in homes. Temperature,
moisture and nutrients are critical factors for spore germination, hyphae development
and sporulation (Nevalainen and Seuri 2005). Building materials and furniture are
potential sources of nutrients, substrates for fungi colonisation and other principal
determinants of the fungal activity (Murtoniemi et al. 2001, Bailey 2005). Fungal
colonisation could lead to material degradation and human allergen production (Pasanen
et al. 2000). Also, spores, fragments of mycelium, mycotoxins and microbial volatile
organic compounds could be harmful for people, particularly immune deficient people

or people with asthma (Garrett et al. 1998, Genuis 2007).

A fungal level assessment can detect any potential harmful exposure. This assessment

can be carried out by sampling the airborne and the dust borne reservoirs.

2.4.4.1 Airborne sampling method

The detection and then enumeration of the airborne moulds are undertaken following an
airborne sampling by impaction, filtration, sedimentation, centrifugal separation or

impingement (Fradkin 1987).

The airborne collection by impingement uses a liquid medium as the collector, located
into a glass container called an impinger. This technique is normally used for sampling
bacteria and viruses rather than for fungi (Hung et al. 2005). The sedimentation method
consists of leaving the spores and mycelium fragments to settle by gravity onto an
exposed agar media, for a defined period of time (Verhoeff et al. 1992). The centrifugal
separation method consists of drawing a known volume of air into a centrifugal sampler
and directing it onto agar strips which are subsequently sent to a laboratory for the
culture of spores (An et al. 2004, Hung et al. 2005). The International Organization for
Standardization (ISO) has recently prepared a standard for airborne sampling using the
impaction method (ISO 2011). ISO had previously published another standard related to
airborne sampling using the filtration method (ISO 2008).
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The impaction method and the filtration method are the two widely most used methods
for airborne fungal assessment (Bernstein et al. 2005, Codina et al. 2008, Dharmage et
al. 1999, Hicks et al. 2005, Horner et al. 2004, Kemp et al. 2002, O'Connor et al. 2004).
In both methods, the airborne fungal level is usually sampled using an air sampler
which is, in essence, a vacuum pump connected to a collection support. In the impaction
method, the collection support will be an agar gel media in a Petri dish or on a strip, or a
greasy substance (Vaseline™) or a sticky substance (Tanglefoot™) coated on a
microscope slide or on a transparent tape (Melinex™) (Neumeister-Kemp et al. 2004,
Sterling et al. 1999). In the filtration method, the collection support is a polycarbonate
filter or a gelatine filter in a cassette (Hung et al. 2005, Lacey and West 2006). Standard
ISO 16000-16:2008 recommends the combination of a gelatine filter with a downstream

polycarbonate filter when sampling in high humidity (ISO 2008).

Agar media, in Petri dish or on strip, is typically chosen for the cultured spore method
while a greasy or sticky substance on microscope slide or tape is typically chosen for
the total spore counting method. A filter support or liquid media will be the preferable
system for the molecular identification method (Polymerase Chain Reaction: PCR) and
marker of the biomass (Ergosterol method and (1—3) beta glucan method). Table 2.13

reports the benefits and limitations of each of these methods.

This review focuses on the cultured spore method as this is the most widely used

method and other methods were not technically viable for this PhD project.

Andersen™ (Andersen 1958), SAS™, Burkard™ Portable air sampler for Agar plate
and RCS Plus™ are all air samplers suitable for the cultured spores method (impaction
onto agar media). A study compared these samplers and found that the Andersen™ and
Burkard™ samplers were comparable in detecting for the genera Cladosporium sp,
Penicilium sp. However, Andersen™ collected higher number of spore for the genus
Alternaria sp (Mehta et al. 1996). The same authors found that RCS Plus™ (centrifugal
sampler) and SAS™ were similar to each other but had a lower recovery for the genera
Cladosporium sp, Penicilium sp, Alternaria sp. when compared to the impaction
surface. However, the impaction surface is not the same for all four samplers. The

Andersen™ and the Burkard™ both use a 90 mm diameter Petri dish which gives 64
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cm” for impaction, whereas the SAS™ uses a 55 mm diameter Petri dish which give 24
cm” for impaction and the RCS Plus™ uses plastic strips with 34 wells of 1 cm?, so 34
cm’ for impaction. Consequently, the differences in fungal recovery could be due to
media overloading (Bellin and Schillinger 2001). Buttner and Stetzenbach (1993) also
found the Andersen™ and the Burkard™ had the highest level of repeatability and

sensitivity.
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CHAPTER 2 — Review of the Literature

Several studies agreed that the Andersen™ gives better recovery (higher viable spore
lever and higher number of genera) than other cultured method air samplers (Duchaine
et al. 2002, Mitakakis and Guest 2001, Verhoeff et al. 1992, Tavora et al. 2003). A
further study showed that the Andersen™ had a better recovery than the Burkard™,
however this study has a deficiency in that the authors did not carry out the experiment
during the same year nor at the same location (Aira et al. 2002) which will introduce
confounding effects. Another comparative study reported that the SAS™ gave similar
recovery results to the Andersen™ for the genus Cladosporium sp (4.5 - 10 um spore
diameter) but recovered only about 50% of the spores with a diameter range from 1.5 to
5 um, like Aspergillus sp or Penicillium sp (Bellin and Schillinger 2001). Indeed,
SAS™ has a smaller equivalent particle diameter (cut point) estimated to 2 um (Lach
1985) whereas Andersen™ has cut point estimated to 0.65 pm (Andersen 1958). This
technical detail explains the better recovery for small sized fungi spores such as
Aspergillus sp or Penicillium sp for the Andersen™ sampler compared to the SAS™

sampler.

Andersen™ samplers are available in three versions: one-stage sampler (N6), two-stage
sampler and six-stage sampler. The six-stage sampler is designed to reproduce the
respiratory track with cut point ranging from 0.65 to 7 um. The single stage Andersen™
N6 gave similar results to the six-stage sampler but without sizing distribution.
However, Andersen™ is not as easy as SAS™ to operate on the field because
Andersen™ is connected to a noisy mains powered vacuum pump whereas the SAS™
sampler is very quiet and will operate on a rechargeable battery. Overall, for the
cultured spores method, the Andersen™ sampler showed better repeatability and
sensitivity than other brands of sampler; however, the SAS™ sampler is the more

convenient sampler to handle in the field (Hung et al. 2005).

Table 2.14: Sampling rate, sampling time and sampling volume from some studies using the culture
spore method by agar impaction.

Sampling | Sampling | Sampled References for the
Sampler rate time volume .
(I/min) (min) (m’) studies
Single stage Andersen™ 28.3 5 0.14 (Bernstein et al. 2005)
Two stage Andersen™ 28.3 1 0.03 (Dharmage et al. 1999)
Six-stage Andersen™ 28.3 5 0.14 (Kemp et al. 2002)
Single-stage Burkard™ 30.5 1 0.03 (O'Connor et al. 2004)
SAS™ 180 1 0.18 (Horner et al. 2004)
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Table 2.14 reports the sampling rate, sampling time and thus sampling volume from
some studies using the cultured spore method by agar impaction. Table 2.14 shows that
the sampled volume is very variable. The main concern for the agar impacting method
for culture is that in very contaminated environment, the plate could be overloaded
rapidly. Standard ISO 16000-18:2011 recommends a sampling time between 1 min and
10 min. The same Standard reports normally distributed colony counts for 0.1 m’ and
0.2 m’ (ISO 2011). Saldanha et al. (2008) carried out sampling using Andersen™ (flow
rate 23.8 1/min) and RCS™ (flow rate 40.0 1/min) for 1 min to 15 min sampling time

and recommended 6 min (0.14 m’ - 0.24 m?) as the optimum sampling time.

2.4.4.2 Dust borne sampling method

To date, there is no standardised method to assess the fungal level from building dust.
Dust can be collected from the floor, wall, or furniture (Niemeier et al. 2006).
Researchers need to rely on diverse techniques to assess the presence of fungi in
buildings. The collection devices are less numerous than for air sampling. The dust
collection is usually undertaken using a domestic vacuum cleaner (1000 W-1300 W
power output) or a vacuum pump connected to a special dust collector attachment. This
dust collector can be either a filter cassette or a nylon mesh sleeve (Hung et al. 2005).
Wickens et al. (2004) carried out a comparison of both collectors and concluded that the
nylon mesh sleeve collected significantly more dust from the floor and the mattresses

than the filter cassette.

Table 2.15 shows a summary of the sampling techniques used in nine studies. Table
2.15 shows that the surface sampled was usually 1 or 2 m? the sampling time varied
from 2 min to 5 min and in all but one of these studies the collected dust was sieved

before analysis.
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Following the collection of spores and fungal fragments, different laboratory techniques

can be carried out to assess the fungal level:

e Assessment of the fungal biomass using ergosterol and (1—3) beta glucan
biomarker measurement (Douwes et al. 1996, Douwes et al. 2006, Gehring et al.
2007, Wickens et al. 2004).

e Assessment of the fungal fraction using the molecular PCR detection (An et al.

2006, Haugland et al. 2002, Lignell et al. 2008, Vesper et al. 2007, Wu et al. 2002)

e Assessment of the fungal fraction using the cultured spores method (plating on agar

media) (Koch et al. 2000, Meyer et al. 2004).

The benefits and limitations of these methods are described in Table 2.13. This review
is focused on viable spore sampling using the cultured spore method as other methods
were not technically suitable for this project. Viable spores mean that the spores
theoretically could be cultivable using the right culture media. As only a few types of
media are used in each study, the culture method underestimates the total fungal level.
Studies showed that only 5% - 10% of the total spores might be viable and then
cultivable (Garrett et al. 1997, Godish et al. 1996), meaning that 90-95% are

overlooked.

As for air sampling, the choice of the media used for culturing fungi spores will have a

strong influence on the resulting assessment level.

2.4.4.3 The choice of the media for fungal analysis

The choice of the agar media is difficult because different agar can lead to different
results as all fungi do not have the same requirements in terms of water activity and
nutrients. Duchaine et al. (2002) compared three media namely Sabouraud Dextrose
Agar, Rose Bengal Agar and Czapek Solution Agar and found statistically similar
results concerning the total count and recovery when using an Andersen™ sampler. Ren
et al. (2001) reported higher concentration of total count of colony forming unit (CFU)
on Malt Extract Agar media (MEA, general media) compared to Dichloran 18%

glycerol (DG18, selective media). The same authors found superior performance on the
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counts of Aspergillus sp, Cladosporium sp, and Alternaria sp when using the selective
media DG18 whereas higher number of yeast was found on the MEA media. These
findings are supported by two other studies which reported a greater number of genera
on the DG18 compared to the MEA (Russell et al. 1999, Wu et al. 2000b). The DG18
media is one of the few mycological media formulated to select for fungi that are able to
grow at low water activity (0.61- 0.70) called xerophilic fungi, as the DG18 restricts the
overgrowth of the Zygomycetes (genera Mucor sp, Rhizopus sp, Rhizomucor sp,
Absidia sp) (Hocking and Pitt 1980). The Standard ISO 16000-18:2011: Detection and
enumeration of moulds - Sampling by impaction recommends the use of the DG18 as a
specific media, along with a general media such as the MEA or the Potato dextrose agar

(PDA) (ISO 2011).

In general, the methods used to assess the cultivable indoor fungal level have a poor
reproducibility due to temporal and spatial variation such as season and time of
sampling, which will affect the sporulation of the spores and occupant’s activities which

could have an impact on the re-suspension of the settled spores.

2.4.4.4 Spatial and temporal variation

Ren et al. (2001) found no significant differences in the fungal levels between the living
room and the children’s bedroom in a 1000 US home study. These findings are
consistent with another study (Verhoeff et al. 1992). However, Li and Kendrick (1995a)
found a higher spore level in the living rooms where main activities occurred and where
the outdoor fungal contribution is higher due to spore transfer by people and by

ventilation.

A study found a higher fungi level in suburban houses compare to urban houses for both
indoor and outdoor samplings (Wu et al. 2000a). Consistent with this findings, a study
found a lower indoor fungal level in Melbourne City than in the rural area of Latrobe
Valley (Dharmage et al. 1999, Garrett et al. 1997). In the same way, a study reported
that the households located closer to a park had higher fungal levels in the outside and
the living room (Hargreaves et al. 2003). Houses with plants have been found to be
more exposed to fungi (Li and Kendrick 1995a). Maclntosh et al. (2006) found no

major variation between spore levels in the morning and afternoon of the same day.

56



CHAPTER 2 — Review of the Literature

This result is consistent with another study which found that samples taken within 24
hour period had a strong correlation compared to sample taken on a different day

(Catranis et al. 20006).

Studies have generally found higher fungal levels during summer and autumn and lower
levels during winter and spring (Horner et al. 2004, Li and Kendrick 1995b, MacIntosh
et al. 2006, Mitakakis et al. 1997, O'Connor et al. 2004, Ren et al. 1999, Shelton et al.
2002). Mitakakis et al. (1997) suggested that the higher concentration in late summer
was mainly due to leaf senescence. Dharmage et al. (1999) also found important yearly
and seasonal variations of airborne fungi level with peaks in summer which is consistent
with the previous studies, but when measuring the fungal biomass from the floor dust,
they found a higher level in winter. This can be explained by the fact that the spores
settled in the floor dust represent sedimentations from the previous summer and autumn
months. However, a study showed that when a house had been closed without
ventilation for at least 15 hours, the seasonal trends were no longer detected. This
confirms that for houses without indoor fungi sources, the main fungal reservoir is the

outdoor environment (Dekoster and Thorne 1995).

2.4.4.5 Relationship between indoors and outdoors

Most studies have found higher levels of spores in the outdoor environment than in the
indoor environment (Aira et al. 2002, Garrett et al. 1997, Godish et al. 1996,
Hargreaves et al. 2003, Hyvarinen et al. 1993, Ramachandran et al. 2005). Consistent
with these results, Dekoster et al. (1995) found that in houses without humidity
problems, the outdoor fungal level was two times higher than the indoor level whereas
for homes with moisture problems such as high relative humidity in the basement, the

indoor fungal level was more than two times higher than outdoor level.

However, even though outdoor spore levels are commonly higher than the indoor level,
there are usually some differences found in the fungal genera. Some genera might be
predominant in the inside environment and other genera predominant outdoors. Horner
et al. (2004) carried out a study in non mouldy houses and found more than 20% of the
total colonies were leaf surface fungi coming from outside. Verhoeff et al. (1992) found

that the level of spores in the Aspergillus/Penicillium group were on average 3.5 times
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higher in the indoor environment than outside and the level of Cladosporium sp which
is a leaf surface fungus (phylloplane fungus) was twice as high outdoors compared to
indoor levels. This finding is supported by O’Connor et al. (2004) who found
Aspergillus sp, Wallemia sp and Penicillium sp were frequently found indoors rather
than outdoors and the reverse was found for Cladosporium sp and Alternaria sp
(Ramachandran et al. 2005, Wu et al. 2000a). Several studies ranked Cladosporium sp
as the most common genus (Basilico et al. 2007, Kemp et al. 2002, Li and Kendrick
1995b, O'Connor et al. 2004, Shelton et al. 2002). Other very common genera are
Penicillium sp, Alternaria sp, Aspergillus sp, Epicoccum sp and Fusarium sp (Basilico
et al. 2007, Garrett et al. 1998, Koch et al. 2000, Russell et al. 1999). Godish et al
(1996) supported the findings that Penicillium sp and Aspergillus sp are considered as
the major indoor genera while Cladosporium sp, Alternaria sp, Epicoccum sp are
believed to be the predominant outdoor genera, and concluded that around 50% of
indoor viable mould could be explained by the admission of the fungi from the outdoor
environment. This statement holds true in summer conditions when windows are
mostly open, but not in winter time when the house has lower levels of ventilation with
outdoor air, consequently indoor concentration was not as strongly influenced by the
outdoor level (Garrett et al. 1997). This is consistent with a study which showed higher
indoor levels under high natural ventilation with the doors and windows open (Su et al.

2006).

2.4.4.6 Influence of house characteristic (insulation, dampness, heating and
ventilation) on the fungi level

Hargreaves et al. (2003) reported a correlation between poor insulation and increased
indoor levels of Aspergillus sp and Penicillium sp, which were being generated indoors.
A further study found a higher fungal level in houses older than 20 years (Godish et al.
1996). This finding is consistent with a usually lower insulation level found in old
houses compared to newly built houses which are subject to higher insulation
requirements. Several studies have shown damp houses have a higher level of spores for
most fungal taxa (Li and Kendrick 1995a, O'Connor et al. 2004, Ramachandran et al.
2005, Verhoeff et al. 1992). Garrett et al. (1998) reported a correlation between
evidence of dampness and visible mould. Another study found fungal levels were

positively correlated with basement humidity (Dekoster and Thorne 1995).
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Li and Kendrick (1995a) found a lower level of total spores for most fungal taxa in
houses equipped with a forced air heating system. Another study showed a negative
correlation between the temperature of the room and the fungal level (O'Connor et al.
2004). This finding is supported by a study conducted in a school which found a
significant increase in the dust borne fungal level as the temperature decreased
(Ramachandran et al. 2005). In a large study of 1000 homes, the authors concluded that
of the 64 different home characteristics that were studied, only the indoor temperature
level, the indoor relative humidity level, sampling season and the presence of a cat were

the factors significantly related to indoor air fungal level (Ren et al. 2001).

In areas with high outdoor fungal levels, a decrease in the rate of the natural ventilation
by closing windows was shown to halve (810 CFU/m’ vs. 453 CFU/m’) the fungal level
(Hargreaves et al. 2003). However, low levels of infiltration in airtight buildings can
lead to indoor environments with non vented water vapour inducing suitable conditions
for fungi development (Flannigan 1997, McNeil et al. 2011). Su et al. (2006) suggested
that high natural ventilation with proper filtration of the incoming outdoor air could be a

good solution for achieving low indoor fungi concentrations.

2.4.4.7 Other factors: cleaning, human activities, weather

A study found higher airborne fungal levels in carpeted rooms than in bare-floor rooms
(Li and Kendrick 1995a). Similarly, highest airborne spore levels were detected around
7 pm when activities of people released spores from the carpeted floor (Takahashi
1997). Dharmage et al. (1999) showed that frequent vacuuming could reduce the indoor
airborne and dust borne fungal level. Using a vacuum cleaner equipped with a HEPA
filter showed a decrease in the re-suspension rate of fungal spores (Cheong and

Neumeister-Kemp 2005).

Weather conditions during sampling time can have an important impact on the final
result as Mitakakis et al. (1997) found a lower spore concentration in a rainy period, for
Cladosporium sp and Alternaria sp which are considered as “dry spore” fungi which
means that dry weather will be more favourable to sporulation. Furthermore, Takahashi

et al. (1997) found an increase in the spore level under a strong wind conditions.
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2.4.4.8 Other fungal assessment techniques

Visual inspection by trained assessors and self reported questionnaires were also
identified as an assessment technique (Hégerhed Engman et al. 2007, Howden-
Chapman et al. 2005). During a building inspection, the visible mould level can be
estimated by a trained assessor, using a contamination scale consisting of level 1: no
visible mould, level 2: specks of mould, level 3: moderate mould patches and level 4:
extensive covered areas (Miller et al. 2000). As a research tool, this method was
considered to be very subjective and needed to be undertaken by the same person in

order to allow comparison between houses within the same research project.

Other researchers have used occupants’ self reporting of the extent of visible mould
captured via a questionnaire, has been used in several research projects. This method
was very convenient and inexpensive to use when a large number of households was
involved but it is a very subjective method as the qualitative and quantitative aspects are
missing (Howden-Chapman et al. 2005, Park et al. 2004, Ren et al. 2001, Spengler et
al. 1994, Thorn et al. 2001).

An alternative method has recently been proposed to assess whether the temperature and
the relative humidity conditions in an indoor environment are suitable to allow the fungi
to develop but does not attempt to evaluate the contamination level or distribution
pattern of fungi. This method consists of using a device made of three permeable
inclusions of spores (two inclusions with xerophilic fungal spores Aspergillus
penicillioides, Eurotium herbariorum and one inclusion with hydrophilic fungal spores
Alternaria alternata). Following the exposure period, the hyphae growths are measured
under a microscope and compared to the room psychrometric conditions (Abe 1993).
The same authors found the highest fungal index in rooms facing north, the entrance
and the lavatory. The same research team found a correlation between visual fungi
inspection and the growth of the fungal hyphae (Abe et al. 1996). Following a detected
fungal contamination in a Tokyo museum, dehumidifiers were installed to reduce the
moisture level and the fungal detector were used to ensure that this intervention was

sufficient and that no further contamination had occurred (Abe 2010).
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2.5 Household’s exposure and adverse health effects

2.5.1 Exposure to low temperatures and adverse health effects

Back in 1928, Hill demonstrated a decrease of the dust particle transfer on the trachea
surface when a person was exposed to cold temperature (Hill 1928), and reduced natural
defences have been observed (Collins 2000). Respiratory problems have been reported
for vulnerable people, such as people with asthma, living in a cold environment
(Howden-Chapman et al. 2007, Wilkinson et al. 2004). Pierse et al (2011) found a
significant association between a child’s bedroom temperature below 12°C and a short
term variation in the lung function (Peak Expiratory Flow Rate and Force Expiratory
Volume).

Expansion of heating options and increase use of air conditioning had a positive effect
on coronary heart disease and decreased the Excess Winter Mortality (EWM) in the US
during the period spanning from 1937 to 1991 (Seretakis et al. 1997). However, a NZ
study showed that despite government efforts in improving housing (insulation and
heating), the EWM was still 2% higher than the average EWM in European countries
and no evident mortality decline was detected from 1980 to 2000 (Healy 2003, Davie et
al. 2007). The low heater use reported could contribute to this 2% difference in EWM.
A review reported that reducing indoor exposure to cold temperatures is a major issue to
address, however failure to dress adequately combined with a low level of activity when
exposed to outside climate is a high risk behaviour (Goodwin 2007). In Norway, where
the indoor temperatures are higher than other European countries and clothing is
adapted to the outside climate, the EWM is half of that in milder countries such as
Portugal, Spain, Ireland, UK and NZ. The relative EWM was estimated to be 28% in
Portugal, 21% in Spain, 21% in Ireland, 18% in UK and 18% in NZ versus 11% in
Norway (Laake and Sverre 1996, Healy 2003, Davie et al. 2007). These findings are
supported by a cross European study which found a higher EWM in Greece compared
to Finland due to better protective measures against cold (gloves, anoraks, hats...) for
the latter country (The Eurowinter Group 1997).

A NZ study reported a higher mortality risk for the lower tertile of income than for the
higher tertile of income (Odds Ratio 1.13, ¢50,CI [1.08-1.19]) (Hales et al. 2010). This
finding is consistent with another study which found the household net income to be a

parameter which could influence the indoor temperature (18.4°C for highest household
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net income quartile vs. 17.5°C for lowest household net income quartile) (Wilkinson et

al. 2001).

In conclusion, a household’s exposure to cold indoor temperatures could be avoided by
operating heaters to achieve 18°C and upgrading the insulation to lower the energy cost

and heat loss.

2.5.2 High moisture and mould exposure and adverse health effects

A recent meta analysis of a large number of studies carried out all over the world
showed the same effect viz there were strong associations between home dampness and
respiratory/allergy effects, but the mechanisms linking the specific causal dampness and
the related agents are still not clarified (Bornehag et al. 2001, Mendell et al. 2011).
Dampness in a building is associated with the presence of mould and other microbial
agents (Institute of Medicine - Committee on Damp Indoor Spaces and Health 2004).
Following conditions of flood damage, moisture ingress, rising damp or condensation,
higher numbers of micro-organisms have been reported (Singh 2005). Mould and other
microbiological organisms are probably the link between dampness and adverse health
effects (Fisk et al. 2007, Institute of Medicine - Committee on Damp Indoor Spaces and
Health 2004, Mendell et al. 2009).

A cross sectional study found a positive association between a dry cough and
condensation on windowpanes (Sun et al. 2009), although this study did not measure
the chemical pollutant levels. This association between condensation and a respiratory
effect could just signal a lack of ventilation and it is plausible that there was a high level

of chemical pollutants in these bedrooms.

Chemical pollutants exposure is another concern to address and this issue will be

discussed in the following section.

2.5.3 Exposure to chemical pollutants and adverse health effects

The adverse health effects of indoor air pollutants depend on the exposure period, as

well as the health status and the age of the person exposed to the pollutant. Elderly,
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infants, young children, pregnant women and people with a disease (asthma, bronchitis,
chronic obstructive pulmonary disease) are more vulnerable than other people, for the

same level of exposure (Mohle et al. 2003).

However, only a few studies had provided evidence to link exposure to chemicals and
adverse health effects. Pilotto et al. (2004) reported differences on secondary outcomes
such as a reduction in the difficulty breathing during day and night, decreased chest
tightness during the day and the reduction of asthma attacks when UGHs were replaced
with flued gas heater or electric heaters. In the same way, Howden Chapman et al.
(2008) reported less disturbed sleep from wheezing, less dry cough at night when UGHs
were replaced by heat pump, flued gas heater or wood pellet burners. However, neither
of these two studies found significant differences on primary health outcomes such as

changes in lung function like forced expiratory volume or peak expiratory flow rate.

2.6 Summary

This review of literature highlighted some important issues:

e The insulation level is deficient in many NZ buildings:

» The 2005 New Zealand House condition survey (Clark et al. 2005) reported

an insulation deficiency for most of the 565 inspected homes.

» Building regulations did not require houses constructed before 1978 to have
any thermal insulation. Two-thirds of the NZ current house stock was built

before 1978 (Amitrano et al. 2006).

» Compared to European countries with similar climates, NZ buildings have in
average lower thermal resistance requirements (Eurima 2004). In Europe,
people are frequently insulating their homes above code requirements and
this has led to an improvement in comfort, whereas in NZ, people were just

following the minimum code requirements (Isaacs 1998).

» However, a number of studies reported that after an insulation upgrade the
temperature increased in a range of 0.5°C - 1.4°C, the relative humidity

decreased in a range of 2.3% - 7%, and the winter energy use for space
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heating decreased by 300 kWh (Cunningham et al. 2001, Howden-Chapman
et al. 2007, Isaacs et al. 2010, Lloyd et al. 2008)

e Low capacity heaters such as UGHs and portable electric heaters are popular

in NZ households:

» A quarter of NZ households are using UGH as heater (Howden-Chapman et
al. 2005, Statistics New Zealand 2006, Wilton 2005).

» Half of the NZ households use portable electric heaters (Wilton 2005)

» The HEEP Study reported that half of the households operate their heaters
only in the evening period, and 20% of the households in both the morning
and the evening period. Only half of the households operate their heaters in

the living rooms and in the bedrooms on a regular basis (Isaacs et al. 2010).

» Households operating portable electric and UGH were exposed to

temperature below the WHO recommendations (Isaacs et al. 2010).

e The operation of UGH increases the household’s exposure to moisture:

» Studies found that operating an UGH at a high setting releases around half a
litre of water vapour per hour (Camilleri et al. 2000, TenWolde and Pilon
2007)

» Such moisture increase was strongly associated with the presence of mould
and other microbial agents in buildings (Institute of Medicine - Committee

on Damp Indoor Spaces and Health 2004)

e The operation of the UGH releases pollutants directly in the room:

» Studies showed that the use of an UGH dramatically increased the CO; level
and exposed the households to CO; level well above 1000 ppm comfort
criteria (Bettany et al. 1993, Ferrari et al. 2004, Francisco et al. 2010, Hill
and Marks 2004, Upton et al. 2004)

» Studies corroborated that if an UGH is operated for an extended period, the
households will be exposed to a CO level well above the WHO
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recommended 8 hour average value (Bettany et al. 1993, Ferrari et al. 2004,
Francisco et al. 2010, Hill and Marks 2004, Upton et al. 2004)

» Studies showed that unflued gas combustion and building materials are
potential sources of HCHO (Bettany et al. 1993, Ferrari et al. 2004, Marks et
al. 2010, Sheppeard et al. 2002, Upton et al. 2004)

» There is a strong evidence of a relationship between unflued gas combustion
and higher indoor level of NO, (Garcia Algar et al. 2004, Gillespie-Bennett
et al. 2008, Hansel et al. 2008, Willers et al. 2006)

» While the “ultra low emission” heaters gave acceptable results for NO,, they
gave worst results than the “low emission” and standard UGH heater for CO
and HCHO at levels well above the WHO recommendations (Brown et al.
2004).

2.7 Objectives of the thesis

The review of the literature highlighted that low capacity heaters such as UGH and
portable electric heaters are common in NZ households. Most of the studies clearly
stated that operating an UGH increased the house’s moisture level and released
pollutants directly in the room; however none of the studies has looked at the changes in

indoor air quality when these UGHs were replaced with non indoor polluting heaters.

It is reported that studies which assessed the quality of indoor environment in relation
to domestic heater usage were focused on either physical measurements, chemical
measurements or biological measurement, but none of these studies has integrated these

three interconnected types of measurements in occupied homes.

This project filled this gap of knowledge by being the first time that a multi-day real-
time monitoring of heater emissions, over two winter periods was conducted, in

occupied homes in New Zealand.
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The three objectives of this study were:

Objective 1: to report the heater use, to measure the room psychrometric conditions
(temperature and relative humidity) in the living room and child’s bedroom and to
investigate the changes following the replacement of low capacity heaters with high

capacity non indoor polluting heaters.

Objective 2: to measure the close to the wall surface psychrometric conditions
(temperature and relative humidity) and the subsequent capacity for mould to grow on
the wall surface, and to investigate the impact of the replacement heater on the airborne

and dustborne fungal community.

Objective 3: to real-time measure the levels of four pollutants, namely carbon dioxide,
carbon monoxide, formaldehyde and nitrogen dioxide, to investigate the changes in the
pollutants concentration when the low capacity heaters were replaced with high capacity
non indoor polluting heaters, and to examine if this replacement heater was sufficient to

provide the occupants with a healthy environment.

The rest of the thesis is composed of five chapters. Chapter 3 covers the methodology
used to monitor psychrometric condition, mould and pollutants. The selection of the
materials and methods was carried out taking into account the benefits and limitations

of each method as underlined in the Review of the Literature chapter.

It was ascertained from the Review of the Literature that the usage of UGH increases
the home moisture level. The objectives of Chapter 4 were to quantify the heater use,
temperature and moisture levels in the living rooms and in the index child’s bedrooms,
and to investigate any changes to these parameters following the replacement of the

UGH with a high capacity non indoor polluting heater.

It was clearly shown in the Review of the Literature that the operation of UGH
increases the home moisture level which was strongly associated with the presence of

66



CHAPTER 2 — Review of the Literature

mould and other microbial agents in buildings. The objectives of Chapter 5 were to
assess the “close to the surface” of the external wall psychrometric conditions in the
living rooms and in the children’s bedrooms and to predict the capacity for mould to
grow on the surface of these external walls. These predictions were compared to visual
inspection, airborne and dust borne samplings which were undertaken in the same

homes.

Emissions from unflued gas appliances, used for space heating, water heating and
cooking, are released directly in the room, and were an important source of indoor
pollution. The objectives of Chapter 6 were to quantify the household’s exposure to
chemical pollutants during the use of the different heater types and to examine if the
heater replacement was sufficient to provide the household with a healthy indoor
environment, in accordance with the WHO or other governing authority’s

recommendations for health.

The type of heater operated and the way this heater was operated led to different indoor
environments. Chapter 7 summarises the findings on the temperature, moisture level,
mould level and chemical emission levels measured in the living rooms and in the index
child’s bedrooms in relation to the type of heater used in the living rooms. The
conclusions from this study, the limitations of this study, the suggestions for future
research, the significance of the findings and implication for policy are also presented in

Chapter 7.
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3 METHODOLOGY

3.1 Introduction

The methods used in this project to undertake the monitoring were selected taking into
account the benefits and limitations for each method reported in the Review of the

Literature chapter.

3.2 Research design

3.2.1 Geographic location and timeline

The Housing Heating and Health (HHH) study was conducted in five communities. To
reduce the outdoor climatic variation and to enable the ease of transporting the
monitoring equipment between households, it was considered important to locate the
intensive monitoring sub study in only one community. The largest community from the
HHH study was located in the Hutt Valley (Greater Wellington Regional Council, New
Zealand). Therefore, it was decided to locate the IEM in the Hutt Valley to enable easier

recruiting of the subject households.

The monitoring was designed to be undertaken over two winter seasons namely the
winter of 2005 and the winter of 2006. During the first winter, the households were
operating their original main heater, located in the living room area, which was either an
unflued gas heater (UGH) or a low capacity electric heater (portable or wall mounted).
Baseline measures were collected during this first winter. At the end of this first
monitoring period, the households were randomly assigned to either a control group or
intervention group by the HHH study. The intervention group received their indoor non-
polluting and higher capacity replacement heater (a heat pump, a flued gas heater, or a
wood pellet burner) before the follow-up monitoring session of winter 2006. After the
second winter data collection, the control group households received their replacement

heaters.

Prior to the commencement of this intervention study, the houses were insulated in the
roof cavity and in the under-floor space, according to the recommendations from the
Energy Efficiency - Small Building Envelope Standard (NZS NZS 4218:2004), which

was the current standard at the time of the study.
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3.2.2 Statistical power analysis and sample recruitment
3.2.2.1 Statistical power analysis

Prior to the recruitment phase, a statistical power analysis (Kraemer and Theimann
1987) was undertaken to estimate the minimum sample size needed to detect changes
following the intervention. In this study, the “household’s exposure to nitrogen dioxide”
was the main variable chosen to carry out this statistical power analysis. This variable
was chosen because of nitrogen dioxide (NO;) being directly linked to the combustion
process and the known respiratory irritant effects of this pollutant. Kingham et al.
(2005) reported an average households exposure to NO, of 31 pg.m™ (SD = 15 pg.m™)
when UGHs (n = 8) were in use, an average NO, exposure to 8 pg.m> (SD = 1 pg.m™)
when electric heaters (n = 8) had been operated, and an average NO, exposure to 12
ug.m'3 (SD=3 ],tg.m'3) when wood burners (n = 8) had been operated. Based on these
findings, the calculated effect size required a sample of at least 14 intervention homes
and 14 control homes to give a power of 99% with a type I error set at 0.05. The
statistical power analysis was calculated using the pwr - package from the statistical

software R version 2.13.0 (R Development Core Team 2005).

3.2.2.2 Sample recruitment

The statistical power calculations showed that a sample of at least 28 homes was needed
to be recruited to give statistically significant results for changes. The HHH Study had a
pool of 109 houses located in the Hutt Valley area; the project research managers,
helped by the Hutt Valley community workers, selected 33 houses for the first year of

monitoring, according to two selection criteria:

e UGH or low capacity electric heater used as the home’s main heater and that this

heater was located in the living room area,

e Retrofit insulation was completed before the start of the first monitoring season.

The selected households were instructed to operate their UGHs or low capacity electric

heaters as their home’s main heater as to their normal practices.
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Figure 3.1 shows a flow chart of the recruitment process of the 33 selected houses for

the first year of monitoring and the 36 houses for the second year of monitoring.

In 2005, out of the 29 households expected to operate an UGH as their main heater, it
was found that three households were instead operating a wood burner and one
household did not use any type of heater. Following the heater replacement allocation in
2006, two intervention group households preferred to install their replacement heat
pump (HP) in the child’s bedroom and continued to operate the original heater in the
living room; in one of these homes their original heater was an UGH and the other such
household used a wood burner. Furthermore, in the control group households, one
household operated a wood burner in the living room. One intervention group
household, despite having a HP installed in the living room, nevertheless elected to
mainly keep using their UGH as their main heater instead of the replacement HP due
their perceived high operating cost of their new HP. These minor changes from Figure

3.1 are reported in Table 3.1.

Table 3.1: Main heater operated in the living room area in both monitoring periods.

Heater operated in the 2005 2006
living room Total houses | Total houses | Intervention | Control

Unflued Gas Heater (UGH) 25 15 2 13
Portable electric heater 4 1 0 1

Heat Pump (HP) 0 12 12 0
Wood Pellet Burner (WPB) 0 4 4 0
Flued Gas Heater (FGH) 0 2 2 0
Wood burner (WB) 3 2 1

No heater 1 0 0 0
Total 33 36 21 15
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Potentially eligible households, drawn from the HHH main study, in the Hutt Valley area (N=109)

Households selected for the pre intervention intensive monitoring (winter/spring 2005) (N=33)

e  Unflued gas heater (UGH) used as the households’ main heater (N=29)
e Electric heater used as the households’ main heater (N=4)

Additional
intensive monitoring group before the post ____ !

Higher capacity replacement heater installed in the randomly selected intervention homes.

households added to the

intervention monitoring (N=9)

UGH as main heater (N=4)

Heat pump as main heater (N=3)
Flued gas heater as main heater (N=1)
Electric heater as main heater (N=1)

Households lost from year 1 monitoring
group (N=6)

e Do not use any heater (N=1)
e  Moved out of the house (N=3)
e  Withdrew from the study (N=2)

—>

v

Selected households for the post intervention monitoring (winter 2006) (N=36)

Allocated to the intervention group households
(N=21)

(Received replacement heater)

e Heat pump installed (N=15)
e Flued gas heater installed (N=2)
e  Wood pellet burner installed (N=4)

Allocated to the control group households
(N=15)

(Did not receive replacement heater before
completion of the study)

e Unflued gas heater (N=14)
e Electric heater (N=1)

Figure 3.1: Flow chart of the households’ recruitment through the two winter monitoring periods.
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In 2005, the distribution of heater type showed a high number of UGHs. This is not
surprising given that operating an UGH was a primary selection criteria for the HHH
study. In 2006, amongst the intervention group households, a HP was the favourite
choice and was chosen by 12 out of 21 households. FGHs were chosen by only two

households and WPBs were chosen by 4 households.

The insulation upgrade was carried out in all uninsulated houses, except two houses
from the intervention group and two houses from the control group which did not
receive under floor insulation as there was no access to the under floor area and one
house from the intervention group which did not receive ceiling cavity insulation due to

no access to the ceiling cavity.

All 33 homes in winter of 2005 and 36 homes in winter of 2006 were monitored using

the same monitoring process.

3.3 The monitoring process

The monitoring consisted of three parts which were carried out conjointly:

e Measurement of five physical parameters: “middle of room” and “close to the
wall” temperature, “middle of room” and “close to the wall” relative humidity,
and time of heater usage. The heater energy consumption was estimated from

the heater usage.

e Measurement of four airborne chemicals: carbon monoxide, carbon dioxide,

formaldehyde and nitrogen dioxide.

e Measurement of four fungal parameters: the fungi measurements were 1) the
enumeration and identification of the airborne fungal flora, 2) the enumeration
and identification of the dust borne fungal flora, 3) the investigation of the
potential for mould to grow on the inside of one external wall, and 4) the visual
mould inspection. All four measurements were undertaken in each living room

and in each bedroom.
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In addition, a researcher-completed questionnaire was completed at the time of the

equipment setup.

3.3.1 Monitored rooms

In this intervention study, the child with asthma was the principal subject. The
monitoring was focused on the two main locations frequented by this child when at
home; which were the living room and his/her bedroom. As some families consisted of
more than one child, the referent child was called the “index child”. This child was aged
between 6 and 12 years old, with doctor diagnosed asthma and registered as the “index

child” in the HHH Study data base.

3.3.2 Measurement of five physical parameters

The same instrumentation for measuring the room and “close to the wall” temperature,
room and “close to the wall” relative humidity, heater usage was used in both

monitoring seasons.

3.3.2.1 Room temperature and room relative humidity

Five double sets of instruments (one for the living room and the other for the index
child’s bedroom) were employed to monitor the room temperature and room relative
humidity in five houses simultaneously each week. The room temperature and room
relative humidity sensors were set at 1.10 metre high from the floor (which was
estimated as the average height of the children when they are seated) using a custom

made support structure (Figure 3.2: yellow instrument).

Figure 3.2: Monitoring equipment in the custom made support structure.
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This support structure had two functions:
e To keep the probes at this desired height and

e To prevent the instruments from being tampered with.

The room temperature was measured using a Gas Probe IAQ from BW® Technologies
Ltd, Calgary, Canada. The temperature sensor was based on the Resistance Temperature
Detectors (RTD) technology. The user manual gave the temperature range as from -5°C
to 50°C, with an accuracy of £+ 0.1°C. The room temperature was measured every ten
seconds during the first year monitoring period. In the second year of monitoring, the

time step was increased to every two minutes, for up to one week of monitoring.

Prior the commencement of the fieldwork, the temperature was simultaneously
measured inside and outside of the support structure. The temperature was found to be

0.57°C warmer inside of the support structure, 5,CI [0.56°C - 0.58°C].

Gas Probe IAQ also measured the room relative humidity level (using capacitive
polymer technology). For this sensor, the relative humidity accuracy was + 2% in the
range 0% to 95%. The room relative humidity was measured every ten seconds during
the first year monitoring period. In the second monitoring year, the time step was
increased to two minutes, for up to one week of monitoring. This instrument was chosen
because of its memory capacity and its ability to measure temperature and relative
humidity at the same time. Prior to each monitoring session, the sensors were tested
against each others, in an environmental chamber, to detect any variation in the measure

and any outliers adjusted.

3.3.2.2 “Close to the wall” temperature and relative humidity measurement

The “close to the wall” measurement was undertaken with a data logger (Hobo®™ HS,
Onset Computer Corporation, Bourne, Massachusetts, USA) attached to the inside
surface of an external wall at 1.8 metre above the floor level, in the living room, and in
the index child’s bedroom. The logger monitored the temperature and the relative
humidity every 15 minutes up to 41 days (full memory capacity). The term “close to
the wall” was used, as even when this thin logger was attached directly to the wall

surface, it left the sensor about 15 mm away from the wall surface. The user manual
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stated that the temperature accuracy was + 0.74°C in the range -20°C to 70°C and the

relative humidity, accuracy was = 5% in the range 25% to 95%.

3.3.2.3 The monitoring of the heater usage

The method to monitor the heater usage was based on the method developed by
Building Research Association New Zealand (BRANZ) during the Household Energy
End-use Projects (HEEP Project). In both the HEEP study and this study two methods
of recording were used to monitor heater usage for one month. Both the time of use and

the setting of heater were monitored.

Different methods were required for different heater types. Electric oil column heaters
and electric fan heaters were monitored using an energy power meter. This device
consisted of a pulse logger plugged into an energy meter which was plugged in series
with the electric heater. This energy power meter gave a two minute average power load
in Watts (W). Unflued gas heaters (UGH), flued gas heaters, wood pellet burners, wood
burners and the inverter heat pumps all required a more complex technique to monitor

the energy usage.

For UGHSs, a thermocouple type K was installed, in the middle of each heater panel, at
about two centimetres from the heating source, in order to obtain accurate information
on the panel temperature (Figure 3.3). Each UGH had two or three panels. A method
developed by BRANZ for the HEEP study was used to convert this panel temperature to
a heater setting. This method was outlined in the HEEP Year 4 report (Camilleri et al.
2000) and HEEP Year 6 report (Isaacs et al. 2002).

Figure 3.3: Unflued gas heater with a thermocouple located in the middle of each panel.
— =
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The gas consumption (g.h™") on low, medium, and high setting was estimated firstly by
weighing the Liquefied Petroleum Gas (LPG) bottle before and after operation at each
setting. Then using the calorific value of 50 kJ.g"' or 13.89 Wh.g" (50/3.6 Wh.g) of
the LPG (NZS 1996), the power input and then the energy consumption (Wh) were

estimated knowing the time of use.

For the solid energy heaters (wood burner or wood pellet burner), the flued gas heater
and the inverter heat pumps, a single thermocouple was installed in a strategic location,
either attached on the wood burner external surface (Figure 3.4) or in the air flow output
for the flued gas heater and the inverter heat pump. The thermocouple provided only

binary information on the heater status (on/off).

Figure 3.4: Wood burner with a thermocouple attached to the external surface.
> 1

3.3.3 Measurements of four chemical pollutants

During the two winter seasons, the monitoring of four gases was carried out: 1) Carbon

monoxide, 2) Carbon dioxide, 3) Formaldehyde and 4) Nitrogen dioxide.

3.3.3.1 Carbon monoxide (CO) and the carbon dioxide (CO,) measurements

CO and CO, were measured with the Gas Probe IAQ from BW® Technologies Ltd,
Calgary, Canada, which was the same instrument used to measure the room temperature
and the room relative humidity, located in the support structure. The CO and CO,
sensors used electrochemical technology and non-dispersive infrared technology

(NDIR) respectively.
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The Gas Probe IAQ measured the CO in a range from 0 to 500 ppm, with accuracy
estimated to be 3%, and the CO, in the range 0 to 10 000 ppm with 3% accuracy

according to the manufacturer.

Factory calibration was used for the first year of monitoring. For the second monitoring
year, the calibration was undertaken at Massey University using the manufacturer’s two
point calibration guidelines:
e A zero gas (nitrogen gas, N,) and CO; span gas (4900 = 100 ppm, balanced in
N») were used for CO, sensor calibration;
e A zero gas (Ny) and CO span gas (25 = 1 ppm, balanced in Air) were used for

CO sensor calibration.

3.3.3.2 Nitrogen dioxide (NO;) measurements

The NO, measurement was performed using a M200E Nitrogen Oxides Analyser
(Teledyne Instruments, San Diego, CA, USA) which uses the chemiluminescence (CL)
technology. The M200OE Nitrogen Oxides Analyser had a NO/NOx (NO+NO,) valve
and periodically switched the sample gas stream between:

e A reaction cell with ozone (O3) in constant excess (ozone generator) leads to the

following reactions:

NO + O3 — NO*+ 0O,

NOy* — NO,+hv
hv is an excess of energy in form of a quantum of light which can be measured with a
light-sensitive sensor (photo-multiplier tube), in the near-infrared spectrum, which gives
the NO concentration in the sample.

e A converter cartridge filled with molybdenum (Mo) leads to the following

reaction:

(NO+xNO,) + yMo — xNO + M,0, (at 315°C)

Then, NO was routed to the ozone reaction cell

NO + O3 — NO* + O,

NOy* — NO,+hv
As NO, does not react with O, the actual gas measured by chemiluminescence was
NO. The NO, concentration was calculated as the difference between NOx (NO + NO,)
and NO.
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The five CL analysers were factory modified with a switching valve, to alternatively
measure the NO, concentration in the living room and the index child’s bedroom, so
that one analyser could be employed to take samples from both spaces. In the first year,
alternate samples were drawn from inlets every 10 minutes. In the second year, an NO,
sample was taken every minute for a 15 minute period from each location, but the first 5
minutes of data from each location were discarded to prevent any potential cross mixing
between the gas samples drawn from each space. The analysers were located in a
strategic location (usually in the roof cavity) and two 15 metre tubes (Fluorinated
Ethylene Propylene) were used to draw the sampled gas from each room to the
instrument (Figure 3.5). The Australian Standard AS 3580.5.1-1993 (Methods for
sampling and analysis of ambient air - Determination of oxides of nitrogen-
Chemiluminescence method) considers that the tube length should not exceed ten
metres. However, Ferrari (2004) found that the losses were less than 5% for a 30 metre
tube and the instrument manufacturer considered a 15 metre tube would not affect the

pump performance.

The sampling tubes were taped to the ceiling and run to either the bedroom or living
room. Sufficient tube was run so the end of the tube was 30 cm below the ceiling and
the tube end was located near the centre of the room. At each house, the instrument was
recalibrated with five point linearity, using a Calibrator/Internal zero Air Generator
(Sonimix 3012-10 gas calibration system, LN Industries SA, Chatelaine, Geneva,

Switzerland) and a nitric oxide gas cylinder (47.9 ppm balanced in N, gas).

In addition, in the second year, diffusive samplers were installed at the tube ends to
compare both real time and passive diffusion methods. The passive diffusion tube
(Palmes tube™) consisted of an acrylic tube, which at one end was a cap with a steel
mesh that was coated in an absorbent (triethylanolamine). The data analysis from this

experiment were reported in Gillespie-Bennett et al. (2008).
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Figure 3.5: NO, analyser located in the roof cavity (left), tubing running from the roof cavity to the
living room and to the bedroom (midd‘le), tube end with a passive diffusion tube attached (right).

3.3.3.3 Formaldehyde (HCHO) measurements

Formaldehyde was measured using a formaldemeter htV sampler connected to an AMS-
2 Aldehyde Monitoring Station (PPM Technology Ltd, Gwynedd, Wales, United
Kingdom). This instrument was also located in the sampling structure with the sampling
probe located at 1.1 metre about the floor (Figure 3.2: white instrument). Five double
sets of instruments (one for the living room and the other for the index child’s bedroom)
were employed to monitor the formaldehyde level in five houses simultaneously each

week. In both years, a sample was taken every 2 minutes.

This device used an electrochemical fuel cell, and had a detection range from 0.01 ppm
to 10 ppm with 2% accuracy. To prevent potential sensor interference, an in-line phenol
filter was plugged on the sampling inlet, as recommended by the manufacturer. The first
year calibration was carried out by the manufacturer and for the second year, the
calibration was undertaken infield using a calibration standard, provided by the

manufacturer, and following the calibration instructions from the operation manual.

3.3.4 Measurements of four biological parameters

These biological measurements consisted of: 1) a visual mould inspection undertaken
by the researcher, 2) a sample of the airborne viable fungi spores, 3) a sample of the
dust borne viable fungi spores and 4) the use of fungal detectors to investigate how

favourable the indoor environment was for the growth of three fungal species.
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3.3.4.1 Visual mould inspection

A visual mould inspection was carried out in each living room and in each index child’s
bedroom using a subjective method based on four visual states of mould development
(MO: No visible mould, M1: specks of visible mould, M2: moderate visible mould

patches, M3: extensive covered areas).

3.3.4.2 Airborne sampling

In year one, the airborne fungi sampling was carried out in two time periods. The first
sampling was undertaken between the 5™ and the 7™ of October and the second
sampling from the 9" to the 12" of November 2005. In the second year, the fungal
sampling was undertaken between the 4™ and the 10™ of October 2006.

The samples were collected in the living room, in the index child’s bedroom and a
reference sample was collected outside. Outside environment sampling is important to
detect indoor fungi amplification. Indoor samples were collected in the middle of the
room (or the close to, when this space was not available), and at 30 centimetres above
the floor, which was the height of the sampler. The outside sampling was performed

three metres away from the main entrance door.

All airborne samples were undertaken using an air sampler SAS Super 100
(International Pbi Spa, Milan, Italy), loaded with 65/15 mm standard contact plates
(Greiner Bio-one, Germany). The plate media used was Malt Extract Agar (MEA") plus
a bacteriostatic component (0.2% chloramphenicol stock solution)* which selectively
inhibited saprophytic fungi and bacteria. For each of the three locations, duplicated air

samples were collected and an air volume of 100 litres was sampled.

After sampling, the plates were placed, in an incubator at 22°C, for seven days. During

this period, the Petri dishes were examined on the fifth, the sixth and the seventh day.

" Difco TM , Malt Extract Agar, ref 211220, 500 g, Beeton Dickinson and Company Sparks, MD 21152 USA.
225 mg powdered chloramphenicol (Sigma-Aldrich, China) was added to 10 ml ethyl alcohol 50%.
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Three enumerations were important because different fungi species have different
growth rates. Following the enumeration, a correction factor was applied to each count
(Somerville and Rivers (1994)), and the plates were preserved in a temperature

controlled room (5°C) waiting for genus level identification.

To check for any contamination that could have occurred during sample preparation and
during field sampling, two plates with the MEA media (control blanks) were handled,

but not exposed, along with the field samples.

A spreadsheet was completed to report any disturbances during the sampling period.
The airborne sample was always undertaken before the dust borne sample in order to
avoid cross-contamination with re-suspended spores from the dust reservoir due to the

dust borne vacuuming process.

3.3.4.3 Dust-borne sampling

In each dwelling, two dust samples were collected: one in the living room and the
second one in the index child’s bedroom, using a protocol developed by the Wellington
Asthma Research Group from the Wellington School of Medicine and Health Sciences,
Otago University (Wickens et al. 2004) .

In the living room, the sampling location was as close as possible to the centre of the
room. In the child’s bedroom, the sampling location was as close as possible to the
place where the child is the most likely to get out of bed. In both rooms, the sampling
was carried out regardless of the position of the floor covering. The selection area could

include a combination of carpet, rugs, or hard surfaces.

A vacuum cleaner (Hitachi®, Type super 4700, 1300 W) was used to collect the dust
from the floor. It was equipped with a nylon mesh sock inserted between the furniture

attachment and the vacuum hose (Figure 3.6).
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Figure 3.6: Nylon mesh sock inserted between the furniture attachment and the vacuum hose.

The vacuumed area/time was:

e For carpeting or matting floor, one square metre for 1 minute;

e For hard surface (wood, linoleum...), two square metres for 1 minute.

The dust was preserved in a chilled box on the day that the sample was collected, and
then in a temperature controlled room (5°C), until the sample was processed in a
microbiological laboratory at the School of Engineering and Advanced Technology,

Massey University, Palmerston North.

Dust sieving was performed for a ten minute period using a 500 pm mesh sieve
(Endecotts Ltd, London, UK) and a sieve shaker (Endecotts Ltd, London, UK). Each
sample was weighed with a balance (Sartorius BP 210 S, Goettingen, Germany) before
and after sieving. 0.1 g of sieved dust was added to 0.9 g of 0.9% NaCl to make up to 1
g suspension (dilution 10™). Then, 0.1 ml of 10™ suspension was added to 0.9 ml of
0.9% NaCl to make up to 1 ml; giving a 107 dilution and this process was repeated to

107 dilution.

Two media were prepared in 90/14 mm Petri dishes (Techno-Plas PTY Ltd, Adelaide,

Australia):

e A general media: Malt Extract Agar plus a bacteriostatic component (0.2%
chloramphenicol stock solution),

e A media specific for xerophilic fungi (Hocking and Pitt 1980): Dichloran 18%
Glycerol Agar (DG18 Agar) supplied by Fort Richard laboratories Ltd,
Auckland, New Zealand.

82



CHAPTER 3 — Methodology

Aseptically, 0.1 ml of each 107 and 10~ dilution was poured onto the MEA media and
the DG18 media plates and spread on the media surface with a sterile glass rod. Each
plate was duplicated. Two MEA control blank plates and two DG18 control blank plates

were kept in the laboratory in order to check if any laboratory contamination occurred.

The plates were placed, in an incubator at 22°C, for seven days. During this period, the
Petri dishes were examined on the fifth, the sixth and the seventh day of the incubation.
Following the enumeration period, the plates were preserved in a temperature controlled

room (5°C) waiting for genus level identification.

3.3.4.4 Fungal detector

This fungal detector (JDC Corporation, Kanagawa, Japan) consists of three permeable
fungi inclusions of pre-culture spores which are placed between two plastic slides. The
species that have been selected for the slides are two xerophilic fungi Aspergillus
penicillioides, Eurotium herbariorum and one hydrophilic fungus Alternaria alternata.
Each inclusion contains one drop of conidia suspension at concentration of 10° spores
per ml (Abe 1993). Two of these three fungi inclusions were xerophilic fungi (Eurotium
herbariorum and Aspergillus penicilloides). Xerophilic refers to the capacity for the
fungus to grow under relatively dry conditions with a water activity from 0.69 to 0.77
(Flannigan and Miller 2011). The other fungus was hydrophilic (Alternaria alternata);
hydrophilic refers to the capacity for the fungus to grow under relatively humid
conditions with a water activity above 0.85. This fungal detector was intended to assess
the capacity for the current indoor environment to allow the fungus to grow, but it was
not able to detect the actual fungal contamination level or the fungal distribution that

would be found in the space (Abe 1993).

In each house, two fungal detectors were deployed (one in the living room and the other
one in the index child’s bedroom). Both detectors were attached to the inside surface of
an external wall at about 1.8 metre above the floor, and in the close proximity to the
temperature/RH data logger (Hobo®™ HS, cf. Section 3.3.2.2.). Each fungal detector was
left in place for more than a month (Figure 3.7).
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Figure 3.7: Typical sensors location on the inside surface of an external wall: fungal detector (top),
temperature/RH Hobo® logger (bottom).

Following the collection of the exposed slides, the three inclusions were examined
under a microscope (Olympus® BX41, Olympus Corporation, Shinjuku, Tokyo, Japan)
and microscopic pictures were taken using a digital camera (Olympus Color View"™ U-
TVO-5XC-2, Olympus Corporation, Shinjuku, Tokyo, Japan). The hyphal lengths were
measured using digital imaging software (analySIS® Five, Soft Imaging System
Corporation, Lakewood, USA). The hyphae measurements were undertaken following
the method developed by Abe Keiko (JDC, Corporation, Kanagawa, Japan). The
averaging hyphal length protocol, received from Abe Keiko, distinguishes two cases
(short hyphae and long hyphae).

Case 1: Short hyphae measurement (< 200 pm)

In the situation where the hyphae in the microscopic field were short; that is the average
length of hyphae did not exceed 200 um; two pictures were taken at magnification
100X, and the lengths of the hyphae were measured from the spores (at the necks of the
hyphae) to the tips of the hyphae (Figure 3.8).
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Picture courtesy of Abe Keiko

Figure 3.8: Short hyphae case measurement.

Case 2: Long hyphae

In the situation where the hyphae at the microscopic field were long; that is the hyphae
crossed the edge of the inoculation zone and the lengths from the edge to the tips of the
hyphae exceeded 100 um; two pictures were taken at magnification 40X, and the
hyphae were measured from the edge of the inclusion to the tips of the hyphae. In this

case, the measurement was done crossing the edge at a width of Imm (Figure 3.9).

Picture courtesy of Abe Keiko

— 100um

v

Imm wide zone
for measurement

Figure 3.9: Long hyphae case measurement.

Following the measurement of the length of the hyphae, the five longest hyphae from
each picture were selected and the lengths of the three middle hyphae (omitting the
longest and the shortest hypha) were averaged. Then the final hyphal length was the

average value from the two microscopic fields.

3.4 The researcher-completed questionnaire

On the equipment setting day, a researcher-completed questionnaire was used to collect

information on the house and household’s behaviour. The questions of interest were: Is
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the living room/child’s bedroom north facing (yes/no)? Is the floor in the living
room/child’s bedroom carpeted (yes/no)? When was the house built (years)? Do the
household use a gas hob (yes/no)? How many people live in this household (N)? How
many rooms are in this house (N)? What is the house total surface area (m*)? How many
heaters are usually operated during winter period (N)? What is the nominal capacity of
each heater (kW)? Is there any mechanical ventilation system installed in this house
(yes/no)? These household characteristics were tested in ordinary least squares (OLS)

models.

3.5 Ethical approval

For this project, involving research on human participants, the Massey University Ethics
Committee approval was obtained on the 2™ of December 2004. The main HHH Study
was also approved by the Multicenter Ethics Committee. Written consent was obtained

from the appropriate householder and caregiver, parent, or guardian of the child.
3.6 Statistical analysis

The data were analysed using the statistical package R version 2.13.0 (R Development

Core Team 2005).
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4 HEATER USE, TEMPERATURE AND MOISTURE LEVEL

Thermocouple connected to a wood stove
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Thermocouple connected to an UGH
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4.1 Introduction

About one quarter of New Zealand (NZ) private households own one or more unflued
gas heater (UGH) and around half own at least one portable electric heater (Statistics
New Zealand 2006). These heaters are known to have a nominal power input - up to 2.4
kW for portable electric heaters and up to 4.8 kW input for UGHs. Isaacs et al. (2004a)
found UGHs were generally used on a low or economy settings, giving an average input
of 1.5 kW. Lloyd et al. (2006) reported that, in 2001, between 10% and 14% of NZ
households experienced fuel poverty. A household was considered to be in fuel poverty
if its members would need to spend more than 10% of their incomes on energy to
achieve temperature recommended by the WHO (WHO 1987, DEFRA 2003). Cupples
et al. (2007) describe how the NZ identity, which is partially based on a masculine
pioneering heritage, leads to many households putting on warmer clothing rather than
turning on a heater. Consequently, cultural and socioeconomic factors and low capacity
heaters combined with low building insulation levels, all contribute to low indoor
temperatures. Compared to other developed countries, NZ households are exposed to
lower indoor temperatures (Isaacs et al. 2004b). Exposure to low temperatures will lead
to respiratory problems for vulnerable people, such as people with asthma (Howden-

Chapman et al. 2007, Wilkinson et al. 2004).

The objectives of this chapter were:
e to report the heater use, the heat output, the room temperature, the room

moisture and the subsequent comfort level,

e to quantify the changes in these parameters when a high capacity replacement

heater was installed.

4.2 The outside temperature

The outside climate data (temperature and relative humidity) were provided by the
Resource Investigations Department, Greater Wellington Regional Council which
operate four ambient monitoring sites that are located within the study area at the
following locations: Birch Lane, Shandon Golf Club, Wainuiomata Bowling Club, and
Upper Hutt Savage Park. The greatest distance between a subject house and a climate

monitoring station was 6 km.
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Figure 4.1 shows the daily averaged ambient temperature during both monitoring
periods. Due to technical constraints (late recruitment of the families, late delivery of
the equipment), the first year monitoring started late in the winter season and was
undertaken from the 24™ of August to the 7" of October 2005 (winter/spring season).
The second year monitoring session was undertaken, during a full winter season, from
the 20™ of June to the 14™ of August 2006. As the monitoring seasons were not
overlapping in terms of their date in the calendar year, then temperature curves for both

years can be shown on the same figure (Figure 4.1).

The households were exposed to statistically significant higher average outside
temperatures in 2005 than in 2006 (10.94°C, 9s0,CI [10.37 - 11.50] vs. 8.62°C, 950,CI
[8.08 - 9.17], p-value < 0.01). The confidence interval of 95% (9s50,CI) is the range of

values within which there is 95% probability of the true mean occurring.
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Figure 4.1: Daily averaged outside temperature during 2005 and 2006 monitoring periods.

As the houses studied did not have wall insulation and were single glazed, the ambient
temperature will significantly impact on the indoor temperature (Howden-Chapman et
al. 2007). As the ambient temperature was significantly warmer during the 2005
monitoring than during the 2006 monitoring, the households might have operated their

heater differently between monitoring seasons.
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4.3 Heater use, power input and energy output estimate
4.3.1 Heater use in the living room and in the child’s bedroom

The method for monitoring the heater use was reported in Section 3.3.2.3. In the second
year of monitoring, due to a logger memory issue which affected 22 out of 35 loggers,
data were either overwritten (N=17) or partially overwritten (N=5). To replace the
missing data, the measured indoor carbon dioxide (CO;) concentration was used to
predict the UGH usage. For each house, the CO, concentrations were measured in the
living room and in the asthmatic child’s bedroom. About 90% of the time where both
the UGH usage and CO, measurements were recorded, the UGH use corresponded with
the peaks of CO, concentration. This method to replace missing data could only detect
the period of heater use and was not able to predict the setting and subsequent heat
output. To replace the missing data from other heaters, the temperature difference
between the living room and the bedroom was used in order to predict the heater usage

in the living room.

4.3.1.1 Heater use in the living room

Figure 4.2 shows the daily averaged heater usage (£950,CI) in the living room for all
homes in 2005 and 2006, plus the control and intervention homes in 2006. The heater
usage was significantly lower in 2005 than in 2006 (2.8 h., 950,CI [1.9 — 3.6] in 2005
(N=33) vs. 7.7 h., 955,CI [5.9 — 9.5] in 2006 (N=36), p-value < 0.01). This result is
consistent with the outside temperature being significantly warmer during the 2005
monitoring period (Figure 4.1). The heater distribution within the two home groups is

reported in Table 3.1.

In 2005, 9 households using UGHs and one household using a WB out of the 33
monitored households operated their heaters for less than one hour per day and one
household out of the 33 monitored households did not operate any heater at all. In 2006,
one household using an UGH out of the 36 monitored households operated their heater
for less than one hour per day. With these 12 “non-heated” households removed from
the 2005 and 2006 averages, the 2005 heater usage was still significantly lower than the
2006 heater usage (4.0 h., 950,CI [3.1 — 4.9] in 2005 vs. 7.9 h., 95,CI [6.1 — 9.8] in 2006,
p-value < 0.01).
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Figure 4.2 shows that in 2006, the intervention households (N=21) operated the
replacement heaters for 1.8 hours more than the control households (N=15), however
this result was not statistically different (6.7 h., 9s0,CI [3.7 — 9.7] for the control group
vs. 8.5 h., 95,CI [6.2 — 10.8] for the intervention group, p-value = 0.35). These results

are based on the assumption that for both groups the household occupancy level was

similar.
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Figure 4.2: Daily averaged heater use (hour) in the living room in 2005 and 2006 (£95¢,CI).

It was apparent that in 2006, HPs were operated on average for longer periods than the
other replacement heaters (WPB and FGH). The daily average use was 10.4 h. 95,CI
[6.8 — 14.0] for HP (N=12) compared to 6.0 h., ¢50,CI [3.7 — 8.2] for FGH (N=2), and
7.0 h., 950,CI [5.7 — 8.4] for three of the four WPBs. The last WPB user operated their
replacement heater for only 2.7 hours per day. In addition, the two WB users operated
their WB for 14 hours and 7.5 hours per day. However, the households operating UGH
(N=15) showed a lower daily average use of 4.8 h., 9s50,CI [3.5 — 6.1] or 5.2 h., 950,CI
[4.0 — 6.3] when the household who had been operating their UGH for less than one

hour per day was removed from the data set.

The household, who were operating a portable electric heater as their main heater in the
living room, appeared to operate it continuously everyday with a high setting (the

weekly average power input was 834 = 5 W with a nominal power input for this model
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of 1000 W). This suggests that there was no thermostat, or the thermostat was not
working properly or that the thermostat set-point was higher than the temperature

reached.

Figure 4.3 to Figure 4.10 show, for 2005 and 2006 respectively, the daily heater use
profile given as the hourly average contribution to the total daily use. In 2005, the
households typically operated their heaters with a heating session in the morning
between 6 am and 9 am and in again the evening for a longer period between 4 pm and
10 pm (Figures 4.3, 4.4, and 4.5). Similar trends were found in 2006 (Figures 4.6, 4.7,
4.8, 4.9, and 4.10). However, for the households operating HPs (Figure 4.9), the two
usage peaks were less obvious, which is consistent with the HPs being used for more
extended periods during the day. Due to a small sample size, the daily heater use

patterns for WB (N=2), WPB (N=3), FGH (N=2) are of interest but not conclusive.
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Figure 4.3: Hourly contribution to daily wood burner use (N=3) in 2005.
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Figure 4.5: Hourly contribution to daily unflued gas heater use (N=22) in 2005.
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Figure 4.6: Hourly contribution to daily wood burner use (N=2) in 2006.
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Figure 4.7: Hourly contribution to flued gas heater use (N=2) in 2006.
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Figure 4.8: Hourly contribution to daily wood pellet burner use (N=3) in 2006.
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Figure 4.9: Hourly contribution to daily heat pump use (N=11) in 2006.
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Figure 4.10: Hourly contribution to daily unflued gas heater use (N=14) in 2006.

Households with HPs installed were operating their HPs in two distinct ways. These

differences were due to both the frequency of usage and the HP thermostat set point
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used. Eight out of twelve households were operating their HPs with a high thermostat
setting resulting in a quick temperature increase (up to 26°C). Once this temperature
was reached, the household manually switched the HP off. A typical example of this

style of HP operation is shown on Figure 4.11.
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Figure 4.11: Living room temperature, outside temperature and heat pump (HP) use from a
household who operated their HP intermittently on a high setting.

In contrast, four households were operating their HPs with a lower thermostat setting
for extended periods, so the HPs were running at less than full capacity most of the
time. A typical example of this second style of HP operation is shown on Figure 4.12.
An inverter-HP is quite energy efficient when operated in this manner and the living

room experienced only small temperature fluctuations.
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Living room temperature = = Outside temperature - HP use
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Figure 4.12: Living room temperature, outside temperature and heat pump (HP) use from a
household who operated their HP continuously on low setting.

Four families reported that they considered their HPs very expensive to operate. Two
households preferred to switch their HP off for most of the time and live in an unheated
house, even with asthmatic children at home. In NZ, electricity bills are typically
received monthly. Intervention group households who received a HP would have
received their first electricity bill prior to the beginning of the monitoring period. These
four households had received their first electricity bill inclusive of their HPs energy
usage, and would had observed an increase in the electricity consumption, and an
increased electricity bills could explain the lack of HPs usage. It is important that people
are educated in how to use their heater efficiently in order to avoid the behaviour of
these two families of switching the HP off for periods over the day, during the winter

season, and then to be exposed to low indoor temperature.

4.3.1.2 Heater use in the child’s bedroom

In 2005 and 2006, only 6 out of 33 households and 8 out of 36 households respectively,
had been using their portable electric heater in the asthmatic child’s bedroom for more

than one hour per day. Two intervention group households elected to install the HP in
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the child’s bedroom rather than in the living room, however only one of these two

households had operated the HP for more than one hour per day.

4.3.2 Power input and heat output estimate
4.3.2.1 Power input in the living room

For each UGH connected to a LPG bottle, the gas consumption and the power input
were estimated using the method described in Section 3.3.2.3. Across the two winters,
the average gas consumption, measured from the 29 different UGHs, was estimated to
be 105 g.h™! 950,IC [100 - 110] on the low setting and 292 g.h™" ¢50,IC [281 - 303] on the
high setting. The gas flow rate on the medium setting was estimated as the average of
the low and the high setting gas flow rate (199 g.h™). The average theoretical power
input was estimated to 1.46 kW gs50,IC [1.39-1.53] on the low setting, 2.76 kW ¢50,IC
[2.65-2.87] on the medium setting and 4.06 kW ¢50,IC [3.90-4.21] on the high setting.

Table 4.1 shows the percentage of time that the UGHs were operated on a low, medium
and high setting and the average power input in winter 2005 and winter 2006 for each

setting.

Table 4.1: Percentage of time and average power input on each UGH setting in winter 2005 and
2006.

Winter 2005 Winter 2006
Percentage Average Percentage of Average
UGH
of time power input time power input

setting
(o) (kW) (o) (kW)
Low 394 1.52 46.2 1.45
Medium 42.5 2.71 35.5 2.82
High 18.1 3.93 18.3 4.14
Average - 2.46 - 2.43

Similar heater operating behaviours were found in winter 2005 and winter 2006, as

shown in Table 4.1.
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The portable electric heaters were equipped with a pulse logger which counted the
electrical current impulses. In 2005, data from three out of the four households who
operated their electric heater in the living room were available. The average [minimum-
maximum] power inputs were measured at 1.32 kW [1.19 - 1.72], 1.37 kW [0.72 - 2.14]
and 1.40 kW [1.37 - 1.42]. In 2006, only one household operated a portable electric
heater in the living room. This household appeared to operate it continuously every day
on a high setting (the weekly average power input was 0.834 + 0.005 kW with a

nominal power input for this model of 1 kW).

As the FGHs were connected to the reticulated gas network, it was not possible to get
accurate measure of the gas flow rate on the different settings without the intervention
of a professional plumber to equip the FGH with a gas flow meter. The flow rate for
FGH was not measured. However a thermocouple was installed in front of the heater
which provided binary information on the heater status (on/off). The nominal heating
capacities were 5.2 kW and 8.6 kW for the two FGHs installed in the intervention

homes.

It was very difficult to estimate the power input from the WB or WPB. For the WB, the
power input was dependent of the quantity of wood consumed, the net calorific value of
the wood and the efficiency of the wood burner. In the same way, for the WPB, the
power input was dependant of the quantity of pellet consumed (the speed of the screw
feed), the net calorific value of the pellet and the efficiency of the WPB. The power
input for WB and WPB was not measured, but a thermocouple was installed in front of
the heated air outlet which provided binary (on/off) information on the heater status. For
the WPB, the nominal power inputs were 1.9 kW and 10.0 kW on lowest setting and

highest setting respectively for the four WPBs installed in the intervention homes.

The HPs were hard wired into the homes’ electric circuitry. Therefore without the
intervention of a registered electrician to equip the HP with a pulse logger/energy meter,
it was not possible to accurately measure the power input. Consequently, the power
input for HPs was not measured, but thermocouples were installed in front of the heated

air outlet which provided binary (on/off) information on the heater status. The nominal
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heating capacity range was from 4.0 kW to 8.1 kW for the 12 HPs installed in the

intervention homes.

4.3.2.2 Power input in the child’s bedroom

In 2005, portable electric heaters were the only heater type found in the index child’s
bedroom. The average [minimum-maximum] power input was measured at 0.77 kW
[0.64 - 1.33] (N=6). In 2006, in addition to portable electric heater, two households
elected to install the HP replacement heater in the child’s bedroom. For the portable
electric heaters, the average [minimum-maximum|] power input was measured at 0.99
kW [0.57 - 2.08] in 2006 (N=8). The power inputs for the HPs located in the bedrooms
were not measured, but a thermocouple was located directly in front of the heated air
outlet which provided binary (on/off) information on the heater status. However, only
one of these two households had operated the bedroom HP. The nominal average power
input was 1.08 kW which based on an optimal coefficient of performance of 3.70

corresponds to 3.99 kW of heating output.

4.3.2.3 Heat output estimates in the living room and in the bedroom

To estimate the heat output for UGH and portable electric heaters, it was assumed that
these heaters had a 100% conversion rate of energy input to energy output. Heater
energy outputs were grouped in five bins increasing incrementally by 5 kWh from low

to high users.

B Living room UGHs (N=25) OLiving room electric heaters (N=3) OBedroom electric heaters (N=33)
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Figure 4.13: Daily frequency per heat output class for UGHs and portable electric heaters (living
room and bedroom) in 2005.
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Figure 4.13 shows the household frequency according to five energy output classes
(kWh) for living room UGH (N=25), living room electric heater (N=3) and bedroom
electric heater (N=33) in 2005. In 2005, 14 out of 25 UGH users showed a daily energy
use estimate below 5 kWh. These findings are consistent with low UGH use of 2.8
hours on daily average and a main use on low and medium setting. Similar results have
been found in the child’s bedroom, with only two out the 33 monitored households
showing an energy consumption above 10 kWh per day. This result is consistent with
the previous findings that only 6 out of 33 households operated an electric heater in the

child’s bedroom for more than one hour daily at an average power input of 0.77 kW.
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Figure 4.14: Estimated daily heat output for six households operating UGH in the living room in
2006.

Figure 4.14 shows the estimated daily heat output (kWh), based on both the measured
gas consumption and the microvolt logger data which recorded both the setting on
which the heater was used and the time on this setting, for 6 of the 15 households that
were operating an UGH as their main heater in their living room. Figure 4.14 shows that
the energy output was different for all six UGH users. Among these six users, UGHI,
UGH2 and UGH3 show a much higher energy use than the three other users (UGH4,
UGHS5 and UGHS6). For 9 out of 15 households where some microvolt data were lost,
the CO, concentration method which was useful to estimate the period of heater use, but

was not able to predict the heater setting and subsequent heat output.
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One household, who had been continuously operating a portable electric heater in the

living room, consumed 23.5 kWh per day.
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Figure 4.15: Daily frequency per heat output class for portable electric heaters in the bedroom in
2006.

Figure 4.15 shows that 32 out of 36 households had a daily heat output estimate below 5
kWh in the bedroom in 2006. Despite a lower outside temperature in 2006, the
percentage of households in 2006 with daily heat output below 5 kWh was similar to the
percentage of households in 2005 with daily heat output below 5 kWh (94% in 2005 vs.
89% in 2006).

Overall, the results showed that only a few households were operating a portable
electric heater in the child’s bedroom during the 2005 and the 2006 monitoring. In the
living room, the heater was mainly used at night from 4 pm to 10 pm and the higher
capacity replacement heater was more extensively used than the previous low heating
capacity UGH or portable electric heater. Due to technical constraints, the heat output in
the intervention homes was estimated rather than measured, however it is apparent that
the heat output for the intervention homes, which received their replacement heater, was
much higher than in the control homes. Thus, the heater replacement should have a

positive impact on the indoor temperature.
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4.4 Indoor temperature results

The previous sections reported that, due to the late start in the 2005 monitoring, the
outside temperature was warmer in 2005 compared to 2006, which led to a lower heater
use in 2005. The replacement heaters received in the 21 intervention households were
used differently. These findings appeared to have had an impact on the achieved indoor

temperature.

For each house, the room temperature measurements were recorded, every two minutes,
for up to one week, in the living room and in the asthmatic child’s bedroom. The full

methodology was reported in Section 3.3.2.1.

Due to the late start in the 2005 monitoring, the temperature was measured for an
average of 124 hours per house ¢s50,CI [115h - 133h] whereas in 2006, it was measured
for a longer period (153 hours per house, 950,CI [148h - 158h]). As the WHO
recommendations for healthy indoor temperatures are based on the period when the
house is occupied (WHO 1987); it was assumed that the living room was occupied
between 4 pm and 10 pm. This assumption is supported by the results that found that the
heaters were primarily used for the evening period from 4 pm to 10 pm (Figures 4.3 to
4.10). It was assumed that the index child’s bedroom was occupied from 8 pm to 7 am.
All temperature exposures reported in this section will be restricted to these occupied

periods and referenced to the WHO recommended temperature range of 18°C to 24°C.
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Figure 4.16: Weekly average temperature (%9s.,CI) during occupied periods in the living rooms (4
pm - 10 pm) and in the bedrooms (8 pm - 7 am) in winter/spring 2005 and winter 2006. The number
of complete data sets is given between brackets on the X-axis.

Figure 4.16 shows the average weekly temperature in living rooms and bedrooms
during occupied periods. In both 2005 and 2006, during the occupied periods, the living
rooms were significantly warmer than the bedrooms (2005: 18.7°C vs. 16.3°C, p-value
<0.01, 2006: 18.7°C vs. 15.5°C, p-value <0.01), which is consistent with the main
heater being located in the living room. However, there was no significant difference in
the living room temperatures (18.7°C vs. 18.7°C, p-value =0.93) between 2005 and
2006. This result could be due to the higher heater use found in 2006 (Figure 4.2) and a
higher heater capacity installed in the 21 intervention households in 2006, which were
offset by a significantly warmer 2005 outside temperature (Figure 4.1)and a lower
heater use in 2005. In 2006, the bedroom temperature was lower than in 2005 but this
result was not statistically significant (16.3°C vs. 15.5°C, p-value =0.15).

In 2006, houses in the intervention group with a FGH, HP or WPB installed
experienced a consistently higher indoor temperature than the control group operating
UGH (19.8°C ¢50,CI [18.7 — 21.0] vs. 16.7°C, 95¢,CI [15.4 — 18.0], p-value <0.01 in the
living room and 16.2°C ¢s5,CI [15.1 — 17.3] vs. 13.6°C, 959,CI [12.4 — 14.9], p-value
<0.01 in the bedroom). The installation of the replacement heater in the living room

seems to have a positive impact on the bedroom temperature.
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4.4.1 Household exposure to recommended temperature and to low
temperature in the living room

Table 4.2: Percentage of time with the living room temperature below 12°C, below 16°C and in the
recommended WHO range (18°C - 24°C) on occupied period (4 pm - 10 pm).

Percentage of time, in Percentage of time, in winter
winter/spring 2005, with the 2006, with a living room
Heater use . .
in the livine room living room temperature temperature
m g N | <12 [ <16 [18°C- [ [ <12 | <l6 [ 18°C-
°C °C 24 °C °C °C 24 °C
Unflued Gas Heater
(UGH) 20 0 18 55 15 10 41 47
Electric oil column 2 0 30 60 1 0 0 97
2 Heat Pump (HP) NA NA NA NA 12 0 10 72
O
€ 5| Wood Pellet 4 5 30 51
O S
2 § Burner (WPB) NA NA NA NA 3 0 10 67
5 Flued Gas Heater
& (FGH) NA NA NA NA 2 0 33 56
Wood burner 3 0 8 78 2 0 0 82
No heater 1 0 2 83 NA NA NA NA

Table 4.2 shows the percentage of time when the living room temperature was below
12°C, below 16°C and in the recommended WHO range (18°C and 24°C) during
occupied periods (4 pm-10 pm). A temperature threshold of 12°C was chosen as it was
reported in the Review of Literature chapter that temperatures below 12°C were

associated with short term variation in the lung function (Pierse et al. 2011).

In 2005, households operating UGHSs, electric heaters and wood burners were exposed
to temperatures in the WHO range (18°C and 24°C) for 55%, 60% and 78% of the time
respectively. The household who did not use any type of heater was exposed to
temperature between 18°C and 24°C for 83% of the time. This house was monitored in
mid September (early spring season) with a daily outside temperature of 11.6°C. The
living room of this house was small and north facing and received good solar gain. By
comparison, the south facing index child’s bedroom of this house was exposed to
temperature between 18°C and 24°C for only a third of the occupied period and was
below 16°C half of the time. This family reported that if the temperature was too cold,
they were moving into the parent’s north facing bedroom to watch TV and huddled
under blankets.

In 2006, the household using the replacement heater were exposed for a higher
percentage of time to 18°C to 24°C range temperatures than households operating

UGHs. Households operating UGHs were exposed to temperatures below 12°C for 10%
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of the time and below 18°C for 53% of the time whereas households operating HPs
were exposed to temperatures below 18°C for only 28% of the time during occupied
periods. One of the four WPB users had a very low heater use which skewed the WPB
average value. With this household removed, a higher percentage for WPB users in the

18°C to 24°C range was found and no exposure to temperatures below 12°C was

detected.
Living room temperature e Outside temperature =~ e UGH use

28 4000
O - 3500
E-)'/ -
% 3000
3 —
g 2500 2
2 5
] 2,
2 2000 S
Z o)
o z
% 1500 &
£ 8
§ 1000
. 6
R 500
— 2 . H H LR H S R H H H H

0 31 SI: 5::::I :;::;:I:: r P 0

29-Jun 30-Jun 1-Jul 2-Jul 3-Jul 4-Jul 5-Jul

Time

Figure 4.17: Living room temperature, outside temperature and power input for a house where an
UGH had been operated intensively.

Figure 4.17 shows a weekly living room temperature profile, the heater power output
(W) and the outdoor temperature for the highest UGH user. The weekly average outdoor
temperature was 6.8 °C £ 0.2°C during the week that this home was monitored (29/06 -
5/07) which was the coldest week of the 2006 monitoring season (Figure 4.1). During
this week, the UGH was operated for 10 hours per day. For 10% of the time it was
operated on a low setting (1400 W input), 32% of the time on a medium setting (2600
W input) and 58% of the time on a high setting (3800 W input). Despite an intensive
heater usage, which was atypical for other UGH users (Table 4.1), the living room
temperature was below 18°C most of the time. Figure 4.17 showed that the living room
temperature only reached 18°C on the 2™ of July when the outside temperature was

above 10°C. This result showed that with an outside temperature below 10°C,
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households in the study location operating an UGH will be exposed to temperatures
well below the 18°C recommended temperature, for most of the time, in the living room

because the maximum heating power of UGH was insufficient.

Unfortunately, none of the households with the replacement heater installed were
monitored during the same week of the year (29/06 - 5/07). This would have shown if
the replacement heaters produced sufficient heating capacity to achieve the
recommended temperature when the outside climate was below 10°C. However, one

household operating a wood burner (WB) was monitored at the same time.
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Figure 4.18: Living room temperature, outside temperature and wood burner (WB) use for a house
where a WB had been operated.

Figure 4.18 shows the weekly living room temperature profile, the response from the
thermocouple located on the WB external surface and the outdoor temperature. The
outdoor temperature was not exactly the same, as shown on Figure 4.17, as the two
houses were not located in the immediate vicinity, but the trend was very similar. Figure
4.18 shows that during the WB operation, even with an outside temperature well below
10°C, the living room temperature was always above 18°C. It is very difficult to
estimate the heating capacity from an enclosed wood burner. This heating capacity will
depend of the quantity of wood consumed, the net calorific value of the wood and the
efficiency of the wood burner. Modern enclosed wood burners can release between 10

kW to 20 kW. The HEEP study reports that two-thirds of the monitored enclosed wood
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burners released less than 6 kW heat output in part due to fuel limitations (Isaacs et al.
2005). However, in our case, a member of the household reported to be a carpenter and
was able to burn timber offcuts from work, so the wood burner, presented on Figure
4.18, probably released more than 6 kW heat output. Using the Annual Loss Factor
(ALF) method to calculate the required heat output to maintain 18°C in the living room
with an outside temperature around 6°C, a minimum of 6.5 kW heat output will be
needed (Isaacs et al. 2005, Stoecklein and Basset 2000). This result supports the
findings that the wood burner (Figure 4.18) released more than 6 kW and the UGH heat
output (Figure 4.17) was not sufficient to maintain 18°C in a living room with an

outside temperature around 6°C.

4.4.2 Child’s exposure to recommended temperature and low
temperature in the bedroom

In 2005, 6 out of 33 households operated a portable electric heater in the asthmatic
child’s bedroom. Regrettably, data was lost on the bedroom temperature due to faulty
temperature sensors in 3 out of the 6 households who operated a portable electric heater
in the child’s bedroom, and in 2 out of the 27 households who operated for less than one
hour a portable electric heater in the child’s bedroom. In 2006, 8 out of 36 households
operated a portable electric heater and 1 out of 36 household operated a HP in the
asthmatic child’s bedroom. Due to a faulty temperature sensor, 1 out of the 27
households, who operated a portable electric heater in the child’s bedroom for less than

one hour, was missing.

Table 4.3 shows the percentage of time when the temperature was respectively below
12°C, below 16°C and between 18°C and 24°C, in the child’s bedroom, during occupied
periods (8 pm - 7 am). It can be seen that, in 2005, the 3 heated bedrooms experienced a
higher frequency of temperature in the 18°C to 24°C range (63% vs. 36%) and a lower
frequency of temperature below 12°C (6% vs. 3%) than the 25 unheated bedrooms.
However, despite these exposure differences, the average temperatures between the
heated and unheated bedroom groups were not statistically different (17.2°C, 9s0,CI
[15.2°C - 19.3°C] in the 3 heated bedrooms vs. 16.2°C, ¢50,CI [15.5°C - 16.9°C] in the
25 non-heated bedrooms, p-value = 0.48). Table 4.3 shows that, in 2006, the 9 heated

bedrooms experienced a higher frequency of temperature in the 18°C to 24°C range
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than the 26 non heated bedrooms. Consistent with this result, the average temperature
between both home groups were statistically different (17.3°C, 950,CI [15.3°C - 19.2°C]
in the 9 heated bedrooms vs. 14.9°C, ¢s5,CI [13.9°C - 15.8°C] in the 26 non heated

bedroom, p-value = 0.05).

Table 4.3: Percentage of time when the bedroom temperature was below 12°C, below 16°C and in
the recommended WHO range (18°C - 24°C) during the occupied period of 8§ pm to 7 am.
Percentage of time, in
winter/spring 2005, with a
bedroom temperature
<12 | <16 18 °C - <12 | <l6 18°C -

N °C °C 24 °C N °C °C 24°C

Percentage of time, in winter
2006, with a bedroom temperature

Portable electric heater
operated for more than | 3 3 26 63 8 10 40 46
one hour per night

Heat pump operated

for more than one hour | NA | NA | NA NA 1 0 0 100
per night

No heater or heater

use for less than 1 hour | 25 6 47 36 26 17 64 23
per night

As the outdoor temperature was lower during the 2006 monitoring period than during
the 2005 monitoring period, the percentage of time that the temperature in the child’s
bedroom was below 12°C was higher in 2006 than in 2005 (10% vs. 3% for portable
electric and 17% vs. 6% for non-heated bedrooms). This result is consistent with the
low heat output estimate found in the bedrooms, during the 2006 monitoring, where
only 4 out of 36 households had a heat output above 5 kWh per day for bedroom
heating. Except the household operating the HP in the child bedroom, the heater usage
was not sufficient, in the child’s bedrooms, to maintain the temperature within the

healthy range.
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Figure 4.19: Percentage of time that children were exposed to the 18°C to 24°C recommended
temperature range per night (8 pm - 7 am) in relation to the energy output from heaters located in
the child’s bedrooms in 2006.

Figure 4.19 shows the percentage of time that the children were exposed to temperatures
between 18°C and 24°C in relation to the heat output during the occupied period (8 pm -
7 am). The bedrooms that achieved a temperature in the 18°C to 24°C range for 50% of
the time or more are labelled from A to J. Bedroom A was the bedroom where a HP had
been installed and used. This HP model was rated as having a power input of 1.08 kW
and a coefficient of performance for heating of 3.70. Assuming that the HP was
operated at two-thirds of the rated capacity, the heat output was estimated at 2.5 kW
which gives an estimated heat output of 27.5 kWh per night. The child was exposed to
a temperature above 18°C for the whole night. This is in contrast to the other bedroom
with a HP installed but not used, where the child was exposed to temperature below
16°C for the whole night, with the temperature dropping below 12°C for two-thirds of
the night.

Bedrooms B, C and D are bedrooms of households who operated a portable electric
heater for 8.7 hours, 9.7 hours and 11.0 hours respectively during the night and thus, the
children were exposed to temperatures above 18°C for 79%, 82% and 62% of the night

respectively.

Bedroom E was a very small room (about 9 m?) and the temperature might be

overestimated as the temperature sensor was very close to the heating source. This
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bedroom was located close to the living room where a HP had been operated
extensively during the monitoring period. This child was exposed to temperatures above

18°C for 87% of the night.

Bedrooms F to J had no heater operated within the bedroom, but were receiving heat
from heaters located nearby in the living rooms. These heaters are all high capacity
heaters; either a replacement heater (a HP for F and H, a WPB for I and J or a WB for
G). Installing a high capacity heater in the living room seems to have had a positive
impact on the child’s bedroom temperature. In contrast, where a low capacity heater
(UGH) was located in the living room, additional bedroom heater use was required in

Bedroom B, to reach 18°C during 79% of the night.

Bedroom F was a particular case. One adult in the home was disabled, and for the well
being of this person, the whole house was maintained above 21°C for 95% of the time.

This was achieved by continuously operating the HP located in the living room.

Except for bedroom F, additional heating seems to be required in the child’s bedroom to
achieve the 18°C recommended temperature for the whole night. Figure 4.19 shows that
where there is a low level of heat transfer from the living room, such as when the living
room has a low capacity heater, the minimum additional energy output needed to
maintain 18°C in the bedroom for two-thirds of the night was estimated to be 18 kWh
(Bedroom B), so 24 kWh will be needed to maintain 18°C for the whole night. Using
the heater sizing tool from the ALF method (Stoecklein and Basset 2000) to size the
required power input (kW) to maintain 18°C in a 16 m* bedroom (with a 2004 NZBC
insulation level, 25% of window area and one outside wall), we found that a minimum
input of 2.1 kW was needed, which would give a 23.1 kWh heat output over the 8 pm -
7 am period. The result from the ALF heater sizing tool was consistent with the field

measured values.
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4.5 Impact of heater replacement on household’s temperature
exposure in the living rooms between 4 pm and 10 pm

27 homes were monitored for both years. Complete data sets including living room
temperature and heater use data were obtained from 14 homes, namely four control
houses operating an UGH (Figure 4.20), eight intervention houses (Figure 4.21) and two
households operating a wood burner. During the 2005 monitoring whilst the 4 pm to 10
pm outdoor temperature was 13.1°C and 12.5°C, the two WB users, were exposed in the
living room for the whole 4 pm to 10 pm period to temperatures above 18°C. This was
achieved from operating their WB for 0.9 hour and 2.4 hour per day over the 4 pm to 10
pm period. In 2006, with an outdoor temperature of 8.0°C and 8.1°C between 4 pm to
10 pm, the two WB users, were exposed for 96% and 91% of the time to temperatures
above 18°C and whilst operating their WB for 3.3 hour and 4.4 hour per day
respectively between 4 pm and 10 pm. However, the WB use might be underestimated
due to the residual heat in the fire box; the heat output may not be detected by the

thermocouple where this is close to the baseline level.

In Figures 4.20 and 4.21, the dashed arrows show the changes in heater use (X-axis) and
temperature exposure above 18°C (Y-axis), in the same houses, between winter 2005

and winter 2006.
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Figure 4.20: Percentage of time when the temperature was above 18°C in the living rooms of four
control households operating UGHs in 2005 and 2006.

In Figure 4.20, the figures beside the symbol were the weekly averaged outside
temperature between 4 pm and 10 pm. Figure 4.20 shows that in 2005, with an outdoor
temperature of 12.5°C, occupants from House 1 (open circle) were exposed for 90% of
the time to living room temperatures above 18°C whilst operating their UGH on average
for 1.8 hour between 4 pm and 10 pm. The same household, in 2006 (closed circle),
with an outdoor temperature of 11.1°C, were exposed for 62% of the time to living
room temperatures above 18°C whilst operating their UGH on average for 2.9 hours
between 4 pm and 10 pm. In the same manner, in 2005, with an outdoor temperature of
12.5°C, occupants from House 2 (open circle) were exposed to living room
temperatures above 18°C for 87% of the time, but they were not operating their UGH.
In 2006 (closed circle), with an outdoor temperature of 6.1°C, the same household was
exposed to living room temperatures above 18°C for 56% of the time, and were

operating their UGH on average for 3.2 hours per day between 4 pm and 10 pm.

All four examples show that the household’s exposure to temperatures above 18°C
decreased from 2005 to 2006 despite an increase in UGH usage (Figure 4.20). These

results are consistent with a colder outside temperature found in 2006 compared to 2005
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(8.2°C vs. 10.9°C) and a low UGH use, that although higher in 2006 was still below that
necessary to heat the room to WHO guidelines. Household 1 and Household 4 did not
operate their heater for sufficiently long or at high enough setting to maintain the living
room temperature above 18°C. For Household 2 and Household 3, the outside
temperature was low (6.1°C and 7.1°C) and the heater capacity was insufficient to
maintain a living room temperature of 18°C when the outdoor temperature was around

6°C.

Figure 4.21 shows the effect of the replacement heater on the household’s exposure
above 18°C. In Figure 4.21, the figures beside the symbol are the weekly averaged
outside temperature between 4 pm and 10 pm. The installation of the replacement heater
increased the household’s exposure to temperatures above 18°C in all households
except for household 8 and household 12. This increase is the result of a higher heater
capacity installed, as well as a higher heater use in 2006. Five out of eight intervention
group households were exposed to temperatures above 18°C for at least two-thirds of
the time between 4 pm and 10 pm. The results from House 9 and House 10 show that
with a low outside temperatures of 6.8°C and 7.7°C, the households, operating their HP
for 5 hours, were exposed to temperature above 18°C for 90% of the time (Figure 4.21).
Under the same outside condition, the UGH user did not achieve 18°C for more than

60% of the time (Figure 4.20).

113



CHAPTER 4 — Heater use, temperature and moisture level

100% o > e i
@ 12.5°C House 5 House 6...— ¥ Xq 500 e
2 00% | e 7_70(; . 6.8°C
S T — o &
£ HOUSE 7. 0% gaec A
E o HOSE T e S
Z S 1350 o e
1= 13.2°C DO Houe8 e
=2 0 o HoUse8 o e ~House 10
E S ....... ;’120(; _____
§ E 60% 1 e A 92°C
T 0,
£ & S0 House 9 .- O 98C
i R .
L
=35 40% -+
=L e
=0 o e " House 11
2% 30y o LLOLT O UGH 2005
o— T I
S s o House 12 3 oo 2006

.............. ouse
g;n 20% © T . A FGH 2006
= 12.4° Q. >
§ 0% 13.0°C X 8.0°C
5
=¥
0%
0.0 1.0 2.0 3.0 4.0 5.0 6.0

Average heater use in the living room between 4pm and 10pm (hours)

Figure 4.21: Percentage of time when the temperature was above 18°C in the living rooms of eight
intervention households operating UGHs in 2005 and replacement heaters in 2006.

The installation of higher capacity heaters led to significantly higher exposure to
temperatures above 18°C in the intervention living rooms compared to control living
rooms where UGHs were operated. However, despite having received an insulation
upgrade and a higher capacity heater installed, three out of eight intervention homes did
not achieve the WHO recommended minimum temperature for at least 80% of the time,

which was mainly due to low levels of heater use.

4.6 Other factors with an impact on the living room temperature

The 2006 monitoring data was analysed using univariate ordinary least squares (OLS)
models. The 2006 data provided a more robust analysis than the 2005 data due to a
greater number of houses monitored in 2006. On the equipment setup day, a researcher-
completed questionnaire was used to collect information on house characteristics
(Chapter 3, Section 3.4). The characteristics of interest were: north facing living room
(yes/no), carpeted floor (yes/no), reported age of the house (years), total number of
rooms, estimated total area (m?), nominal heater capacity (kW), mechanical ventilation
system (yes/no). In addition, the estimated weekly heater use (hours) was also examined

for its association with the living room temperature.
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Furthermore, a survey administered through the HHH Study provided some information
relating to household income on an ordinal scale (1: under NZ$ 38,000, 2: between NZ$
38,001 and NZ$ 60,000, 3: more than NZ$ 60,001, 4: Unknown/Refused to state).

Each building and household characteristic was tested for association with living room
temperature using OLS models. Factors with a p-value of less than 0.05 were included
in a multivariate adjusted OLS model. The analysis was repeated for each of the sub-
groups that had UGHs or HPs or “other heaters” (FGH, WPB, wood burner, electric).
Due to the low number of observations the results were examined for outliers, and

outliers were noted where these affected the interpretation of the results.

Table 4.4 shows the summary statistics (mean, standard error) for the different factors

examined for their effect on the living room temperature.

Table 4.4: Distribution of factors associated with living room temperatures.

Measured factor Mean Standard Error
North facing living room (%) 75.0 7.2
Carpeted floor (%) 80.6 6.6
Reported age of the house (years) 46.2 2.8
Total number of rooms 6.4 0.2
Total area (m”) 113.5 4.8
Total nominal heater capacity (kW) 9.8 0.9
Mechanical ventilation system (%) 19.4 6.6
Estimated weekly heater use (hours) 51.7 7.3
Households income (level 1) (%) 44 .4 8.3
Households income (level 2) (%) 22.2 6.9
Households income (level 3) (%) 25.0 7.2
Households income (level 4) (%) 8.3 4.6
Measured outside temperature (°C) 8.9 0.3

Table 4.5 shows the association between each factor individually and average living
room temperature. The average outside temperature had the strongest effect on the
average living room temperatures. The living room temperatures increased by 0.57°C
for each 1°C increase of the outdoor temperature (950,CI [0.34 - 0.80], p-value = 0.02).
The reported age of the house also had a significant association; with the average living
room temperature increasing by 0.06°C for each year the house got older (95¢,CI [0.03 -
0.09], p-value = 0.04). Consistent with this unexpected result, the five households out of

34 who reported a house age of 70 years experienced living room temperatures well
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above the overall average living room temperature which skewed the analysis results.
The living room temperature increased by 0.04°C per hour of estimated heater use
(95%CI [0.03 - 0.05], p-value <0.01). The others factors (north facing living room,
carpeted floor, total number of room, total area, total nominal heater capacity,
mechanical ventilation system and household income) did not have a statistically

significant impact on the average living room temperature.

Table 4.5: Non adjusted effect (correlation) of the heater on the living room temperatures.

: 5
Measured Factors N* E(ffe(::cjjlllzlg * © g ]/::mi 0 p - value
North facing living room (1,0) 36 0.12 1.04 0.91
Carpeted floor (1,0) 36 -1.07 1.12 0.35
Reported age of the house (years) 34 0.06 0.03 0.04
Total number of room (N) 36 0.20 0.30 0.51
Total area (m?) 34 0.01 0.02 0.83
Total nominal heater capacity (kW) 36 0.13 0.08 0.11
Mechanical ventilation system (1,0) 36 -1.11 1.12 0.33
Estimated weekly heater use (hours) 36 0.04 0.01 <0.01
Households income (1,0) 36 0.27 0.52 0.61
Measured outside temperature (°C) 36 0.57 0.23 0.02

# Number of houses.
* The estimate change on the living room temperature for a unit change in the factor of interest.
% SE are effect size standard errors.

Table 4.6 shows the multivariate analysis of reported age of the house, estimated
weekly heater use and outside temperature and the effect these have on the living room
temperature. Estimated weekly heater use and reported age of the house have a
significant effect on the living room temperature, increasing the living room
temperature by 0.04°C per hour of heater use (950,CI [0.03 - 0.05], p-value <0.01) and
increasing the living room temperature by 0.06°C for each year the house got older

(95%CI [0.03 - 0.08], p-value = 0.02).

Table 4.6: Mutually adjusted effect (multivariate analysis) of the heater on the living room
temperatures.

& 4+ | Effect size * SE 3
Factors N (°C /unit) (°C /unit) p - value
Reported age of the house (years) 34 0.06 0.02 0.03
Estimated weekly heater use (hours) 36 0.04 0.01 <0.01
Measured outside temperature (°C) 36 0.33 0.22 0.15

&Extracted factors from Table 3.5 when p-value < 0.05.

# Number of houses.

* The estimate change on the living room temperature for a unit change in the factor of interest.
% SE are effect size standard errors.
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Table 4.7 shows that for the sub-group of households using UGHs as their main heater,
the living room temperature increased by 0.96°C for each 1°C increase in the outside
temperature (9s0,CI [0.68 - 1.23], p-value <0.01). The others factors (north facing living
room, carpeted floor, reported age of the house, total number of room, total area, total
nominal heater capacity, mechanical ventilation system, estimated weekly heater use
and household income) were not associated with the average living room temperature.
This result is consistent with the findings that even with extensive usage of UGH, it was
not possible to reach the WHO recommendation level when the outside temperature was

below 10°C, because UGHs produce insufficient heat.

For the sub-group of households using HPs as their main heater, only the estimated
weekly heater use has a significant impact on the average living room temperature,
increasing it by 0.02°C per hour of heater use (950,CI [0.01 - 0.04], p-value =0.06). In
the sub-group “other heaters” (households using a FGH, WPB, electric heater or wood
burner as their main heater) only total house area had a significant impact, lowering the
living room temperature by 0.06°C per square metre (9s0,CI [- 0.08 — (- 0.04)], p-value
=0.01).

Limitations of ordinary least square models (OLS)
Due to a small sample size (UGH (N=15), HP (N=12) and “other heaters” (N=9)), these
OLS results are useful to detect patterns of influence on the living room temperatures,

but are not conclusive.

4.7 Household’s exposure to indoor moisture

4.7.1 Relative humidity in the living room and in the child’s
bedroom

Figure 4.22 shows the living room and bedroom weekly averaged relative humidity
(RH) level, in 2005 during the occupied periods. The level of RH was higher in the
bedrooms than in the living rooms (Figure 4.22). This result is consistent with the
bedroom temperature found to be lower than the living temperature at similar water

vapour pressure.
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An optimal level of RH for occupant comfort, at a normal room temperature (18°C -
24°C), is between 40% and 60% (Bayer 2000, Sterling et al. 1985). This optimal level

was only achieved in the living rooms.
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The sample size for households operating an UGH (N=23) was sufficient to lead to
conclusive results, but findings from households operating electric heaters (N=2), wood
burners (WB: N=3) or the non-heated home (NH: N=1) were not conclusive due to the

small sample size.
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Figure 4.22: Weekly average living room (LR) and bedroom (B) relative humidity (£5.,CI) in 2005,
during occupied periods.

Figure 4.23 shows the living room and bedroom weekly averaged relative humidity

(RH) level, in 2006 during the occupied periods.

Consistent with the results found in 2005, the RH level in 2006 was also higher in the
bedrooms than in the living rooms. The group of households operating a HP
experienced a significantly lower average RH than the UGH household group in both
living rooms and bedrooms (52.7% vs. 64.2% in the living room, p-value <0.01; 63.5%
vs. 72.4% in the bedroom, p-value <0.01). In addition, households operating the UGHs
in 2006 were exposed to a RH level higher than households operating the UGHs in 2005
in both living rooms and bedrooms (64.2% vs. 58.3% in the living room, p-value <0.01;
72.4% vs. 67.7% 1in the bedroom, p-value =0.05), consistent with a lower room

temperature experienced in 2006.
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Figure 4.23: Weekly average living room (LR) and bedroom (B) relative humidity (£5.,CI) in 2006,

during occupied periods.

4.7.2 Water vapour pressure

The water vapour pressure (kPa) was calculated using as input the measured

temperature and the measured RH in the hw.exe program (Gatley 2005). Figure 4.24

shows the living room and bedroom weekly averaged water vapour pressure level, in

2005 during the occupied periods.
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Figure 4.24: Weekly average living room (LR) and bedroom (B) water vapour pressure (Zys,CI) in

2005, during occupied periods.
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There were no significant differences in terms of calculated water vapour pressure (kPa)
between the living rooms and the bedrooms in household operating UGH in 2005

(Figure 4.24).
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Figure 4.25 : Weekly average living room (LR) and bedroom (B) water vapour pressure (% ¢5:,CI) in
2006, during occupied periods.

Figure 4.25 shows the living room and bedroom weekly averaged water vapour pressure
level, in 2006, during the occupied periods. There was no significant difference in terms
of the calculated water vapour pressure (kPa) between the group of households
operating an UGH and the group of households operating HP (1.233 kPa vs. 1.235 kPa
in the living room, p-value =0.81; 1.146 kPa vs. 1.195 kPa in the bedroom, p-value
=0.41), despite the water vapour release during the UGH combustion process. Although
both the intervention and control group houses showed similar vapour pressure levels,
higher RH levels were measured in the houses with UGH; consistent with a lower level
of temperature measured in these houses compared to the intervention households. The
similar level of vapour pressure, in households operating the UGHs in both winter 2005
and 2006, is consistent with the higher RH level and lower temperature measured in

households operating the UGHs in 2006 than households operating the UGHs in 2005.

Figures 4.26 and 4.27 show the measured temperature (°C), measured RH (%) and
calculated water vapour pressure in one household operating an UGH (Figure 4.26) and

in one household operating a HP (Figure 4.27).
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CHAPTER 4 — Heater use, temperature and moisture level

In Figures 4.26 and 4.27, the measures were taken from the beginning of the afternoon
through to the early morning of the following day. Both the indoor and outdoor
environments were monitored during and after UGH use and during and after HP use.
To fit all parameters on the same graphs, the water vapour pressure values have been
multiply by 10. In Figures 4.26 and 4.27, indoor and outdoor temperature and water
vapour pressure (VP) values are shown on the right side vertical axis while indoor and
outdoor RH values are shown on the left side vertical axis. Both houses (Figures 4.26
and 4.27) experienced a similar outdoor climate: outside temperature around 10°C in
mid-afternoon, which decreased to 2°C to 4°C overnight. The outdoor RHs were around

90% in mid-afternoon increasing to 95% in the early morning for both houses.

Figures 4.26 and 4.27 both show an indoor VP gain of 0.4 kPa during the heating events
(from 1.05 kPa to 1.42 kPa when operating an UGH, and from 1.11 kPa to 1.52 kPa
when operating HP). However, both heaters did not achieve the same final temperature
(+5.3°C increase from 11.4°C to 16.7°C when operating an UGH; +12.3°C increase
from 13.8°C to 26.1°C when operating HP). Starting from 13.8°C to achieve 16.5°C,
the living room VP has increased by 15% when the UGH was operated, while the VP
only increased by 5% when the HP was operated. In other words, the vapour pressure
increase rate, when the HP was operated, was only a third of that to achieve the same
temperature increase than when the UGH was operated. When both heaters (UGH and
HP) were turned off, the indoor VP in both homes decreased to approach the level of the
outside VP. However, the indoor VP stayed slightly higher than the outside VP, the
difference being the additional moisture source indoors e.g. people respiration, people

activities.

This increase in VP when HP was operated was unexpected and cannot be explained by

a generation of water by the HP itself.

Figure 4.28 shows the distribution using box plots of the indoor VP (kPa) when heaters
were on and when heaters were off in eight homes (UGH (N=3), HP (N=3) and FGH
(N=2)). The upper and lower bounds of the boxes are the 25" percentiles (P,s) and the
75% percentiles (P;s) of the VP values and the lines within the boxes represent the

median value. The “cross” shape symbols are the lower and upper outliers. The lower
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CHAPTER 4 — Heater use, temperature and moisture level

outlier value is lower than the value of (P7s- ((P75-P2s) x 1.5)) and the upper outlier
value is greater than the value of (P75 + ((P75-P2s) x 1.5)). These outliers represent on

average less than 2% of the total number of values.

Figure 4.28 shows that the home VP significantly increased for all three types of heater
when the heater was operated (p-value <0.01). The average difference between “heater
on” and “heater off” was 0.22 kPa for UGH, 0.18 kPa for HP and 0.15 kPa for FGH.
This increase in VP when HP and FGH were operated was unexpected and cannot be

explained by a generation of water by the HP or FGH itself.
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Figure 4.28: Distribution of the living room average vapours pressure per heater type whether on
or off.

4.8 Household’s exposure to comfort level in the living room

The household was considered to be exposed to the “comfort zone” when both
parameters (indoor temperature and indoor relative humidity level) were simultaneously
within the recommended values for temperature (18°C - 24°C) and the recommended

value for relative humidity (40% - 60%).
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CHAPTER 4 — Heater use, temperature and moisture level

Table 4.8: Household’s exposure to comfort zone in the living room from 4 pm to 10 pm in 2005
and 2006.

Percentage of time Percentage of time
exposed to comfort zone | exposed to comfort zone
_ Heater use in winter/spring 2005 in winter 2006 (%)
in the living room (%)
N Mean =+ ¢50,CI N Mean =+ ¢50,CI
Unflued Gas Heater (UGH) 20 30 [18 —46] 15 23 [11 - 34]
Electric oil column 2 64 [32 - 97] 1 95 [NA]
- Heat Pump (HP) NA NA 12 60 [48 - 70]
=
0]
QE% g Wood Pellet Burner NA NA 4 43 [14-78]
% 2 | (WPB) 3 60 [40 — 80]
0]
~ Flued Gas Heater
(FGH) NA NA 2 48 [19 —176]
Wood burner 3 62 [58 - 66] 2 76 [73 — 78]
No heater 1 70 [NA] NA NA

Table 4.8 shows that the households who were operating an UGH spent less than a third
of their time in the comfort zone from 4 pm to 10 pm (30% in 2005 and 23% in 2006).
In 2005, 14, 4 and 2 out of the 20 households operating an UGH were exposed to the
comfort zone for less than 50%, 50% to 75% and more than 75% respectively. In 2006,
all households operating an UGH, but one, were exposed to the comfort zone for less
than 50% of the time. In 2006, the households, who were operating a replacement heater
or a WB, spent a higher percentage of time in the comfort zone than UGH users.
However, despite having a HP installed, 4 out of 12 households were exposed to the
comfort zone for less than 50% of the time, mainly due to low usage of the replacement
heater. Half of the WPB users and half of the FGH users were also exposed to the
comfort zone for less than 50% of the time. The two wood burner users and the one
portable electric heater user had exposure to the comfort zone for more than 75% of the

time (Table 4.8).

The distribution of the hourly averaged temperature, relative humidity and calculated
humidity ratio values are presented in psychrometric charts against the defined “comfort
zone” for the various heaters and years (Figure 4.29 (UGH 2005), Figure 4.30 (WB
2005), Figure 4.31 (portable electric heater 2005), Figure 4.32 (no heater 2005), Figure
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4.33 (UGH 2006), Figure 4.34 (HP 2006), Figure 4.35 (WPB 2006), Figure 4.36 (WB
2006), Figure 4.37 (FGH 2006) and Figure 4.38 (portable electric heater 2006)).

It can be seen on the psychrometric charts that the households operating UGHs spent
more time outside of the “comfort zone” than within the “comfort zone” in 2005 (Figure
4.29) and 2006 (Figure 4.33), due to their homes being too cold and/or too damp. These
results are consistent with the insufficient heater use and insufficient heat produce to

maintain the temperature above 18°C as found in the previous section.

Figures 4.30 and 4.36 showed that the households, who were operating a WB, were
exposed for most of the time to the “comfort zone” in both 2005 and 2006. Figure 4.34
showed that the households operating HPs were for most of the time exposed to the
“comfort zone” climate; however they were also exposed to temperatures above 24°C
for 13% of the time. This result is consistent with the high thermostat set point found in
two-thirds of the households operating HPs. Figure 4.35 showed that one out of four
households, operating a WPB, experienced a different and colder indoor climate (red
triangles). Once this household was removed from the analysis, the households

operating a WPB were exposed to the “comfort zone” climate for most of the time.
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CHAPTER 4 — Heater use, temperature and moisture level

4.9 Discussion

In 2006, the control group households showed a high number of UGHs, but this was not
surprising given that in the Housing Heating and Health (HHH) Study, operating an
UGH (or a small electric heater) was a selection criterion. In the intervention group
households, HPs were chosen by 57% of the households, which was consistent with the

main HHH Study (Howden-Chapman et al. 2008).

4.9.1 Heating behaviour

The results showed a higher ambient temperature in 2005 than in 2006, thus the heater
use was significantly lower in 2005 than in 2006. In 2006, a comparison of the heater
usage showed a higher use for the three replacement heaters than for the UGHs. Among
the replacement heaters, HPs were operated for longer periods than the WPBs or the
FGHs. These findings are consistent with HPs being easy to use via remote controls and
there is no fuel to run out of, and the timer program on the HP console allows extended
heater use without manual intervention. By contrast, both WPBs and UGHs require
regular purchasing of fuel; this may explained the lower usage for these two types of

heater.

WPBs, FGHs and UGHs were mainly used twice a day; in the morning between 6 am
and 9 am and in the evening between 4 pm and 10 pm. Similar findings were reported
from the Household Energy End-use Project (HEEP) study with 50% of the households
operating their heaters only in evening period (4 pm and 10 pm) and 20% in both
morning and evening period (Isaacs et al. 2002). For the households with HPs, the two
usage peaks were less obvious, which is consistent with the HPs being used for more
extended periods each day. The results showed that the households with HPs installed
were operating their HPs in two distinct ways. These differences were due to both the
frequency of usage and the HP thermostat set point used. Two-thirds of the HP users
were operating their heater with a high thermostat setting resulting in a quick
temperature increase (up to 26°C). Once this temperature was reached, the household
manually switched the HP off. In contrast, one-third of the HP users were operating
their heater with a lower thermostat setting for extended periods and so the HPs were

running at less than full capacity most of the time. An inverter-HP is more energy
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efficient when operated in this manner and the living room experienced only small
temperature fluctuations. It is important that people are educated in how to use their
heater efficiently. Two families considered their HPs very expensive to operate, thus
they decided to switch their HPs off for periods of the day, and were then exposed to

low temperatures with an asthmatic child at home.

The UGHs were operated in the living rooms for 82% of the time on low or medium
settings giving an average power input of 2.4 kW. Isaacs et al. (2004a) found similar
results with UGHs mainly operated on low or economic settings giving an average
power input of 1.5 kW. Similar low average power input of 1.4 kW was found for the
portable electric heaters. A low heater usage correlated to a low power input, led to a
daily heat output below 10 kWh for 75% and 50% of the UGHs users in 2005 and in
2006 respectively. In 2005, four households were operating their portable electric
heaters for a daily period of 4.6 hours with a low power input of 1.4 kW whereas in
2006, only one household operating a portable electric heater was monitored, and they
operated the electric heater continuously with an average power input of 0.83 kW. Due
to technical constraints, the power input was not measured for HPs, FGHs and WPBs. It
is apparent that the heat output from these replacement heaters was much higher than
the heat output from the UGHs or portable electric heaters, consistent with a positive

impact on the indoor temperature from the replacement heaters.

The study showed that the living room was primarily the only heated room in the house,
as only 25% of the households had operated an electric heater in the child’s bedroom.
The HEEP study found that 46% of households operated their heaters in the living
rooms and in the bedrooms on regular basis. However, this result was based on
occupant’s self reported usage and not on heater monitoring, thus this percentage might

be overestimated (Isaacs et al. 2010).

4.9.2 Temperature and moisture level achieved

The temperature reached in the living room of a typical household operating a WB or an
UGH were compared, when the outside temperature was below 10°C. Results showed

that the household who operated an UGH was exposed to temperature below 18°C for
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most of the time whereas the household that operated a WB was always exposed to
temperatures above 18°C. This result supports the findings that a low heater usage
associated with a low power input for UGHs was insufficient to maintain 18°C in a
living room when the outside temperature was below 10°C. Calculations using the
Annual Loss Factor (ALF) method showed that a minimum of 6.5 kW power input will
be needed to maintain 18°C in the living room with an outside temperature around 6°C
(Isaacs et al. 2005, Stoecklein and Basset 2000). These calculations support that
households operating their higher capacity replacement heaters or their WBs were
consistently exposed for a higher percentage of time in the 18°C to 24°C recommended
temperature range than the households operating their UGHs. In the HEEP study, Isaacs
et al. (2010) reported similar findings with houscholds operating HPs, FGHs and
enclosed solid fuel (WPB and WB) exposed to average temperatures above 18°C while
households operating their UGHs and their portable electric heaters experienced an

average temperature of 16.9°C and 17.0°C respectively.

The study showed that households operating UGHs were exposed for 10% of the time to
temperatures below 12°C, whereas none of the households operating a replacement
heater or a wood burner were exposed to such low temperatures. With an additional
portable electric heater operated in their bedrooms, the children were exposed for longer
periods of time to temperature above 18°C than the children sleeping in non-heated
bedrooms. In these non-heated bedrooms, the children were exposed to temperatures
below 18°C for 80% of the time between 8 pm and 7 am. However, except one
household who intensively operated an HP in the child’s bedroom, this additional heater

usage was not sufficient to maintain 18°C for the whole night.

The insulation upgrade and the installation of a higher heating capacity heater raised the
indoor temperatures in both living rooms and bedrooms. However, it was apparent that
the heaters were not operated for sufficient duration to achieve adequate warmth for
40% of the households. The reason for this could be economic circumstances, and a
social survey could be useful to investigate user’s behaviours. This finding is consistent
with a study that found the household net income to be a parameter which could
influence the indoor temperature (18.4°C for highest household net income quartile vs.

17.5°C for lowest household net income quartile) (Wilkinson et al. 2001). A NZ study
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reported consistent results with a higher mortality risk for the lower tertile of income

than for the higher tertile of income (Hales et al. 2010).

In conclusion, household’s exposure to cold indoor temperatures should be avoided by
sufficiently operating heaters to achieved 18°C and upgrading the insulation to retain
the heat, as exposure to very low temperatures for vulnerable people, such as asthmatic
children, will exacerbate their respiratory problems (Howden-Chapman et al. 2007,
Wilkinson et al. 2004). Pierse et al. (2011) found a significant association between a
child’s bedroom temperature below 12°C and a short term variation in the lung

function.

The study showed significantly lower levels of relative humidity in households
operating a non-UGH than in households operating an UGH. This difference seems to
be mainly due to a higher temperatures achieved in households operating a non-UGH.
The average water vapour pressure levels, during the operation of a non-UGH and an
UGH, were not found to be significantly different but both heater types did not achieve
the same final temperature. This water vapour pressure increase during the operation of
a non-UGH was probably due to the low RH achieved (around 40%) which would
possibly lead to desorption of stored moisture from hygroscopic material like paper,
textiles, furniture, building material. As the fieldwork was conducted for only a few
weeks after the installation of the replacement heaters, this desorption effect may be

reduced after a longer period of operation of the replacement heaters.

Francisco et al. (2009) reported that during the operation of an UGH, the room water
vapour pressure increased at a rate of 0.01 kPa/min and studies found that operating an
UGH at high setting releases around half litre of water vapour per hour (Camilleri et al.
2000, TenWolde and Pilon 2007). Consequently, the measurements confirmed that
UGHs definitely were found to be an additional indoor source of moisture. In addition,
other moisture sources like people’s respiration or cooking will also contribute to the
room moisture increase during the heater operation time (Yik et al. 2004). The study
established that households who operated the UGHs were frequently exposed to low
temperatures and high levels of humidity. A recent meta analysis of a large number of

studies, carried out all over the world, showed strong associations between home
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dampness and respiratory/allergy effects, but the mechanisms linking the specific causal
dampness and the related agents are still not clarified (Bornehag et al. 2001, Mendell et
al. 2011).
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5 ASSESSMENT OF MOULD GROWTH.

Fungal detector (top), temperature
/RH logger (bottom) on the inside
surface of an external wall

Plates waiting for genus level identification.

Mould and damage to a ceiling
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5.1 Introduction

It was reported in the literature and found in this study that unflued gas heaters (UGH)
release water vapour during operation. Using chemical combustion equations for a
blend of 60% propane and 40% butane, the theoretical water vapour emission rate is
estimated as the release of 1.6 kg for each kg of LPG combusted. In Chapter 3, it was
shown that households operated their UGHs on low, medium and high settings for on
average 42.8%, 39.0% and 18.2% of the time respectively. The gas consumption at each
of low, medium and high setting was estimated to be at 105 g.h”', 199 g.h™ and 292 g.h™
respectively. Using the weighted average of these values, the estimated water vapour

released to the room air was 176 grams per hour of UGH operation.

Temperature and relative humidity (RH) fluctuations, substrate and spore status make
the prediction of mould growth very complex to undertake, and each prediction model
has its own limitations (Moon and Augenbroe 2004, Sedlbauer 2002). However, another
technique, using a device called a fungal detector, has been proposed to compare the
capacity of temperature and RH within different indoor environments to allow fungi to
develop (Abe et al. 2003). In this technique, the spore physiological status is not a
limitation as the inclusion spore density is very high and the nutritive media is optimal
for growth, thus, the indoor climate remains the only determinant for the fungi growth.
A limitation of this method is that it ignores the nutritive properties of the building
conditions and substrate materials. This technique can predict the capacity of the indoor
environment to grow fungi but cannot detect any potential harmful exposure to fungi.
The samplings of the airborne and of the dustborne reservoir need to be undertaken to
assess the occupants’ exposure to fungal contamination. Benefits and limitations of

these sampling methods were reviewed in Chapter 2 (Table 2.13).

The objectives of this chapter, using different but complementary methods, were:
e to measure the temperature and RH levels “close to the surface” of an external
wall in the living room and in the index child’s bedroom,
e to assess the fungal growth capacity “close to the surface” of these external
walls and to compare this growth with the “close to the wall surface”

psychrometric conditions,
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e to sample the current fungal level using three different techniques namely visual
inspection, airborne sampling and dust borne sampling,

e to investigate the changes in the fungal community when the UGHs have been
replaced with a heater which is not releasing water vapour in the indoor

environment during operation.

5.2 Recruitment

The monitoring of the “close to the wall” temperature and RH, the prediction of the
capacity for mould to growth using a fungal detector, the visual inspection and the
airborne sampling and the dust borne sampling were undertaken in 33 homes in 2005
and 36 homes in 2006. The monitoring was performed in winter/spring 2005 and winter
2006, in the living rooms and child’s bedroom using the same monitoring

instrumentation and methods in order to obtain comparable data.

5.3 The “close to the wall” surface climate

The indoor climate (temperature and RH) was monitored “close to the wall” and not
directly on the wall surface as the logger thickness leaves the sensors about 15 mm
away from the wall surface. The “close to the wall” temperature and RH monitoring
method was reported in Chapter 3, Section 3.3.2.2. In winter 2005, the “close to the
wall” climate was monitored for an average period of 37.6 days, 9s0,CI [35.5 — 39.7],
with a range between 22.0 days and 41.4 days. In winter 2006, the loggers operated to
full memory capacity (41.4 days).

Table 5.1: Complete set of data for the “close to the wall” climate monitoring in 2005 and 2006.

Heater operated 2005 200.6
) .. Total Total Intervention Control
in the living room
houses houses group group

Unflued Gas Heater (UGH) 20/25 14/15 2/2 12/13
Portable electric heater 1/4 1/1 0/0 1/1
Wood burner (WB) 3/3 2/2 1/1 1/1
No heater 1/1 NA NA NA
Heat Pump (HP) NA 12/12 12/12 0/0
Wood Pellet Burner (WPB) NA 4/4 4/4 0/0
Flued Gas Heater (FGH) NA 2/2 2/2 0/0
Total 25/33 35/36 21/21 14/15
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Table 5.1 shows that in 2005, data from 8 out of 33 homes monitored were missing and

in 2006, data from one home out of 36 homes was missing.

Table 5.2 shows the percentage of time, in the living room and in the bedroom, with a
“close to the wall” RH above 70% for each type of heater operated in the living room, in
2005 and 2006. When the RH of the air surrounding the building material is in a steady
state condition (equilibrium), this RH is called the equilibrium RH (ERH) and is
equivalent to the water activity (ay) when expressed as a fraction. A building material in
a steady state condition with a surrounding RH of 70% (ERH = 70%), will have a,, =
0.70. This 70% RH threshold (a,, = 0.70) was chosen as it represents the minimal ERH
for xerophilic fungi to start growing (Flannigan and Miller 2011).

Table 5.2: Percentage of time with the “close to the wall” surface RH above 70% in the living room
and in the bedroom during winter/spring 2005 and winter 2006.

Percentage of time, in winter | Percentage of time, in winter
Heater o th 2005 with the “close to the | 2006 with the “close to the
jeater use | wall” RH > 70% wall” RH > 70%
living room Livin Livin
N g Bedroom N g Bedroom
room room
Unflued Gas Heater 20 22 32 14 29 46
Portable electric 1 3 73 1 0 0
heater
Wood burner 3 5 6 2 2 3
No heater 1 46 71 NA
= Heat Pump NA 12 9 18
(0]
=
§ 5 Wood Pellet NA 4 22 26
28 Burner 3 7 13
& Flued Gas
(0]
I~ Heater NA 2 12 45

Table 5.2 showed that for both years, the bedrooms had a greater time of exposure to
RH levels above 70% than the living rooms. These findings are consistent with a higher
room RH found in the bedrooms than in the living room, reported in Chapter 4, Section
4.7.1. In 2005, the household with no heater had the greatest time with RH in excess of
70%. In the heated homes, the households operating an UGH showed a higher
percentage of time with the “close to the wall” surface above 70% RH, in both the
living rooms and the child’s bedrooms than the other households for both years. This

result is consistent with the households who were operating their UGHs being exposed
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to a higher room RH level, than households operating a non UGH reported in Chapter 4,
Section 4.7.1. In addition, for the households operating an UGH, the percentage of time
above 70% RH was higher in 2006 for both rooms than in 2005. These findings are
consistent with a higher use of UGHs and consequently a higher level of moisture being
released into the indoor environment in 2006. The higher heater use was probably due

to colder ambient temperatures in 2006.

It was seen in Chapter 4, Section 4.4.1 that one out of the three wood pellet burner
(WPB) households had a very low heater usage for this subgroup. This low usage had
an impact on the average “close to the wall” climate. In fact, the percentage of time with
the RH above 70% for WPB households was reduced from 22% to 7% in the living
room and from 26% to 13% in the bedroom when this household was removed from the

analysis (Table 5.2).

Two households had been using a flued gas heater (FGH) in 2006 and the percentage of
time above 70% RH in the bedroom was higher than for other households who were
operating a replacement heater. In fact, the close to the surface climate was very
different in both FGH homes which skewed the average value. One home showed a RH
level above 70% for 84% of the time while the other household was only exposed to an

RH above 70% for 5% of the time.

Figures 5.1 and 5.2 show the psychrometric charts from the “close to the wall” climate
in 14 households operating an UGH and 12 households operating a heat pump (HP)

respectively, as measured in the living room in 2006.
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Figure 5.1: Hourly averaged living room “close to the wall” temperature/RH data from 14
households operating an UGH plotted on a psychrometric chart (N ,,;,s=13888).

In the 14 households operating an UGH (Figure 5.1), the “close to the wall” average
temperature was 15.2°C, 9s0,CI [15.1°C — 15.3°C] and the “close to the wall” average
RH was 63.6%, 950,CI [63.4% — 63.8%] in the living room. The RH was above 70% RH
for 29% of the time (Table 5.2) and the humidity ratio was above 8g of water per kg of
dry air for 18% of the time (Figure 5.1).

In the 12 households operating a HP (Figure 5.2), the “close to the wall” average
temperature was 17.4°C, 9s50,CI [17.4°C — 17.5°C] and the “close to the wall” average
RH was 53.5%, 9s50,CI [53.3% — 53.7%] in the living room. The RH was above 70% RH
for 9% of the time (Table 5.2) and the humidity ratio was above 8g of water per kg of
dry air for 10% of the time.
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Figure 5.2: Hourly averaged living room “close to the wall” temperature/RH data from 12
households operating a HP plotted on a psychrometric chart (N y,1,.s = 11904).

Figures 5.3 and 5.4 show psychrometric charts of the bedroom “close to the wall”
climate in households operating an UGH (N = 14) and households operating a HP (N =

12) respectively in the living room in 2006.

Humidity ratio (g of water /kg of dry air)

N W A LY N O O O

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32
Temperature (°C)

Figure 5.3: Hourly averaged bedroom “close to the wall” temperature/RH data from 14 households
operating an UGH plotted on a psychrometric chart (N ,j,.s= 13889).
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In the 14 households operating an UGH (Figure 5.3), the “close to the wall” average
temperature was 13.9°C, 9s0,CI [13.8°C — 13.9°C] and the “close to the wall” average
RH was 68.6%, 950,CI [68.4% — 68.8%] in the index child’s bedroom. The RH was
above 70% RH for 46% of the time (Table 5.2) and the humidity ratio was above 8g of
water per kg of dry air for 17% of the time.
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Figure 5.4: Hourly averaged bedroom “close to the wall” temperature/RH data from 12 households
operating a HP plotted on a psychrometric chart (N y,,.,=11904).

In the 12 households operating a HP (Figure 5.4), the “close to the wall” average
temperature was 16.0°C, 9s50,CI [15.9°C — 16.0°C] and the “close to the wall” average
RH was 60.9%, 950,CI [60.7% — 61.1%]. The RH was above 70% RH for 18% of the
time (Table 5.2) and the humidity ratio was above 8g of water per kg of dry air for 17%
of the time. As the bedroom humidity ratio was found to be at similar levels for both
UGH and HP users, a lower “close to the wall” average RH for the HP user group
appears to be due to a higher average temperature rather than a change in the humidity

ratio.

It was seen that the ‘“close to the wall” climate was significantly different in the
households operating an UGH and in households operating a HP (17.4°C vs. 15.2°C, p-
value < 0.01 and 53.5% vs. 63.6%, p-value < 0.01 in the living rooms, and 16.0°C vs.
13.9°C, p-value < 0.01 and 60.9% vs. 68.6%, p-value < 0.01 in the bedrooms). The
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operation of an UGH did alter the “close to the wall” climate, thus, we could expect this

alteration to favour the capacity of the fungi to grow on the wall surface.

5.4 Capacity for mould to grow on external wall surface.

5.4.1 Fungal detector exposure time

A fungal detector was located in close proximity to the temperature/RH sensor (Figure
5.5). In 2005, 66 fungal detectors (one per living room and one per bedroom in each of
the 33 monitored homes) were exposed for an average period of 47.9 days ¢s0,CI [43.8 —
52.1], with an exposure range between 28 days and 64 days except for one dwelling
where the fungal detectors stayed for 127 days, because the household was not available
at the collection time. In 2006, 70 fungal detectors (one home was missing out of 36
homes) were exposed in the living rooms and child’s bedrooms for an average period of
85.9 days 9s50,CI [81.4 — 90.4], with an exposure range between 57 and 109 days except
for one dwelling where the fungal detectors stayed for 154 days, because the household
was not available at the collection time. In 2006, the fungal detectors were exposed for
longer time than in 2005; this exposure difference was due to a late start in the 2005

monitoring because of technical constraints.

Figure 5.5: Typical sensor location on the inside of the external wall 1: fungal detector, 2:
temperature/RH logger.

Following the exposure period, each of the three fungal inclusions (Aspergillus
penicillioides, Eurotium herbariorum and Alternaria alternata) was examined under a
microscope and the hyphae lengths were measured. The methodology for hyphae

measurement was reported in Chapter 3, Section 3.3.4.4.
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5.4.2 “Close to the wall” climate difference and hyphae
development

In 2005, only 2 out of 66 fungal detectors showed any hyphae development for the two
xerophilic fungi inclusions: Aspergillus penicillioides and Eurotium herbariorum. These
two fungal detectors were located in a child’s bedroom and both households were UGH
users. The measured Aspergillus penicillioides daily growth rates were on average 4.1
um/day and 4.4 um/day. The measured Eurotium herbariorum daily growth rates were
on average 15.8 um/day and 4.4 ym/day. However, all fungal detectors showed a low
hyphae development for the hydrophilic fungus Alternaria alternata. The average daily
growth rate for Alternaria alternata was 1.14 pm/day, ¢s5,CI [1.04 pm/day — 1.24
um/day].

In 2006, the daily growth rate outliers were removed from the analysis. The lower
outliers were identified as values lower than the value of (P7s- (P75-P25) % 1.5)) and the
upper outliers were identified as values greater than the value of (P75 + ((P75-Pas) X
1.5)). Wilcoxon’s rank tests were applied to test if the daily hyphae growth rate
(um/day) was different between households operating UGH and households operating
other types of heaters (non UGH).

In 2006, in the livings rooms, the daily hyphae growth rates for both xerophilic fungi
were three times higher in the UGH user group than in the non UGH user group
(Aspergillus penicilloides: 0.93 um/day (UGH, N = 13) vs. 0.27 um/day (non UGH, N =
20), p-value = 0.17 and Eurotium herbariorum: 1.40 um/day (UGH, N = 13) vs. 0.34
pum/day (non UGH, N = 20), p-value = 0.16), however these results were not
statistically significant due the small sample size. The daily hyphae growth rate for
Alternaria alternata was slightly higher in households operating a non UGH than in
household operating an UGH (0.86 pum/day (non UGH) vs. 0.69 um/day (UGH), p-
value = 0.04).

Figure 5.6 shows that in the bedrooms, the daily hyphae growth rates, for Aspergillus
penicilloides, were 11 times higher in households operating an UGH than in households
operating a non UGH (6.31 um/day (UGH) vs. 0.55 pm/day (non UGH), p-value <

0.01), and for Eurotium herbariorum were 38 times higher in houses operating an UGH
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than in houses operating a non UGH (15.26 pm/day (UGH) vs. 0.40 pum/day (non

UGH), p-value < 0.01 ). No significant differences, in the daily hyphae growth rates,
were found for Alternaria alternata between both household groups (0.83 pm/day (non
UGH) vs. 0.82 um/day (UGH), p-value = 0.76).
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Aspergillus penicillioides Eurotium herbariorum Alternaria alternata
p-value<0.01 p-value<0.01 p-value=0.76

Figure 5.6 Average daily hyphae growth (%¢5,CI) in 2006 bedrooms (outliers removed).

The “close to the wall” climate was found to be more suitable for mould development in
the bedrooms than in the living rooms. These results are consistent with a percentage of
time, of the “close to the wall” RH above 70%, being two times higher in the bedrooms
than in the living rooms (12% in the living rooms vs. 23% in the bedroom). The factor
contributing to the difference between climates was the use of the UGH. This finding is
also consistent with a higher percentage of time, of the RH above 70%, found in the
households operating an UGH than in households operating a non UGH (46% in UGH

homes vs. 18% in non UGH homes).

However, the higher capacity for fungi to grow, in households who operated an UGH,
was only true for the two xerophilic fungi Eurotium herbariorum and Aspergillus
penicilloides. Consistent with the fact that these two fungi were the first to react to
environment changes, they are considered as first colonizers because they can grow
under relatively dry conditions (a,, > 0.70) whereas hydrophilic fungus like Alternaria
alternata need very humid conditions to start germination (Darby and Caddick 2007,
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Flannigan and Miller 2011). Such conditions were infrequent in all studied houses, even

those with UGHs.

5.4.3 Laboratory hyphae development compared to fieldwork
hyphae development.

“Close to the wall” average temperature and RH were plotted on a climograph
(isopleths) for Eurotium herbariorum (Figure 5.7), Aspergillus penicilloides (Figure
5.8) and Alternaria alternata (Figure 5.9). The values found in the fieldwork were
grouped as UGH living room, UGH bedroom, non UGH living room and non-UGH
bedroom and were compared to optimum climate zone for fungal germination which
were obtained under constant conditions of temperature and RH in a laboratory. The
laboratory data shown in Figure 5.7 were adapted from published work reported in Abe
(1993), and the laboratory data showed in Figures 5.8 and 5.9 were kindly provided by
Abe (2009, personal communication) and have not been published yet. Figures 5.7 and
5.8 showed that there are very similar requirements, in terms of temperature/RH for the
fungi species of Eurotium herbariorum (Figure 5.7) and Aspergillus penicilloides
(Figure 5.8) which are both xerophilic fungi. However, Figure 5.9 shows different

requirements for the hydrophilic fungus Alternaria alternata.

Figures 5.7 and 5.8 show for both group of households (UGH users, non-UGH users)
more favourable conditions for mould to grow in the bedrooms than in the living rooms.
Furthermore, Figures 5.7 and 5.8 show an average climate in UGH user group (open
diamonds for living rooms and open circles for bedrooms) closer to the germination
zone (RH > 70%, vertical dashed line) than in non UGH user group (cross for living

rooms and double cross symbol for bedrooms).

In Figures 5.7 and 5.8, it can be seen that six bedrooms and two living rooms from the
UGH user group showed an averaged climate that was within the 8 to 30 day
germination zone, whereas only two bedrooms and one living room from the non-UGH
user group were within the 8 to 30 day germination zone. This non UGH living room
climate and one of these two non UGH bedroom climates were from one of the
intervention group household who had a very low use of a wood pellet burner. Their

heater usage was so low they were effectively an unheated house which would lead to
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the high RH conditions that were observed. The data from the second non UGH
bedroom were from one of the two households who have been using flued gas heater
and show a RH level above 70% for 84% of the time. None of the HP user homes were

within the 8 to 30 day germination zone.

In Figure 5.9, none of the households were within the germination zone (RH > 90%).
One bedroom showed an average RH of 86.8% which is close to germination zone but

did not show higher hyphae development than the group’s average.

These results support the previous findings that the daily hyphae growth rates, for
Eurotium herbariorum and Aspergillus penicilloides, were higher in the bedrooms than
in the living rooms and also higher in the households operating an UGH than in
households operating a non UGH. The close to wall temperature/RH values were well
below the laboratory germination zone for the hydrophilic fungus Alternaria alternata

development, consistent with a low daily hyphae growth rate found for this fungus.
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5.4.4 Hyphae development in response to favourable climate
exposure

The measured daily hyphae growth rate was compared to the time of exposure in
favourable psychrometric conditions. This analysis was done using a methodology

developed by Building Research Association of New Zealand (Cunningham 2001).

The “close to the wall” temperature from 0°C to 30°C and the RH from 35% to 100%
were divided into 5°C and 5% RH ranges, respectively. Next, “bins” were created for
each 5°C and 5% RH range. For example, the temperature and RH combination of 10°C
- 15°C and 50% - 55% was one of the 78 bins. Spearman’s rank correlation tests were
applied to test the correlation between the time of exposure in the defined bin and the

measured daily hyphae growth rate for all three fungi.

Living rooms and bedrooms with a high measured hyphae growth rate (above the 75"
percentiles) were selected for the analysis as these living rooms and bedrooms gave the
best fungal development in response to the psychrometric conditions. 16 rooms were
selected consisting of 11 bedrooms and 5 living rooms in order to compare the
Eurotium herbariorum hyphae development to climate exposure. 17 rooms were
selected consisting of 12 bedrooms and 5 living rooms to compare the Aspergillus
penicilloides hyphae development to climate exposure, and 18 rooms were selected
consisting of 10 bedrooms and 8§ living rooms to compare the Alternaria alternata

hyphae development to climate exposure.

For Eurotium herbariorum (N = 16), the strongest positive correlation value (R*= 0.36,
p-value = 0.01) was detected for the bin 10°C - 15°C and 80% - 85%. For Aspergillus
penicilloides (N=17), the strongest positive correlation value (R*= 0.24, p-value = 0.04)
was detected for the bin 15°C - 20°C and 85% - 90%. For Alternaria alternata, no
significant positive correlation between the measured hyphae growth rate and any

climate bin were detected (p-value = 0.54).

Figures 5.10, 5.11 and 5.12 show the number of hours per day in each 5% RH range for
Eurotium herbariorum, Aspergillus penicilloides and Alternaria alternata respectively.

Figures 5.10 and 5.11 show similar curve trends but are very different from Figure 5.12.
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Figure 5.10: Daily contribution (hours) per 5% RH range for the 16 higher Eurotium sp. growth
rates (>75™ percentiles).

Figure 5.10 shows that in the rooms where Eurotium herbariorum had the largest

hyphae development, the RH was above 80% for an average of 4.2 hours a day.
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Figure 5.11: Daily contribution (hours) per 5% RH range for the 17 higher Aspergillus sp. growth
rates (>75™ percentiles).

Figure 5.11 shows that in the rooms where Aspergillus penicilloides had the largest

hyphae development, the RH was above 85% for an average of 1.7 hours a day.
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Figure 5.12: Daily contribution (hours) per 5% RH range for the 18 higher Alternaria sp. growth
rates (>75™ percentiles).

Figure 5.12 shows that in the rooms where Alternaria alternata had the largest hyphae
development, the RH was between 35% RH and 70% RH for 77% of the time. This
exposure was too dry for this hydrophilic fungus to develop. The climate was suitable
for Alternaria alternata (above 90% RH) for only an average of 0.1 hours a day (0.4%
of the time). This finding supports the lack of correlation found between the daily
growth rate and the climate exposure, and were consistent with the low daily hyphae

growth rate found for this fungus.

5.4.5 Summary

A fungal detector was used to predict the capacity for three species of fungi to grow on
the inside surface of an external wall. The results showed that the bedroom climate was
more suitable for mould growth than the living room climate. The detector showed good
positive response for both the xerophilic fungi species tested which need a lower
humidity requirement. These results were supported with a positive correlation between
the hyphae development and the time of exposure in the current psychrometric
condition zone (10°C - 15°C and 80% - 85% for Eurotium herbariorum and 15°C -
20°C and 85% - 90% for Aspergillus penicilloides). However, it was found that the
“close to the wall” RH levels were too low and therefore not suitable for hydrophilic

fungus development like Alternaria alternata.
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Furthermore, the households operating an UGH experienced a significantly different
“close to the wall” climate than the households operating a non UGH. The damper and
colder conditions of the “close to the wall” climate were more suitable for hyphae

development of xerophilic fungi.

The above predictions were compared, firstly with the results from the visual mould

inspection and secondly with an airborne and dust-borne fungi assessment.

5.5 Visual mould inspection

The visual mould inspection was carried out in 31 out of 33 homes in 2005 and in all 36
homes in 2006 by the researcher. A contamination scale with four graduation levels was
used to visually assess the mould level in the living room and in the child’s bedroom
(MO: “no visible mould”, M1: “specks of visible mould”, M2: “moderate visible mould

patches” and M3: “extensive covered areas”).

5.5.1 Visible mould in the living rooms and in the bedrooms

Figure 5.13 shows the results from the visual mould inspection in the living rooms and

in the child’s bedroom.

B Living room 2005 (N=31) OBedroom 2005 (N=31)
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Figure 5.13: Number of living rooms and bedrooms for each visual mould index (M0, M1, M2 and
M3) in 2005 and 2006. (MO: “no visible mould”, M1: “specks of visible mould”, M2: “moderate
visible mould patches” and M3: “extensive covered areas”).
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The mould level was visually assessed as having a mould index “MO0: no visible mould”
in most of the living rooms (77% in 2005 and 80% in 2006) whereas “M0” was only
found in about half of the bedrooms (42% in 2005 and 54% in 2006) (Figure 5.13).
These results are consistent with the findings from the use of the fungal detector; where
a higher daily fungal growth rate was found in the bedrooms. 19% and 17% of the
living rooms and 52% and 40% of the bedrooms in 2005 and 2006 respectively were
assessed as having a visible mould index grade of M1 or M2. The index M3 (extensive
area covered with mould) was found in only 3% of the living rooms and 6% of the

bedrooms in both years.

5.5.2 Visible mould and fungal detector results

Spearman’s rank correlation tests were applied to test the correlation between the mould

index and the measured daily hyphae growth rate for all three fungi in 2006.

A positive correlation (R* = 0.13, p-value < 0.01) was found between the assessed
mould index in living rooms/bedrooms and the measured daily hyphae growth rate for
Eurotium herbariorum. A similar result was found for Aspergillus penicilloides (R* =
0.10, p-value < 0.01), however no correlation was found between the assessed mould
index in living rooms/bedrooms and the measured daily hyphae growth rate for

Alternaria alternata, (p-value = 0.10).

A positive correlation was also found between the average “close to the wall” RH and
the assessed mould index (R*= 0.15, p-value < 0.01) and a negative correlation between
the average “close to the wall” temperature and the assessed mould index (R*= 0.14, p-
value < 0.01). For example, the RH was 61.5%, 66.6%, 68.6% and 71.5% on average
for MO, M1, M2 and M3 respectively. The temperature decrease, correlated to an
increase of the visible mould index, is consistent with a RH increase at the same

humidity ratio.

5.5.3 Impact of the heater choice on the visible fungal level

Figure 5.14 shows the percentage of living rooms and bedrooms assessed at each of the

four mould indexes in the households either operating an UGH or a non UGH.
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Figure 5.14: Mould index per heater type in the living room and in the bedroom.

Figure 5.14 shows a higher percentage of households being assessed with the “M0”
mould index in the households who were operating a non UGH for both locations (86%
vs. 73% in the living room and 62% vs. 47% in the bedroom), compared to the

households who were operating a UGH.

Overall, the results from the visual mould inspections are consistent with the predictions
on the capacity for mould to grow (fungal detector). However, the visual mould
inspection is a very subjective method of mould assessment which could be influenced
by several confounding factors such as the household mould cleaning, the colour of the
wall surface and the age of the building material. The results from the visual
assessments are useful to detect factors which could influence mould development, but

are not conclusive.

Airborne and dust-borne fungal spore collection methods are time consuming but more

accurate methods to assess the fungal level in buildings.
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5.6 Airborne and dust borne sampling for fungi assessment

The methods for airborne sampling and dust-borne sampling were reported in Chapter
3, Sections 3.3.4.2 and 3.3.4.3 respectively. Samples were collected from the living
room, the child’s bedroom and from outside (for airborne only). Table 5.3 reports the
number of samples collected from the 33 studied homes in 2005 and the 36 studied
homes in 2006.

Table 5.3: Number of sample collected from the studied homes in 2005 and 2006.

Year Living room Bedroom Outside

(/N) (/N) (/N)

Airborne samples 2005 32/33 32/33 32/33
2006 34/36 34/36 32/36

Dust-borne samples 2005 32/33 32/33 NA

2006 35/36 34/36 NA

Table 5.3 shows that in 2005, one home was not sampled as this household was not
available at the sampling time. In 2006, two homes were not sampled as these
households were not available at the collection time. In addition, in 2006, two outdoor
air samples were not collected due to very bad weather which could have damaged the

air sampler.

5.6.1 Airborne sampling for fungi assessment

The air samples were collected onto Malt Extract Agar (MEA) media. Following the
enumeration and identification to genus level, the viable fungal spore count was

expressed in Colony Forming Unit (CFU) per cubic metre of air (CFU/m”).

The data were firstly logjo-transformed and Shapiro-Wilk normality tests were applied
to verify the assumption of normality. As the logjo-transformed data did not follow a
normal distribution (Shapiro-Wilk normality test), raw data were used in non parametric

tests.

For each of the three locations (living room, bedroom and outside), air samples were
duplicated. To assess the correlation between duplicates (reproducibility of consecutive
samples) for the total fungal load, Spearman’s rank correlation tests were applied. The

correlation values ranged from 0.54 to 0.94 which showed a good agreement between
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the duplicates (p-value < 0.01). Thus, the CFU counts from the duplicate plates were

averaged.

5.6.1.1 Concentration range, median and occurrence

Due to significant variation in the samples, the range, median and occurrence are more
relevant descriptive parameters than the average and standard deviation to explain the

fungal distribution.

Tables 5.4, 5.5 and 5.6 show the concentration range, median and the occurrence for the
detected fungi taxa in the living room, child’s bedroom and outside air respectively.
These three tables report consistent results across the different locations, with the same
“dominant” taxa present both years. Dominant taxa are defined as taxa which occurred
in more than half of the sampled homes (n/N). The taxa Cladosporium, Penicillium and
Yeast were dominant and present in more than 75% of the living rooms, bedrooms or
outdoor in 2005 and 2006. In 2005, the taxon Cladosporium was found in all homes
with a larger concentration range in the outdoor air (up to 2330 CFU/m”). In 2006, the
median for the taxon Cladosporium was at least 5 times lower in indoors and outdoors
than in 2005. When compared to 2005, the median for the taxon Penicillium was, in
2006, two times higher in both inside locations but similar outside. The taxon
Aspergillus also showed a higher occurrence in 2006 than in 2005. Furthermore, in 2006
the results showed a consistent higher fungal diversity for all three sampled locations
than in 2005. On average for all three locations, 14 different taxa were found in 2005
versus 22 different taxa in 2006. These findings are consistent with the calculated
Recognisable Taxonomic Units (RTUs), which measures the richness for each sample.
In 2005, the average RTUs were 2.5, 950,CI [2.3 — 2.8] for the living room, 2.5, 950,CI
[2.2 — 2.7] for the bedroom and 2.3, ¢50,CI [2.0 — 2.5] for outdoor whereas in 2006, the
average RTUs for living room, bedroom and outdoor were 3.4, 950,CI [3.0 — 3.9], 3.8,

95%CI [3.4 —4.2] and 4.3, 950,CI [4.0 — 4.5] respectively.
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CHAPTER 5 — Assessment of mould growth

5.6.1.2 Principal taxa contribution to the total fungal load

Figure 5.15 shows the contribution of the four dominant taxa (Aspergillus,

Cladosporium, Penicillium and Yeast) to the total number of viable spores.
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Figure 5.15: Dominant taxa contribution to the total fungal load.

In 2005, Cladosporium contributed in all three locations to at least 97.5% of the total
count; where as in 2006 this taxon contributed for 22.6%, 26.7% and 38.5% in the
living room, bedroom and outdoor respectively. In 2006, Penicillium contributed to
53.6%, 52.8% and 9.2% in the living room, bedroom and outdoor respectively. In 2005,
Aspergillus contributed to less than 1% of the total fungal load in all three locations
whereas in 2006, this taxon contributed for 11.2%, 8.8% and 2.6% in the living room,
bedroom and outdoor respectively. Yeast contributions were similar in 2005 and 2006

with a contribution between 3.7% and 6.7%.

Spearman’s rank correlation tests showed that there were positive correlations between
the living room Cladosporium level and the outdoor Cladosporium level (R* = 0.43, p-
value < 0.01) as well as the bedroom Cladosporium level and the outdoor Cladosporium
level (R* = 0.47, p-value < 0.01). There was no correlation between the living room

Penicillium level and the outdoor Penicillium level (p-value= 0.26) but there was a
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strong positive correlation between the living room Penicillium level and the bedroom
Penicillium level (R* = 0.74, p-value < 0.01). Thus, it appears that the Cladosporium
contribution to the indoor compartment had an outdoor origin whereas the Penicillium
and Aspergillus contribution to the indoor reservoir is less strongly linked to the outdoor

reservoir, which suggests an indoor source.

The variation of contribution for three of the four dominant taxa (Cladosporium
predominant in 2005, Penicillium predominant and Aspergillus more important in 2006)
could be explained by the climate differences. In 2005, the sampling was carried out in
two sampling periods. The first sampling was from the 5™ to the 7™ of October 2005
when 44% of the homes were sampled and from the 9™ to the 12™ of November 2005
when the remaining 56% of the homes were sampled. In 2006, all homes were sampled
between the 4™ and the 10™ of October 2006. At the time of sampling, the 2005 outside
climate was very different from the 2006 climate. In 2005, the ambient temperature was
13.0°C, 950,CI [12.5 — 13.5] and the RH was 71.6%, ¢50,CI [70.1 — 73.1], whereas the
2006 ambient temperature was 9.1°C, 9s50,CI [8.6 — 9.6] and the RH 72.0%, 950,CI [70.3
— 73.7]. This 4°C higher temperature in 2005 would favor a spring vegetation bloom. As
Cladosporium is a fungus which mainly grows at the surface of leaves (phylloplane
fungus); this could explain the predominance of this taxon in 2005. Other phylloplane
fungi like Alternaria, Epicoccum and Ulocladium also showed a higher occurrence in
2005 than in 2006 (Table 5.4, Table 5.5 and Table 5.6). A higher ambient temperature
in 2005 could support higher natural ventilation (windows and doors opened more
often) and higher outdoor/indoor interaction, which is consistent with the positive

correlation found between the outdoor and indoor Cladosporium level.

5.6.1.3 Impact of the heater choice on the airborne fungal level

In 2006, 15 households operated an UGH and 21 households operated a non UGH.
Complete data was collected from 14 UGH and 18 non UGH households.

Firstly, the Wilcoxon’s rank tests were applied to test the differences in the total spore
count (CFU/m’) between households using an UGH and households operating a non
UGH. No significant differences were found between the two groups in the living room

(p-value = 0.26). Secondly, the association between the four dominant fungal taxa and
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the type of heater (UGH or non UGH) operated in the household was examined. For
each fungus, the data was normalised by subtracting the outside concentration from the
living room fungal concentration and from the bedroom fungal concentration, to
identify the internal elevation above the ambient level. The 75" percentiles of the indoor
- outdoor difference and the frequency that an UGH households or a non UGH
households were above this 75" percentiles value were calculated, and reported in Table
5.7. The association between a high indoor fungal concentration and the heater type
operated was tested in the living room and in the bedroom, using a Cochran-Mantel-
Haenszel (CMH) Chi-square test. The CMH test was used for testing the independence
of two variables (UGH homes and non UGH homes) with repeated measurements for
the four dominant fungi (Aspergillus sp., Cladosporium sp., Penicillium sp. and Yeast
sp.) (McDonald 2009). One non UGH home was removed for the living room data
processing; as this house was an outlier and showed an Aspergillus level 135 times
higher than the 75" percentiles value, a Cladosporium level 1.3 times higher than the
75" percentiles value and a Penicillium level 20 times higher than the 75" percentiles

value.

Table 5.7 shows the association between high indoor concentrations for the four
dominant taxa (indoor-outdoor difference > 75 percentile) and the type of heater used

(UGH or non UGH) in the living room and in the bedroom.

In the living room, 5 households, 5 households, 6 households and 3 households out of
14 UGH households had a fungal concentration above the 75™ percentile whereas 2
households, 3 households, 1 household and 4 households out of 17 non UGH
households had a fungal concentration above the 75™ percentile for the taxa Aspergillus,
Cladosporium, Penicillium, and Yeast respectively. The CMH test results indicated a
significant association between a high level of Aspergillus, Cladosporium, Penicillium

and Yeast in the living room and the operation of an UGH (p-value = 0.013).

No significant association between the high level of Aspergillus, Cladosporium,
Penicillium or Yeast, and the operation of an UGH was found for the bedrooms (p-value
=0.332).
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Table 5.7: Association between heater choice and the high indoor fungal concentration in the living
room and bedroom.

Dominant fungal taxa
Aspergillus | Cladosporium | Penicillium Yeast
sp. sp. sp. sp.
75" percentiles of
1-O difference (CFU/m’) 0 48 95 15
g | Occurrence UGH >75"
8 | percentiles (N=14) > > 6 3
5o | Occurrence non UGH >75" ) 3 ] 4
§ percentiles (N=17)
3 | Odds ratios 4.17 2.59 12.00 0.89
v 6.13
P-value 0.01
75" percentiles of
1-O difference (CFU/m’) 0 65 85 13
Occurrence UGH >75"
g percentiles (N=14) > 2 6 2
S | Occurrence non UGH >75™ ) 5 | 6
b5 percentiles (N=18)
A [ 0dds ratios 4.44 0.43 12.75 0.33
v 0.940
P-value 0.332

To conclude, the operation of UGH in the living room was associated with a high fungal

level of the dominant taxa in the airborne sample.

5.6.2 Dust borne sampling for fungi assessment

Compared to airborne fungal reservoir, the floor dust fungal reservoir represents a
longer period of the house’s history; therefore a positive association between the dust-

borne fungal level and the operation of UGH in the living room could be expected.

Dust samples were collected from the 32 and 35 living rooms and 32 and 34 child’s
bedrooms in 2005 and 2006 respectively (Table 5.3). Dust reservoirs, from carpet or
wooden floor surfaces, are the consequence of the airborne settlement (bio-aerosol
deposition). However, this reservoir content is subject to variable factors such as
vacuuming frequency and effectiveness, and flooring type. The vacuuming frequency
was not self reported but the flooring type and the quantity of collected dust are reported
in Table 5.8
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Table 5.8: Average and 95% confidence interval of collected dust according to the living room and
bedroom flooring type in 2005 and 2006.

2005 2006
Living room Bedroom Living room Bedroom
Mean Mean Mean Mean
N N
_ N £ 950,Cl N = 9504CI £ 950,Cl £ 950,CI

g Un;‘zed 151 158 257 2.80
g 5 [1.19-1.83] [1.21-1.94] [1.84-3.30] [1.91-3.68]
= | (g/m’)
S & 28 29 30 26
[©]
= B Siﬁ:;id 0.98 0.89 1.97 1.97
= 0.74-1.23 0.61-1.17 1.31-2.64 1.23-2.70
= | (g [ ] [ ] [ ] [ ]
F
g | Unieved 0.80 0.63 0.87 1.64
o
5 = (@) [0.10-1.49] [0.00-1.43] [0.36-1.39] [0.54-2.73]
St
58 . 4 3 5 8
=3 Szfuvsid 0.53 0.32 0.22 037
= : [0.00-1.11] [0.00-0.80] [0.07-0.37] [0.02-0.72]
E | (gm)

Table 5.8 shows that the dominant type of flooring was carpeted floor or rugs; exposed
wooden floors occurred for less than 20% of the houses. The amount of dust collected
(g/m”) from carpet and rugs was always greater that the amount of dust collected from
wooden floor (Table 5.8). These findings could be explained by the fact that carpet and
rugs provide a greater sampling surface area (carpet thickness) for the same floor area
than a bare or wooden floor. Dust can be removed more easily by the occupants, in the
regular floor cleaning, from a bare or wooden floor than from a carpeted floor or a rug,

so the hard floor reservoir is typically less important than for carpeted floors.

Two media, the Malt Extract Agar (MEA) and the Dichloran Glycerol 18 (DG18), were
used to culture fungi samples from the dust reservoir. The DG18 is a specific low water
activity media for xerophilic fungi which are slow growing fungi, whereas the MEA is a
general media suitable for hydrophilic fungi. There are several ways to express the
results from the dust sample as reported in Chapter 2 Table 2.15; studies used either
unsieved dust (Jovanovic et al. 2004) or sieved dust (Jacob et al. 2002, Koch et al.
2000, Wickens et al. 2004) and express the fungi count as CFU/g of unsieved dust or
CFU/g of sieved dust. However, with regard to exposure to fungal allergens, it should
be more relevant to relate the viable spore enumeration (CFU) to the sampling surface
(m?) than to quantity of collected and sieved dust (Institute of Medicine - Committee on
Damp Indoor Spaces and Health 2004). Thus, the results were expressed as number of
CFU on the MEA media or the DG18 media per surface unit (CFU/m?).
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The data were first log;o-transformed and Shapiro-Wilk normality tests were applied to
verify the assumption of normality. As the logjo-transformed data did not follow a

normal distribution, raw data were used in non parametric tests.

For each of the two locations and each of the two media, dust-borne samples were
duplicated. To assess the correlation between duplicates (reproducibility of consecutive
sampling) for the total fungal load, Spearman’s rank correlation tests were applied. The
correlation values ranged from 0.94 to 0.98 which showed a very strong agreement
between the duplicates (p-value < 0.01). Thus, the CFU/m* counts from the duplicate

plates were averaged.

5.6.2.1 Concentration range, median and occurrence

The dust-borne fungal distribution was described using the concentration range, the
median and the occurrence as done for the airborne fungal distribution. Tables 5.9 and
5.10 show the concentration range, the median and the occurrence for the detected

fungi, for each of the two media, for the two locations and for both years.

Tables 5.9 and 5.10 show consistent results on both media with the dominant taxa
(Cladosporium, Penicillium and Yeast) present in both years in more than 80% of the
households. Mucor was detected on the MEA in 68% of the household and on the DG18
in 40% of the households. In contrast, Aspergillus was detected more frequently on the
DGI18 than on the MEA (47% occurrence on the DG18 vs. 12% occurrence on the
MEA). Two xerophilic fungi (Wallemia and Eurotium) were exclusively detected on

the DG18 with 69% occurrence for Wallemia and 37% occurrence for Eurotium.

In 2005, the RTUs results showed a higher fungal diversity per sample in the living
room on the MEA media (4.1, 9s50,CI [3.7 — 4.5] for the MEA vs. 3.7, 95¢,CI [3.2 — 4.1]
for the DG18) and a higher fungal diversity per sample in the bedroom on the DG18
media (3.8, ¢50,CI [3.5 — 4.2] for the DG18 vs. 3.4, 950,CI [3.1 — 3.8] for the MEA).
However, in 2006, the RTUs results showed a higher fungal diversity per sample for
both sampled locations on the DG18 media (4.8, 950,CI [4.3 — 5.3] for the DG18 vs. 4.6,
95%CI [3.9 — 5.2] for the MEA in the living room, and 4.3, 950,CI [4.0 — 4.7] for the
DG18 vs. 3.8, 950,CI [3.2 — 4.5] for the MEA in the bedroom).
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The DG18 media shows a consistent higher fungal recovery rate than the MEA media.
In 2005, the DG18 media detected 3.3 times more viable spores than the MEA in the
living room (4.0 10° CFU/m? vs. 1.2 10° CFU/m?) and 4.2 times in the bedroom (3.3 10°
CFU/m? vs. 0.8 10° CFU/m?). In 2006, the DG18 media detected 1.3 times more viable
spores than MEA in the living room (12.7 10° CFU/m? vs. 9.8 10° CFU/m?) and 3.0
times in the bedroom (17.9 10° CFU/m’® vs. 6.1 10° CFU/m%). These results are
consistent as the MEA is a general media which would enhance the growth of fast
growing fungi like the zygomycetes (Mucor, Rhizopus). These zygomycetes can
overgrow and produce mycotoxins to slow the growth of competitor species (Flannigan

and Miller 2011).

5.6.2.2 Principal taxa contribution to the total fungal load

Table 5.11 shows the contribution of 15 taxa to the total number of viable spores.

In the floor dust, the contribution for Cladosporium and other phylloplane fungi like
Alternaria and Epicoccum were higher in 2005 than in 2006. On the contrary,
Aspergillus and Penicillium contribution was higher in 2006 than in 2005. These results

are consistent with the results found from the airborne sampling (Figure 5.15).

However, we found that Yeast was more abundant in the dust-borne than in the
airborne. While the Yeast contribution was higher in 2006 than in 2005, the Wallemia
Sp. contribution was higher in 2005 than in 2006. Yeast is a hydrophilic fungus whereas
Wallemia sp. is an extremely xerophilic fungus (Flannigan and Miller 2011).
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CHAPTER 5 — Assessment of mould growth

5.6.2.3 Impact of the heater choice on the dust-borne fungal level

In winter 2005, 25 households had operated an UGH and 7 households had operated a
non UGH. In winter 2006, 15 households had operated an UGH and 20 households had
operated a non UGH. Two households, one operating an electric heater in 2005 and a
second one operating a heat pump in 2006, were not available at the dust collection
time, thus they were not include in the analysis. The 2006 fungal sampling was

undertaken at least two months after the replacement heaters had been installed.

Table 5.12 reports the median and 25" and 75" percentiles of the hydrophilic fungi
distribution, of the xerophilic fungi distribution and of the total fungi distribution, for
the living rooms and for the child’s bedrooms. Wallemia sp. and Eurotium sp. were
grouped under the xerophilic fungi group. These fungi are able to grow under reduced
water activity ay (0.69 - 0.75) conditions and are considered as first colonizers. Whereas
hydrophilic fungi like Alternaria, Botrytis, Epicoccum, Mucor, Rhizopus, Ulocladium
and Yeast all need a higher ay to grow and thus are considered as tertiary colonisers
(Flannigan and Miller 2011). This means that if the replacement of the UGH with a non
UGH has an impact on the fungal community, this positive effect should firstly appear

and be more important on the xerophilic fungi group.

The values reported in Table 5.12 are those representing the highest count from the two
media used (MEA and DG18). Wilcoxon’s rank tests were applied to test the null
hypothesis which was “there is no difference in spore count for xerophilic, hydrophilic
or total fungi communities between households operating an UGH and households

operating a non UGH in the considered room”.

In 2005, no significant differences were found in the viable spore count (CFU/m?) for
hydrophilic fungi (p-value (iiving room) = 0.60, p-value (pedroomy = 0.79) and for total fungi
(p-value (jiving room) = 0.76, p-value (edroom) = 0.45) between the two groups UGH and non
UGH. For the xerophilic fungi, the non UGH group showed a fungi level 89 times lower
in the living room and 28 times lower in the bedroom than the UGH group, however

these differences were not statistically significant (p-value (iiving room) = 0.13, p-value

(bedroom) — 0.1 6)
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In 2006, it was found that the replacement of the UGH by a non UGH:

e decreased the median count for the xerophilic group by 20 times (7425 vs. 369,
p-value = 0.07) and by 46 times (108248 vs. 2328, p-value = 0.06) in the living
room and in the bedroom respectively,

e decreased the median count for the total fungal group by 5 times (44482 vs.
8873, p-value = 0.05) and by 17 times (198860 vs. 11628, p-value < 0.05) in the
living room and in the bedroom respectively,

e decreased the median count for the hydrophilic group by 6 times (24480 vs.
3828, p-value < 0.05) in the bedroom, but did not have any impact in the living

room (p-value =0.13).

The most important decrease of the viable spore median count was found in the
xerophilic fungal community for both the living rooms and the bedrooms. These results
are consistent with the xerophilic fungi group being considered as first colonizers and
able to react quickly even with limited water availability measured in households

operating UGH.

Table 5.12 shows that the level of fungi was higher in the bedroom than in the living
room for both groups of households (UGH users, non UGH users). This result is
consistent with a higher RH level found in the bedrooms when compared to the living

rooms.
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5.7 Discussion and conclusion

5.7.1 Wall surface relative humidity and mould growth prediction

Households operating an UGH had a higher “close to the wall” surface RH level than
households operating a non UGH, thus the release of water vapour, during the operation
of an UGH, was found to be a significant additional source of moisture for the “close to
the wall” surface. Studies found that operating an UGH at a high setting released around
half litre of water vapour per hour of use (Camilleri et al. 2000, TenWolde and Pilon

2007) with an average vapour pressure increase of 0.01 kPa/min (Francisco et al. 2009).

A higher daily hyphae growth rate was found in the households operating UGHs than in
the households operating non UGHs for both xerophilic fungi (Aspergillus penicilloides
and Eurotium herbariorum). Xerophilic fungi can grow under relatively dry conditions
(aw > 0.70) and are considered as first colonizers as they are the first to react to
environment changes whereas hydrophilic fungi need very humid condition to start
germinated (Darby and Caddick 2007, Flannigan and Miller 2011). However, no
differences were found between both heater user groups for the hydrophilic fungus
(Alternaria alternata). Abe et al. (1996) found higher hyphae growth rate for Eurotium
herbariorum in water-associated rooms (bathroom and lavatory) than in other rooms,
showing a positive correlation between high moisture source and high hyphae growth

rate.

The results showed that the “close to the wall” surface RH level was suitable for
Alternaria alternata hyphae growth (above 90% RH) for only 0.1 hour per day whereas
the “close to the wall” RH was suitable for Aspergillus penicilloides hyphae growth for
1.7 hours per day and for Eurotium herbariorum hyphae growth for 4.2 hours per day.
This result is consistent with another study which found that Eurotium herbariorum
needed to be exposed for at least 3.6 hours per day with a RH above 80% for hyphae
development (Cunningham 2001).
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5.7.2 Visual fungal assessment

Positive correlations were found between the visual mould level and the measured daily
hyphae growth rate for both xerophilic fungi Eurotium herbariorum and Aspergillus
penicilloides. However, no correlation was found for the hydrophilic fungus Alternaria
alternata. Another study reported a positive correlation between a high visual fungal
contamination and a high hyphae growth rate for Eurotium herbariorum (Abe et al.
1996).

The visible mould level, detected by a trainee researcher, was found higher than the
level reported from a self reported NZ telephone survey (Howden-Chapman et al.
2005). The results showed that the visible mould level and the RH level were positively
correlated and that the visible mould level and the temperature were negatively
correlated. These findings are consistent with a higher percentage of visible mould
detected in households where UGHs were operated. Garrett et al. (1998) reported a
correlation between evidence of dampness and visible mould. Another study found
fungal levels were positively correlated with basement humidity (Dekoster and Thorne
1995) and negative correlation were found between the temperature of the room and the

fungal level (O'Connor et al. 2004).

5.7.3 Airborne and dust-borne fungal level

Cladosporium, Penicillium, Aspergillus and Yeast were the four dominant taxa and were
present in more than 75% of the samples. Airborne results showed that the
Cladosporium contribution to the indoor reservoir seems to have an outdoor origin
whereas the Penicillium and Aspergillus contribution to the indoor reservoir seems to be
less strongly linked to the outdoor reservoir. Consistent with these findings, Verhoeff et
al. (1992) found that the level of spores in the Aspergillus/Penicillium group was on
average 3.5 times higher in the indoors than in the outdoors and the outdoor level of
Cladosporium was twofold higher than the indoor level. This finding is supported by
O’Connor et al. (2004) who found Aspergillus and Penicillium were more frequently
found indoors than outdoors and the reverse was found for Cladosporium and
Alternaria (Ramachandran et al. 2005, Wu et al. 2000a). Godish et al. (1996) supported
the findings that Penicillium and Aspergillus are considered as the major indoor genera

while Cladosporium, Alternaria, Epicoccum are believed to be the predominant outdoor
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genera, and concluded that around 50% of indoor viable mould could be explained by
the admission of the fungi from the outdoor environment. This statement holds true as
the level of phylloplane fungi like Cladosporium, Alternaria and Epicoccum were
found higher in 2005 (under spring conditions when windows were open more

frequently) than in the 2006 full winter conditions with windows mostly closed.

While the Yeast contribution was higher in 2006 than in 2005, the Wallemia sp.
contribution was higher in 2005 than in 2006. Yeast is a hydrophilic fungus whereas
Wallemia sp. is an extremely xerophilic fungus (Flannigan and Miller 2011). These
results are consistent with a higher room and “close to the wall” surface RH level found
in 2006 than in 2005 and thus, a higher 2006 response on fungal hyphae development

from the fungal detector.

Dust-borne results were found consistent on both the MEA and the DG18 media for the
dominant taxa (Cladosporium, Penicillium and Yeast). However, Mucor was
predominantly detected on the MEA whereas Aspergillus was predominantly detected
on DG18. Two xerophilic fungi (Wallemia and Eurotium) were exclusively detected on
DG18. DGI8 is a specific media for xerophilic fungi culture and restricts the
overgrowth of the zygomycetes (genera Mucor, Rhizopus, Rhizomucor, Absidia)
(Hocking and Pitt 1980). Ren et al. (2001) found superior performance on the counts of
Aspergillus, Cladosporium, and Alternaria when using the selective media DG18
whereas higher numbers of Yeast were found on the MEA media. The DG18 media
shows a consistent higher recovery rate and higher fungal richness (number of
recognizable taxonomic unit per sample) except for the 2005 living room sample than
the MEA media. These findings are supported by two other studies which both report
greater number of genera on the DG18 compare to the MEA (Russell et al. 1999, Wu et
al. 2000b).

The level of fungi was found higher in the bedrooms than in the living rooms for both
defined groups of heater users (UGH users and non UGH users). This result is
consistent with a higher RH level found in the bedrooms when compared to the living
rooms. In contrast, Li et al. (1995a) found a higher spore level in the living rooms
where human activities mainly occurred and where the outdoor fungal contribution is

higher due to spore transfer by people and by ventilation. However, Ren et al. (2001)
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found no significant differences in the fungal levels between the living room and the

children’s bedroom in a 1000 US home study.

Consistent with UGH being a significant additional source of moisture, the replacement
of the UGH by a non UGH decreased the total fungi count in both the living rooms and
the bedrooms. Sordillo et al. (2011) found that home characteristics related to
dampness, such as the use of a humidifier, were the most consistent predictor of fungal
biomarkers in the dust-borne reservoir. However, the most significant positive effect
was found for the xerophilic fungi community. These results are consistent with the
xerophilic fungi group being considered as first colonizers and being unable to remain
viable under reduced water availability in households operating a replacement heater

(Flannigan and Miller 2011).

5.7.4 Conclusion

Overall, the bedrooms had higher “close to the wall” exposure to RH levels above 70%
than the living rooms. The households operating UGH showed a higher percentage of
time with the “close to the wall” surface above 70% RH, in both the living rooms and
the child’s bedrooms than the households operating a non UGH for both years. The
operation of UGHs altered the indoor climate and increased the capacity of xerophilic

fungi to grow on the wall surface.

All three assessment methods (visible mould inspection, airborne assessment and dust-
borne assessment) showed very similar results which were consistent with the
prediction from the fungal detector method. The replacement of the UGHs with non

UGHs showed a significant decrease on the fungal level.
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6 HOUSEHOLDS’ EXPOSURE TO CHEMICAL POLLUTANTS.

Monitoring equipment in the custom made support structure.

Fluorinated ethylene propylene tubes to draw the sampled gas from each room to the nitrogen
oxides analyser located in the roof cavity.
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6.1 Introduction

In NZ, a few studies have been conducted on household’s exposure to indoor pollutants
(Bettany et al. 1993, Gillespie-Bennett et al. 2008, Kingham and Petrovic 2005, Neale
and Phipps 2004), but no studies on real time pollutant measurement during the

operation of heaters in occupied homes, have been reported.

The objectives of this chapter were:

e to report results from real time measurements of four gaseous pollutants (carbon
dioxide (CO,), carbon monoxide (CO), formaldehyde (HCHO) and nitrogen
dioxide (NO,)) for up to a week in occupied homes,

e to compare the occupants’ exposure to indoor air pollutants with the guidelines
for health and to report the changes during the use of different heating options,

e to examine if the intervention, namely replacement of a low capacity heater,
either an UGH or an electric oil column, with a higher capacity heater, either a
heat pump (HP), a flued gas heater (FGH) or a wood pellet burner (WPB), was

sufficient to provide a healthier indoor environment.

6.2 Pollutant monitoring and heater use recording

The methods used for the monitoring of the four pollutants and for the recording of the

heater use were reported in Chapter 3 — Methodology.

6.3 Building and household characteristics

A researcher-completed questionnaire was used to collect information on the
characteristics of the house and the behaviours of the householders as described in
Chapter 3, Section 3.4. The Housing Heating and Health (HHH) parent study provided
information relating to household income on an ordinal scale (1: under NZ$ 38,000; 2:
between NZ$ 38,001 and NZ$ 60,000, 3: more than NZ$ 60,001, 4: Unknown/Refused
to state). In addition, the room temperature (°C) and the room relative humidity (%)
were measured in the living room, and the weekly averages were extracted as reported
in Chapter 4. The research-completed questionnaire description, the room temperature
and room relative humidity measurement methods are reported in Chapter 3. A

multivariate model was used to examine the association between these factors and the
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level of pollutants in the living room, as this was the room where the main heater was

located.

6.4 Real time pollutant measurement and heater option

The monitoring of the four gaseous pollutants (HCHO, NO,, CO, and CO,) was carried
out in 33 pre intervention homes from the 23" of August to the 7™ of October 2005 and
in 36 post intervention homes from the 20™ June to 14™ August 2006. This monitoring
was undertaken continuously for up to one week. The four gaseous pollutants were
measured either in ppm (HCHO, CO and CO;) or in ppb (NO,). The ppm unit was
converted to mg/m’ and the ppb unit was converted to pg/m’ using the following

equations:

C (mgim’) = C pmy ¥ (M/Vin) % (T/273.1)
C (ugim )= C (opby % (M/Vi) x (T/273.1)

Where

M molecular weight of gas (Mycno = 30 g/mol; Mo, = 46 g/mol; Mo = 28 g/mol
and Mco, = 44 g/mol)

V., standard molar volume of ideal gas. V,,=22.7 L/mol (1 bar, 273.1 K)

T temperature in the Kelvin scale (K)

The following sections report the variation of the concentration of the four pollutants
over a two day period in 2006. The 36 monitored households were divided in two
groups: households who operated an UGH and households who operated a non-UGH.
One household representative of each of the two groups, with a pollutant level similar to

the average level of the group, was selected.

6.4.1 Formaldehyde

Figure 6.1 shows the weekly average level of formaldehyde (HCHO) in households
operating an UGH (ID N°I to ID N°15) and in households operating a non-UGH (ID
N°16 to ID N°36) in 2006. Figure 6.1 shows the two selected households (ID N°2 and
ID N°35). Household ID N°2 has been selected as representative of the UGH group
(HCHO average level for the UGH group = 0.033 mg/m’, SD = 0.010 mg/m’ in the
bedroom and HCHO average level for the UGH group = 0.036 mg/m’, SD = 0.011
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mg/m’ in the living). Household ID N°35 has been selected as representative of the non-
UGH group (HCHO average level for the non-UGH group = 0.028 mg/m’, SD = 0.010
mg/m’ in the bedroom and HCHO average level for the non-UGH group = 0.029
mg/m’, SD = 0.007 mg/m’ in the living).

Figures 6.2 and 6.3 show the measured level of the HCHO in household ID N°2 and in
household ID N°35 respectively. In Figure 6.2, the HCHO concentration is given in
mg/m’ on the left hand side vertical axis while the UGH power input (W) is given on
the right hand side vertical axis. In Figure 6.3, the HCHO concentration is given in
mg/m’ on the left hand side vertical axis while the temperature (°C) at the HP outlet is
given on the right hand side vertical axis. The maximum recommended value for a 1-
hour average is 0.10 mg/m’ (Health Canada 2011). This value is lined in bold in Figures
6.2 and 6.3.

Figure 6.2 shows that the household ID N°2 had operated their UGH three times during
the two day and half period. The concentration of HCHO, in both living room and
bedroom, was increasing during the operation of the UGH in the living room. The
HCHO concentration was always higher in the living room than in the bedroom, which
is consistent with the UGH being a source of HCHO and located in the living room.
However, Figure 6.2 shows two additional HCHO concentration peaks when the UGH
was not operated. These two peaks occurred at breakfast time. There are several sources
of HCHO (paint, solvent, glue, emission from unflued combustion...) and here, toast
burning at breakfast time could be an alternate source to characterize these two
additional peaks. None of the three peaks, which exceeded 0.10 mg/m’, lasted for more
than one hour, so there was no major health concern regarding to occupants’ exposure

to HCHO concentration in this household ID N°2.

Figure 6.3 shows that the household ID N°35 had operated their HP twice during the
two day period. There was no HCHO level increase above the value of 0.10 mg/m’ in
either the living room or in the bedroom during the operation of the HP in the living
room. In contrast, the level of HCHO was decreasing from 0.04 mg/m’ to 0.01 mg/m’

when the air flow output temperature was increasing.
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CHAPTER 6 — Households’ exposure to chemical pollutants

This HCHO decrease during the operation of the HP might be related to the force air
circulation due to the fans built into this replacement heater which assisted in circulating
pollutants around the house, or increased external ventilation. Figure 6.3 shows that the
level of HCHO was always higher in the bedroom than in the living room, which is
consistent with the HP operation not being a source of HCHO. Furthermore, three
HCHO peaks, up to 0.10 mg/m’, were observed in the bedroom and two of them
happened when the HP was not in use, which suggests that there was an alternate source

of HCHO in the bedroom.

* Living room *  Bedroom eeesee+ Unflued gas heater (UGH) use
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Figure 6.2: Living room and bedroom formaldehyde levels and unflued gas heater (UGH) use in
household ID N°2. The maximum recommended value for a 1-hour average is 0.10 mg/m’ (Health
Canada 2011) is lined in bold.
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Figure 6.3: Living room and bedroom formaldehyde levels and heat pump (HP) use in household
ID N°35. The maximum recommended value for a 1-hour average is 0.10 mg/m’® (Health Canada
2011) is lined in bold.
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e Living room *  Bedroom = ceeceee Unflued gas heater (UGH) use
0.26 g 4400
024 2 - 4000
T 02 1 . - 3600
g 020 T : s - 3200
Z 0.8 v < o .
g 0.16 E.=. ° :.2: : .e.$ secesceces,l 9200
S . .:.0 -‘S [ .“ . . 9
£ 014 : . ¥ 2400 &
3 -. :o 2
: 0.12 2000 3
0.10 2
2 0.08 1099 =
S 1200
£ 0.06 =
E 0.04 800
2 0.02 400
0.00 s : ; . 0
12:00 AM 12:00 PM 12:00 AM 12:00 PM 12:00 AM
Time

Figure 6.4: Living room and bedroom formaldehyde levels and unflued gas heater (UGH) use in
household ID N°3. The maximum recommended value for a 1-hour average is 0.10 mg/m’ (Health
Canada 2011) is lined in bold.

In addition to the two selected households (ID N°2 and ID N°35) which are
representative of the average HCHO level in both groups, Figure 6.4 shows the level of
HCHO in household ID N°3 where the highest weekly HCHO level was measured
(Figure 6.1). Figure 6.4 shows that Household ID N°3 had operated their UGH five
times during the two day period. The concentration of HCHO, in both living room and
bedroom, was increasing during the operation of the UGH in the living room. During
the operation of the UGH, the HCHO concentration was always higher in the living
room than in the bedroom, which is consistent with the UGH being a source of HCHO
and located in the living room. Figure 6.4 shows that the level of HCHO was
proportionally correlated to the UGH power input. Thus, the level of HCHO was
measured at 0.15 mg/m’, 0.20 mg/m’ and 0.25 mg/m’ when the houschold was
operating the heater on the low setting (1500 W), medium setting (2800 W) and high
setting (4100 W) respectively.

The main source of HCHO was probably the operation of the UGH in Household ID
N°3, and the measured level exceeded the 0.10 mg/m’® maximum recommended value
(Health Canada 2011) for most of the time that the heater was operated. Thus, in this
household, the HCHO level was a major concern about occupants’ health. Overall, in

household operating an UGH, the main source of HCHO was the operation of this
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heater. However, alternate sources linked to occupants’ activities (like cooking) were

also detected when the heaters were not operated.

6.4.2 Nitrogen dioxide

Figure 6.5 shows the weekly average level of nitrogen dioxide (NO,) in households
operating an UGH (ID N°1 to ID N°15) and in households operating a non-UGH (ID
N°16 to ID N°36) in 2006. Figure 6.5 shows the two selected households (ID N°3 and
ID N°35). Household ID N°3 has been selected as representative of the UGH group
(NO, average level for the UGH group = 43 pg/m’, SD = 37 ug/m’ in the bedroom and
NO, average level for the UGH group = 60 pg/m’, SD = 36 pg/m’ in the living room).
Household ID N°35 has been selected as representative of the non-UGH group (NO,
average level for the non-UGH group = 3 pg/m3, SD=4 pg/m3 in the bedroom and NO,
average level for the non-UGH group = 5 pg/m’, SD = 7 pg/m’ in the living room).

Figures 6.6 and 6.7 show the living room and bedroom NO, level in household ID N°3
and in household ID N°35 respectively. In Figure 6.6, NO, concentration is given in
ug/m3 on the left hand side vertical axis while the UGH power input (W) is given on the
right hand side vertical axis. In Figure 6.7, NO, concentration is given in p,g/m3 on the
left hand side vertical axis while the temperature (°C) at the HP outlet is given on the
right hand side vertical axis. The maximum NO, recommended value for a 1-hour

average is 200 pg/m’ (WHO 2006). This value is lined in bold in Figures 6.6 and 6.7.

Figure 6.6 shows that NO, concentration appeared highly correlated with the UGH
operation. During the operation of the UGH, the NO, concentration was always higher
in the living room than in the bedroom; this is consistent with the UGH being a source
of NO; and located in the living room. The NO, concentrations in both living room and
bedroom showed similar trends. This shows that the source of the pollution in the
bedroom is originating from the living room. At 6 pm (first day), the household was
operating the UGH on a medium setting (2800 W) for two hours and then changed to a
low setting (1500 W) for a further four hour period. This change of setting decreased the
NO; level from 200 pg/m’ to 127 pg/m’. Thus, the level of NO, was proportionally
correlated to the UGH power input. When the UGH was operated on a medium or a

high setting heater the level of NO,, for 1-hour average, reached and exceeded the 200
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],Lg/m3 maximum recommended value. Thus, in this household, the level of NO, was a

concern for the health of the occupants.

Figure 6.7 shows that the operation of the HP in the living room did not have any
impact on the NO, concentration in both living room and bedroom The NO;
concentration was stable below 10 pg/m’ throughout the two day monitoring period.
The source of this background level might have an outdoor origin such as traffic. The
outdoor NO, level was measured as part of the parent HHH Study, using the passive
diffusion tube method which gives an NO, level averaged over a one 4-week sampling
period. Measurements were undertaken, in the participant’s back porch, by a research
team from the Wellington School of Medicine, Otago University (Gillespie-Bennett et
al. 2008). The NO, average level was measured at 6.2 pg/m>. This value was consistent

with the baseline indoor level.

Overall, the operation of an UGH in the living room increased dramatically the level of
NO; in both living room and bedroom, whereas the operation of a HP did not show any
impact on the NO, level in both rooms. The operation of an UGH was found to be the
major source of NO, and the levels reached were of concern for the health of the

occupants.
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Figure 6.6: Living room and bedroom nitrogen dioxide levels and unflued gas heater (UGH) use in
household ID N°3. The maximum NO, recommended value for a 1-hour average is 200 ug/m3
(WHO 2006) is lined in bold.
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Figure 6.7: Living room and bedroom nitrogen dioxide levels and heat pump (HP) use in household
ID N°35. The maximum NO, recommended value for a 1-hour average is 200 ug/m3 (WHO 2006) is
lined in bold.

6.4.3 Carbon monoxide

Figure 6.8 shows the weekly average level of carbon monoxide (CO) in households
operating an UGH (ID N°1 to ID N°15) and in households operating a non-UGH (ID
N°16 to ID N°36) in 2006. Figure 6.8 shows the two selected households (ID N°2 and
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ID N°35). Household ID N°2 has been selected as representative of the UGH group (CO
average level for the UGH group = 0.3 mg/m’, SD = 0.4 mg/m’ in the bedroom and CO
average level for the UGH group = 0.9 mg/m’, SD = 1.3 mg/m’ in the living room).
Household ID N°35 has been selected as representative of the non-UGH group (CO
average level for the non-UGH group = 0 mg/m’, SD = 0 mg/m’ in the bedroom and CO
average level for the non-UGH group = 0.3 mg/m’, SD = 0.4 mg/m” in the living room).

Figures 6.9 and 6.10 show the living room and bedroom CO level in household ID N°2
and in household ID N°35 respectively. In Figure 6.9, the CO concentration is given in
mg/m3 on the left hand side vertical axis while the UGH power input (W) is given on
the right hand side vertical axis. In Figure 6.10, the CO concentration is given in mg/m’
on the left hand side vertical axis while the temperature (°C) at the HP outlet is given on
the right hand side vertical axis. The maximum recommended CO value for a 1-hour
average is 30 mg/m3 and the maximum recommended CO value for an 8-hour average is

10 mg/m® (WHO 2006). This last value is lined in bold in Figures 6.9, 6.10 and 6.11.

Figure 6.9 shows the household ID N°2 had operated their UGH four times during the
two day period. During the operation of the UGH, the CO concentration increased in the
living room and in the bedroom. However, the level of CO was always below the 30
mg/m’ maximum recommended value for a 1-hour average and below the 10 mg/m’
maximum recommended value for an 8-hour average. Furthermore, one CO peak was
observed in the living room when the UGH was not in use, which suggests that there
was an alternate source of CO in the living room. As this peak occurred at 6 pm, we can
assume that the CO source was related to unflued combustion during the preparation of

the dinner.

Figure 6.10 shows that the operation of the HP in the living room did not have any
impact on the concentration of CO, which stayed at 0 mg/m3 during the whole

monitoring period.
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Figure 6.9: Living room and bedroom carbon monoxide levels and unflued gas heater (UGH) use in
household ID N°2. The maximum recommended CO value for 8-hour average is 10 mg/m*’ (WHO
2006) is lined in bold.
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Figure 6.10: Living room and bedroom carbon monoxide levels and heat pump (HP) use in
household ID N°35. The maximum recommended CO value for 8-hour average is 10 mg/m3 (WHO
2006) is lined in bold.
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Figure 6.11: Living room and bedroom carbon monoxide levels and unflued gas heater (UGH) use
in household ID N°3. The maximum recommended CO value for 8-hour average is 10 mg/m3
(WHO 2006) is lined in bold.

In addition to the two selected households (ID N°2 and ID N°35) which are
representative of the average CO level in both groups, Figure 6.11 shows the measured
level of the CO in household ID N°3 where the highest weekly CO level was measured
(Figure 6.8). During the operation of the UGH, the CO concentration was always higher
in the living room than in the bedroom. This is consistent with the UGH being a source
of CO and located in the living room. Both living room and bedroom curves showed the
same trends and the CO level was proportionally correlated to both the UGH power
input and the operation time on this setting. The level of CO was measured at 9.6 mg/m’
when the UGH was operated on a low setting (1500 W) for 3 hours; 13.2 mg/m’ on a
high setting (4100 W) for 40 min and 15.6 mg/m’ on a medium setting (2800 W) for 6
hours. During the operation of the UGH, the level of CO was always below the 30
mg/m’ maximum recommended value for a 1-hour average, but the 10 mg/m’ maximum
recommended value for an 8-hour average was reached and exceeded when the heater

was operated on a medium or a high setting.

Whereas Figure 6.9 showed that the CO concentration level during the operation of
UGH in Household ID N°2 was not a major concern for the occupants’ health,
Household ID N°3 (Figure 6.11) shows a CO level exceeded the recommended value

for health. This level could be a concern during extensive heater use.
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6.4.4 Carbon dioxide

Figure 6.12 shows the weekly average level of carbon dioxide (CO;) in households
operating an UGH (ID N°I to ID N°15) and in households operating a non-UGH (ID
N°16 to ID N°36) in 2006. Figure 6.12 shows the two selected households (ID N°2 and
ID N°25). Household ID N°2 has been selected as representative of the UGH group
(CO, average level for the UGH group = 2070 mg/m’, SD = 602 mg/m’ in the bedroom
and CO, average level for the UGH group = 2074 mg/m’, SD = 706 mg/m’ in the living
room). Household ID N°25 has been selected as representative of the non-UGH group
(CO, average level for the non-UGH group = 1400 mg/m’, SD = 298 mg/m’ in the
bedroom and CO, average level for the non-UGH group = 1209 mg/m’, SD = 340

mg/m’ in the living room).

Figures 6.13 and 6.14 show the living room and bedroom CO, level in household ID
N°2 and in household ID N°25 respectively. In Figure 6.13, the CO, concentration is
given in mg/m’ on the left hand side vertical axis while the UGH power input (W) is
given on the right hand side vertical axis. In Figure 6.14, the CO, concentration is given
in mg/m3 on the left hand side vertical axis while the temperature (°C) at the HP outlet

is given on the right hand side vertical axis.

To date, CO, is classified as a “pollutant with current evidence uncertain or not
sufficient for guidelines” in the WHO systematic review of indoor pollutants (WHO
2006). In the current NZS 4303:1990 (NZS 1990), the level of CO, is considered as a
surrogate gas indicator of human odour perception which is an indirect estimate of the
ventilation rate required to expel bio-effluents rather than an issue for health risk. To
assure a sufficient ventilation rate, the CO, level threshold should be below 1942
mg/m’. This threshold value is determined from the 2006 average ambient level of 682
mg/m’ (measured at Baring Head, monitoring station which is in the vicinity of the
study area), plus 1260 mg/m3 which is the allowable indoor contribution as specified in

NZS 4303:1990. This value is lined in bold in Figures 6.13, 6.14 and 6.15.

203



v0¢

*(9€ 03 91 N dI) HON uou & pue (ST 0} [N d) HON ue Sunetddo spjoyosnoy jo SUiAl] 9y} pue woo.Ipaq Y} Ul IPIXOIP UOGIB JO [IAI] ISBIIAR AP[IIAA 1Z1°9 91n3I

oN dI °snoH
9€ S€ ¥€ €€ TE 1€ 0€ 6T 8T LT 97 ©D vT €T TT 1T 0T 61 81 LI 91 STPIEITITIIOL 6 8 L 9 S + € (@1

0

0001
Q
o
3
o

000C 2
£
=
=
]

000¢

000%

Sularino wooIpdyd m
000¢

syuein[jod [eorwayo 03 arnsodxa SpjoyasnoH — 9 Y4 LIVHD



CHAPTER 6 — Households’ exposure to chemical pollutants

Figure 6.13 shows that Household ID N°2 had operated their heater three times during
the two day period. The operation of the UGH increased the CO, concentrations in the
living room and in the bedroom over 1942 mg/m’. The ventilation rate was not
sufficient during the operation of the UGH to expel the bio-effluents and pollutants
from unflued combustion process and occupants’ respiration. Figure 6.13 shows two
additional peaks of CO, which did not exceed the threshold for sufficient ventilation
rate. Both peaks occurred during the night period with a higher CO, level monitored in
the bedroom than in the living room; however in the early morning, at breakfast time,
the living room CO; level exceeded the bedroom level. This alternate source of CO; is
related to occupants’ respiration. Overall, it appears that the UGH is a significant source

of CO,, but not the only source (occupants’ respiration).

Figure 6.14 shows that Household ID N°25 had operated their HP three times during the
three day period. The CO, concentration in the living room and in the bedroom does not
appear to follow the HP use. The CO, concentrations were also always higher in the
bedroom than in the living room; consistent with the occupant’s respiration being the
main source of CO; in this household operating a HP in the living room. The CO,
concentrations were for 88% and 98% of the time below the 1942 mg/m’ threshold in
the bedroom and in the living room respectively; this means that the natural ventilation
was most of the time sufficient in this house to expel the indoor contaminants and

assure an acceptable CO, level for the occupants.
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Figure 6.13: Living room and bedroom carbon dioxide level and unflued gas heater (UGH) use in
household ID N°2. The CO, level of 1942 mg/m’ which assure a sufficient ventilation rate is lined in
bold.
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Figure 6.14: Living room and bedroom carbon dioxide level and heat pump (HP) use in household
ID N°25. The CO, level of 1942 mg/m® which assure a sufficient ventilation rate is lined in bold.
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Figure 6.15: Living room and bedroom carbon dioxide level and unflued gas heater (UGH) use in

household ID N°3. The CO, level of 1942 mg/m’® which assure a sufficient ventilation rate is lined in
bold.

In addition to the two selected households (ID N°2 and ID N°25) which are
representative of the average CO; level in both groups, Figure 6.15 shows the measured
level of the CO, in household ID N°3 which had the highest weekly CO; level. Figure
6.15 shows that during the operation of the UGH, the CO, concentrations were always
higher in the living room than in the bedroom, which is consistent with the UGH
located in the living room being the major source of CO, in addition to the contribution
by the occupants’ respiration. Turning down the UGH power input from a high setting
to a low setting at 6 pm (first day) dramatically decreased the CO, level from 9000
mg/m’ to 6800 mg/m’. This pattern is similar to that found for the NO, results. The
level of CO, was proportionally correlated to the UGH power input, with a higher CO,
level found when the household was operating the UGH on a high or a medium setting

for an extended period comparing to operating on a low setting.

Overall, the results showed that during the operation of the UGH, either on low,
medium or high setting, the CO, level was always above the 1942 mg/m’ threshold
which shows the ventilation rate was insufficient in both households ID N°2 and ID N°3

to expel the indoor contaminants and assure an acceptable CO, level for the occupants.
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6.4.5 Conclusion

To conclude, the real time pollutant measurements, from the selected households,
showed an increase of all four gaseous pollutants during the operation of an UGH.
During the use of an UGH, the measured levels for HCHO, NO, and CO exceeded the
recommended values for health. These results were consistent with a high level of CO,
showing an insufficient ventilation rate to assure an acceptable indoor air quality for the
occupants. Additional peaks of pollutants were also characterized when the UGH was
not in use or during the operation of a HP, which suggests that there were alternate
sources of pollutants, however the levels achieved by the alternate pollutant sources

were not of concern for health.

These real time pollutant measurement data was also used in a model to estimate the
occupants’ exposure to pollutants in the living room during the operation of an UGH.
The model described in the next section estimates the final pollutant concentration and

the time of UGH use to achieve the maximum recommended concentration for health.

6.5 Model description
6.5.1 Model basis

Complex models for pollutant transfer in buildings, using environmental modelling
packages (e.g. CONTAM, COMIS) are well documented and validated but require the
monitoring of a lot of factors such as airflow component, building description, and

occupants’ schedules (Haghighat and Megri 1996).

Our intention was not to use a modelling package but to develop a simple linear model
using the limited data we have available. This model will be used to extract some useful
predictive power to estimate what level of pollutants the occupants are exposed to, and
how long it will take for the pollutants in the room to reach the maximum recommended

values for health.

This model has only two parameters which are the ventilation rate (F) and the net rate of
generation of pollutant in the living room (S). This model is valid if the living room is

taken as a single zone model when the net rate of pollutant generation and the
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ventilation rate are constant. Furthermore, this model is based on the assumption of a

well mixed air in the living room.

6.5.2 Model equations

The room is taken as a single zone within which the mass balance takes the form:
Word balance: Rate of pollutant production + pollutant coming from outside —
pollutant vented outside — rate of pollutant removal by chemical reaction other than

exfiltration = net change in pollutant concentration.

6.5.2.1 Mass balance equations

S+FV(C,,~C-R=V% (12)

t
Where

S net rate of generation of pollutant in the living room (kg.h™)
F number of air changes per hour (h™)

\ volume of the living room (m”)

Cout  concentration of pollutant coming from outside (kg.m'3)

C concentration of pollutant in the living room (kg.m™)
R rate of pollutant removal by chemical reaction other than exfiltration (kg.h™)
t time from start of pollutant emission (h)

The removal rate by chemical reactions (R) is assumed negligible compared to the net
rate of generation of pollutant during the operation of an UGH, (R = 0). Equation (12)

becomes:

S +FV(C,, -C) =V (13)

An integration of Equation (13) from the start of an UGH heating event, with an initial

concentration Cj, at t = 0, to a concentration C after time t is given by:

C(t) - Css+(ci” B CSS) et = Cy (1-¢ -Ft) +Cyy, e Fi (14)
With C,, = C,,+ (FiV ) )
Where

Css  concentration of pollutant in the living room at steady state (kg/m’)
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6.5.3 Estimation of the pollutant concentration at steady state (Cs)
and the number of air changes per hour (F)

By rearranging Equation (14), the natural log-transformed version gives:

In (M )z - Ft (16)
Css'Cin

The estimation of Cg and F were carried out simultaneously using a least squares curve-
fit of the data developed from Equation (16). The value of Css was chosen to give the
minimum value of the sum of the squares of the residuals, and then the ventilation rate
(F) was estimated as the slope of the subsequent linear fit. The calculations were

undertaken using Excel ™.

6.5.4 Estimation of the pollutant emission rate (S)

The net emission rate (S) was estimated by rearranging Equation (15) which gives:
S =(Css - Cout)- EV (17)

6.5.5 Use of the model

The intention of this model is to estimate the time of UGH operation (twho)) needed to
reach the WHO maximum recommended pollutant level. The time of heater operation is
estimated by rearranging Equation (16), and substituting Cy with the WHO

recommended concentration (CwHo)).
Css - Cornio !
Z(WHO) =-In (—Css -C, 2 ) . ; (18)

6.5.6 House recruitment and data selection

Results from the previous section showed that the operation of a non UGH did not have
a major impact on concentration of the four monitored pollutants. Consequently, the

model was focused on inputs from households operating an UGH.
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In 2005, out of the 25 households expected to operate an UGH as their main heater, 11
households were removed from the analysis either they did not operate their UGH
(N=7) or the data was not usable (N=4) due to significant variations in the pollutant
concentrations. These variations were probably due to an open window or successive
modifications of the heater setting (the net rate of pollutant generation and/or the

ventilation rate were not kept constant).

In 2006, out of the 15 households expected to operate an UGH as their main heater, 2
households were removed from the analysis either they did not operate their UGH

(N=1) or the data was not usable (N=1).

Only the CO, and the NO, measurement data were used in this model. The data from
the CO measurement was not usable because the resolution of the CO sensor was too

coarse. The HCHO data fluctuated too much to be able to use a least squares fit.

The 2006 average outside CO, concentration was measured to be 6.8 x10™ kg/m3 at
Baring Head monitoring station which is in the vicinity of the study area. This data was
provided by the National Institute of Water and Atmospheric Research (NIWA). The
2006 average outside NO, level was measured to be 6.2x10” kg/m® in the participant’s
back porches. This data was provided by a research team, from the Wellington School
of Medicine, Otago University, who was part of the parent HHH Study (Gillespie-
Bennett et al. 2008). Only heating events where Ci, was close to the likely value of Coyt

were selected.

6.5.7 Results
6.5.7.1 Case Study

In order to test the validity of the model with measured data, a case study was
conducted using one household. This household is identified as Household ID N°3 in
Table 6.2.
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Figure 6.16: Measured CO, and NO, concentration and UGH use in Household ID N°3 living room.

Figure 6.16 shows the measured CO, and NO, concentrations in Household ID N°3
(Table 6.2). The maximum living room concentrations were reached for CO, (10.5
g/m®) and for NO, (0.38 mg/m’) after 5.5 hours of UGH use. The household then
manually switched the UGH off and the pollutant concentrations decreased. The model
is valid when both the net rate of pollutant generation and the ventilation rate are
constant. These conditions were met in the first two hours (from t = 0 hour to t = 2
hours). However, Figure 6.16 (dashed circle) shows that between t = 2 hours and t = 2.3
hours, the CO, concentration decreased from 7.2 g/m’ to 6.0 g/m® which suggests that
either a window or a door was open in the living room as the UGH power input was

kept constant at 2800 W.

6.5.7.1.1 Estimation of model parameters

Using the data from the two first hours, the final concentration (Cg) using a least

squares fit was estimated to be 9.1 x10~ kg/m® for CO, and 4 x10” kg/m’ for NO».

The number of air changes per hour (F) was estimated as the slope of Equation (16),
using a linear fit, as shown in Figure 6.17 and Figure 6.18. Using the CO, concentration

measurements, the number of air changes per hour (ACH) was 0.72 h™", 9s,IC [0.70 h”'
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-0.74 h'l] (Figure 6.17). Using the NO, concentration measurements, the number of air

changes per hour (ACH) was 0.93 h', 950,IC [0.88 h™ —0.97 h'] (Figure 6.18).
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Figure 6.17: Least square fit to In((Cs - C())/(Css - Cin)) = -Ft, using CO, measurements from the
living room.
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Figure 6.18: Least square fit to In((Cs - C())/(Css - Cin)) = -Ft, using NO, measurements from the
living room.

Figure 6.18 shows gaps between groups of data points because the NO, analyser was
modified with a switching valve to alternately measure the NO, concentration in the
living room and in the child’s bedroom. The estimation of ventilation rate was found to

be significantly different using CO, and NO, measurements.

6.5.7.1.2 Estimation of the pollutant emission rate (S)

The net emission rate (S) was estimated using Equation (17). In this house, the living
room floor area was measured at 40 m® (V). The ambient CO, concentration was taken

to be 6.8x10™ kg/m’ and the ambient NO, level 6.2x10” kg/m’. Therefore:
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Scoz = (9.1- 0.68) x107x0.72x40 = 243x107 kg/h = 243 g/h

Sno2 = (4.0 —0.062) x107%x0.93x40 = 146.3x10” kg/h = 14.6 mg/h

6.5.7.1.3 Estimation of the time of UGH usage (twHo)) needed to reach the WHO
pollutant concentration.

The maximum NO, concentration for one hour average period is 2x10” kg/m’® (WHO
2006). CO; is classified as a “pollutant with current evidence uncertain or not sufficient
for guidelines” in the WHO systematic review of indoor pollutants (WHO 2006).
However, to assure a sufficient ventilation rate to expel bio-effluents rather than an
issue for health risk, the CO; level threshold should be below 1.9x 107 kg/m3 as stated in
the NZS 4303:1990 (NZS 1990).

Using Equation (18), the time of UGH usage needed to reach a concentration of 1.9 x
107 kg/m® of CO, and the time of UGH usage needed to reach a concentration of 2.0 x

107 kg/m® of NO, were estimated using Equation (18).

R <9.1-1.9 ) L oo
€= "\91068 ) 072
, . (4.0—2.0) 1 _073h
M09\ 3 0006 ) 093

It was decided to use the calculated F value for each pollutant rather than the average of
both. After 0.22 h of UGH operation, the ventilation rate was found to be insufficient to
expel the CO,, and then after 0.73h of UGH operation, the maximum WHO level was
reached for NO,. This household operated their UGH for a 2.05 hour period (Figure
6.16). Therefore, the occupants were exposed to NO, level above the WHO
recommendation for 1.32 hours. This high level of NO, was a concern for the
occupants’ health in this case study. The ventilation level was insufficient to expel the

pollutants generated by the operation of the UGH.
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6.5.7.2

General results

The estimate of the model parameters are reported in Table 5.1 and in Table 5.2.

The use of NO; level data shows different results over the two winter monitoring

periods:

In 2005, the average air change rate (ACH) for the living room, estimated from
a dataset that consisted of 11 living rooms, was 1.23 ACH, 9¢s5¢,IC [0.83 ACH -
1.62 ACH] whereas in 2006 the ACH, estimated from a dataset that consisted of
12 living rooms, was 1.83 ACH, ¢s¢,IC [1.44 ACH - 2.23 ACH].

In 2005, the average NO, emission rate (S), estimated from a dataset that
consisted of 11 living rooms, was 11.4 mg/h, ¢54IC [6.9 mg/h — 16.0 mg/h]
whereas in 2006, the average NO, emission rate, estimated from a dataset that
consisted of 12 living rooms, was 20.5 mg/h, ¢50,IC [15.3 mg/h — 25.6 mg/h].

In 2005, the average time of UGH use needed to reach the WHO maximum
recommended level, estimated from a dataset of 11 living rooms, was 1.72 h,
95%1C [0.89 h — 2.54 h]. In 2006, average time of UGH use needed to reach the
NO, maximum recommended level, estimated from a dataset of 12 living

rooms, was 0.93 h, ¢s50,IC [0.56 h — 1.29 h].

The model parameters were also estimated using the CO, level data.

In 2005, the average ventilation rate for the living room, estimated from a
dataset of 14 living rooms, was 0.89 ACH, ¢50,IC [0.59 ACH - 1.20 ACH]. In
2006 the ACH, estimated from a dataset of 13 living rooms, was 0.82 ACH,
959%I1C [0.60 ACH - 1.03 ACH]. The results were found consistent over the two
winters using the CO; for ventilation rate calculation.

In 2005, the average CO, emission rate (S), estimated from a dataset of 14 living
rooms, was 128 g/h, ¢5¢,IC [85.0 g/h - 170 g/h]. In 2006, the average CO;
emission rate, estimated from a dataset of 13 living rooms, was 151 g/h, 950,IC
[118 g/h - 184 g/h]. Similar emission rates were found over the two winter
monitoring periods.

In 2005, the average time of UGH use needed to reach the CO, threshold,
estimated from a dataset of 14 living rooms, was 0.89 h, 9s50,IC [0.52 h — 1.26 h].
In 2006, the average time of UGH use needed to reach the CO, threshold,
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estimated from a dataset of 13 living rooms, was 0.68 h, 950,IC [0.54 h — 0.83 h].

The results were found consistent over the two winter monitoring periods.

As the studied homes and the studied UGHs were not exactly the same in both years,

this could explain the differences found in the results.

Overall, the model results show that the WHO maximum recommended value for NO,
was reached after an average of 1.3 hours of UGH use in 60% of the selected heating
events. As the heating events lasted for a 2.5 hour average period, the occupants were
exposed to unhealthy level of NO; for more than 1 hour per heating event. In 40% of the

households, the NO; level never reached the WHO maximum recommended value.

The results from the CO, data showed that less than 1 hour was needed to reach the CO,
threshold for insufficient ventilation. A house with an average ventilation rate of 0.8

ACH is classified as a draughty house as reported in Table 2.2 (Bassett 2001).
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CHAPTER 6 — Households’ exposure to chemical pollutants

6.6 Pollutant concentrations before and during the use of the
heater

The purpose of this analysis was to statistically compare the changes in the level of the
four monitored pollutants (HCHO, NO,, CO and CO,), in the living room and in the
bedroom, before the use of an UGH or a non UGH and in the second hour of heater
operation, and to quantify the change in occupants’ exposure to pollutants in regards to

the guidelines for healthy buildings.

6.6.1 Reported data

This comparison was focused on hourly average of the pollutant concentration of the: a)
one hour period prior to the commencement of the heater use (baseline level), and b) the
second hour of heater use. Only periods when the households had operated their heater
for longer than two hours were considered in this analysis. As the recommendations in
terms of pollutant exposure are based on occupied periods, it was assumed that the
house was occupied when the heater was in use. Only data from the evening period
from 4 pm to 7 am were selected in this analysis. It was assumed that any temperature
increase in this period was due to the heater operation and not from the solar gain.
During the study period, sun rise occurred around 7:30 am and sun set occurred around
5:00 pm, with the optimum solar radiation occurring between 10 am and 3 pm. To avoid

clustering, data are reported as an average for each house.

6.6.2 Selected households

Table 6.3: Heater operated for more than two consecutive hours in the living room in 2005 and
2006.

) .. 2005 2006

Heater operated in the living Total Total Intervention | control
room

houses houses group group
Unflued gas heater (UGH) 18/25 14/15 2/2 12/13
Portable electric heater 4/4 1/1 0/0 1/1
Heat Pump (HP) NA 12/12 12/12 NA
Wood Pellet Burner (WPB) NA 4/4 4/4 NA
Flued Gas Heater (FGH) NA 2/2 2/2 NA
Wood burner (WB) 3/3 2/2 1/1 1/1
No heater 0/1 NA NA NA
Total 25/33 35/36 21/21 14/15
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CHAPTER 6 — Households’ exposure to chemical pollutants

Table 6.3 shows that 25 out of 33 households in the winter of 2005 (pre intervention)
and 35 out of 36 households in the winter of 2006 (post intervention) operated their

heaters for at least two consecutive hours, and thus were selected for the data analysis.

6.6.3 Statistical analysis

The data were analysed using the statistical package R version 2.13.0 (R Development
Core Team 2005). A Spearman’s rank correlation test was used to measure the
correlation between the pollutant concentrations in the second hour of heater operation

(Table 6.4).

Data was reported using:
1) An Arithmetic Mean Ratio (AMR) with 95% confidence intervals (9s0,CI), reported
in Table 6.5.

Mean of pollutant level over the 2™ hour of heater use
AMR

" Mean of the pollutant level over the last hour before the start of the heater

A Wilcoxon’s Paired Rank test to compare the changes in room pollutant levels and

medians are given between brackets, with the p-values (a=0.05),

2) A ratio of the number of households exposed to concentrations above the
recommended exposure level on the total monitored households, for each of the

four pollutants before and in the second hour of heater operation (Table 6.7),

3) A ordinary least squares (OLS) models, using the backward elimination method, to
test for associations between confounding factors (building characteristics,

household’s behaviours) and the living room pollutant concentration (Table 6.8).

Where needed the data were log-transformed to normalize their distribution.

6.6.4 Correlation between the pollutant levels

The levels of pollutants (HCHO, NO,, CO and CO,), that were measured after one hour
of heater operation were tested using Spearman’s rank tests. Results are reported in
Table 6.4. Table 6.4 shows that in 2005, the measured NO, level in the bedroom was
not correlated to the CO level in the bedroom (p-value = 0.14) and to the HCHO level in
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CHAPTER 6 — Households’ exposure to chemical pollutants

both rooms (p-value > 0.26). However, in 2006 all four gases were all positively
correlated to each other (R*> 0.23, p-value < 0.04). This means that households with a

high level of pollution were polluted with all four measured pollutants in 2006.

Table 6.4: Non parametric Spearman correlation coefficient between the different pollutants.

Spearman P- Spearman P- Spearman P-
Year Room coefficient | value coefficient | wvalue coefficient | value
CO, (living or CO (living or HCHO (living or
bedroom) bedroom) bedroom)
CO 0.88 <0.01 - - - -
living HCHO 0.52 0.01 0.47 0.03 - -
2005 NO, 0.67 0.01 0.53 0.06 0.36 0.26
CO 0.67 <0.01 - - - -
bedroom | HCHO 0.49 0.03 0.42 0.07 - -
NO, 0.74 0.01 0.47 0.14 0.29 0.36
CO 0.68 <0.01 - - - -
living HCHO 0.60 <0.01 0.50 <0.01 - -
2006 NO, 0.84 <0.01 0.55 <0.01 0.48 <0.01
CO 0.66 <0.01 - - - -
bedroom | HCHO 0.75 <0.01 0.70 <0.01 - -
NO, 0.80 <0.01 0.63 <0.01 0.67 <0.01

6.6.5 Changes in pollutant concentrations

Table 6.5 shows the Arithmetic Mean Ratio (AMR) with 95% confidence interval (yso,
CI) for each of the four measured pollutants (CO,, CO, HCHO and NO,) in the living
rooms and in the bedrooms for both winters. In addition to the AMR values, the medians
of the concentration set values and Wilcoxon’s paired rank test p-values are also given

in the text in brackets.

All three types of replacement heaters (heat pump (HP), flued gas heater (FGH) and
wood pellet burner (WPB)), the wood burners (WB) and the portable electric heater
were grouped under “Non UGH” in the 2006 data to increase the size of this group

(N=21) and to make the statistical analysis more robust.

The “baseline level” which was considered as the one hour averaged prior to the
commencement of the heater operation was compared with the one hour period
commencing one hour after the heater was turned on. The intermediate one hour block

of data was excluded from this analysis.
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CHAPTER 6 — Households’ exposure to chemical pollutants

Table 6.5 shows that in winter 2005 on average, the 18 households who were operating
an UGH were exposed in the living rooms to a:

e CO; level increase of 3.2 times (997 mg/m” to 3310 mg/m’, p-value <0.01),

e CO level increase of 15.3 times (0.11 mg/m’ to 1.12 mg/m’, p-value < 0.01),

e HCHO level increase of 2.9 times (0.03 mg/m’ to 0.06 mg/m’, p-value < 0.01),

e NO, level increase of 85.5 times (2 pug/m’ to 187 pug/m’, p-value <0.01).

Similar increases were found in the bedrooms with an increase of the:
e CO;s levels by 2.7 times (1079 mg/m’ to 3119 mg/m’, p-value <0.01),
e CO levels by 7.6 times (0.11 mg/m’ to 0.49 mg/m>, p-value <0.01),
e HCHO levels by 3.1 times (0.02 mg/m’ to 0.05 mg/m’, p-value <0.01),
e NO; levels by 86.3 times (2 pg/m’ to 106 pg/m’, p-value <0.01).

The seven households who were operating either an electric heater (N=4) or a wood
burner (N=3), in 2005, did not show significantly higher levels of pollutants after using
their heater, in their living rooms for CO (p-value oy = 1), for HCHO (p-value (icho)
=0.11) nor for NO; (p-value o2y =0.18). However, the level of CO; level increased by
1.4 times (1022 mg/m’ to 1459 mg/m’, p-value <0.01). At the same time, in the
bedrooms, the level of CO and NO; did not increase (p-value (coy=1; p-value no2=1).
However, the CO, level increased by 1.3 times (976 mg/m’ to 1375 mg/m’, p-value
<0.01) and the HCHO level increased by 1.9 times (0.03 mg/m’ to 0.04 mg/m’, p-value

< 0.01). This suggests the CO, source was from the respiration of the occupants.

Table 6.5 shows that in winter 2006 on average, the 14 households operating an UGH
were exposed, in the living room to a:

e (CO; level increase of 3.5 times (1197 mg/m3 to 3502 mg/ms, p-value <0.01),

e (O level increase of 20.8 times (0.14 mg/m3 to 1.92 mg/ms, p-value <0.01),

e HCHO level increase of 3.8 times (0.03 mg/m’ to 0.06 mg/m’, p-value < 0.01),

e NO, level increase of 51.0 times (11 pg/m’ to 249 pg/m’, p-value <0.01).

Similar results were found in the bedrooms with an increase of the level of:
e CO, by 2.9 times (1206 mg/m’ to 3297 mg/m’, p-value <0.01),
e COby 5.8 times (0.11 mg/m’ to 0.78 mg/m>, p-value = 0.01),
e HCHO by 2.5 times (0.03 mg/m’ to 0.05 mg/m”, p-value <0.01),
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CHAPTER 6 — Households’ exposure to chemical pollutants

e NO, by 24.8 times (10 pg/m’ to 141 pg/m’, p-value <0.01).

The 21 households who operated a non UGH (18 intervention households using the
replacement heater, one household operating an electric oil column heater and two
households operating a wood burner) did not have an increase in the pollutant levels in
the living room for HCHO and NO, (p-value wcHoy=0.28, p-value no2= 0.79).
However, the levels of CO, and CO significantly increased (1162 mg/m’ to 1347
mg/m’, p-value o< 0.01; 0.11 mg/m’ to 0.21 mg/m’, p-value «0=0.04). In the
bedrooms, the levels of CO and NO, did not significantly increase (p-value oy = 0.79;
p-value wo2) = 0.57) whereas the levels of CO, and HCHO did significantly increase
(1200 mg/m’ to 1259 mg/m’, p-value co2) <0.01; 0.022 mg/m’ to 0.028 mg/m’, p-value

(HCHO) :006)

6.6.6 Households’ exposure to pollutants

Recommended short term exposure values for New Zealand are given by the WHO and

by Health Canada (Table 6.6)

Table 6.6: Recommendation for short term exposure (1-hour average period) for carbon monoxide,
formaldehyde and nitrogen dioxide, in the home environment.

\gfr;ii?;?ﬁl Health Canada | New Zealand Standard
Pollutant & 1-hour average 4303:1990
I-hour average . .
. period 1-hour average period
period
Carbon monoxide (CO) 30 mg/m’ NA NA
Formaldehyde (HCHO) NA 0.1 mg/m’ NA
Nitrogen dioxide (NO;) 200 pg/m’ NA NA
Carbon dioxide (CO,) NA NA 1942 mg/m’

The concentrations have been reported as 1-hour average period and will be expressed
as milligram per cubic metre (mg/m’) for CO, CO, and HCHO and as microgram per
cubic metre (pg/m?) for NO,. The hourly average period recommended values, based on
the WHO guidelines, have been used where these are available. Alternatively the Health
Canada standards have been used where a WHO hourly recommended value was not

available.

Table 6.7 shows the number of households that were exposed to an average pollutant

level above the WHO recommended values (WHO, 2006) or Health Canada (Health
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Canada 2011), or New Zealand Standard 4303:1990 (NZS 1990) in periods prior to the

heater start and during the second hour of heater use.

Operating an UGH, for two hours, exposed all households, for both years, to a CO,
level above the guideline value of 1942 mg/m’ in the living room. Operating an UGH in
the living room exposed 14 out of 16 households in 2005 and all 13 households in 2006
to a CO, level above the guideline value of 1942 mg/m’ in the bedroom. The 1942
mg/m’ threshold value was defined in Section 6.4.4. None of the seven households in
2005 and only one of the 21 households in 2006 who were operating a non-UGH were
exposed to a CO, level above 1942 mg/m’ in the living room. Similar results were

found in the bedroom.

Despite a CO level increase during operation of the UGH (Table 6.5), none of the
households were exposed to a CO concentration above 30 mg/m’. During these two
winter monitoring seasons, the highest one hour average CO value was 14.3 mg/m’,
obtained in the second hour of UGH operation, which was less than a half of the WHO

recommended level. This household was shown in Figure 6.11.

Table 6.7 shows that more households were exposed to a HCHO level above 0.10
mg/m’, after two hour UGH operation than before UGH operation (1 out of 16 living
rooms before UGH operation and 4 out of 17 living rooms in 2005 after two hour UGH
operation and 0 out of 13 living rooms before UGH operation and 4 out of 14 living
rooms in 2006 after two hour UGH operation). In winter 2005, the number of
households who were operating an UGH in the living room and who were exposed to
HCHO level above 0.10 mg/m’ in their bedrooms, increased from 0 to 2 out of 17
households after heater operation. In winter 2006, none of the households were exposed
to HCHO level above 0.10 mg/m’ in their bedrooms following the operation of an UGH
in the living room. In winter 2005, one household using portable electric heater showed
a HCHO level above the guideline in both rooms. The same household monitored in

2006 had HCHO levels below the guideline value in both rooms.

Table 6.7 shows that in both winters, operating an UGH in the living room increased the

number of households exposed to NO, levels above the WHO recommendations in the
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living rooms (from 0 to 6 out of 12 in 2005 and from 0 to 9 out of 14 in 2006) and in the
bedrooms (from 0 to 3 out of 12 in 2005 and from 0 to 4 out of 13 in 2006). The use of
a replacement heater, a WB or an electric did not expose any household to NO; level

above 200pg/m’.

6.6.7 Association between confounding factors and the level of
pollutant

In 2006, a greater number of houses were monitored than in 2005. Thus, using data
from 2006 in Ordinary Least Squares (OLS) models lead to a more robust statistical
analysis. The confounding factors of interest were: living room carpeted floor (yes/no),
age of the house (years), estimated total floor area (m?), usage of a gas hob (yes/no),
mechanical ventilation (yes/no), and house occupancy (number of people), household
income (1: under NZ$ 38,000; 2: between NZ$ 38,001 and NZ$ 60,000, 3: more than
NZ§ 60,001, 4: Unknown/Refused to state), room temperature (‘C) and room relative
humidity (%). The variable “mechanical ventilation” was not used in this OLS model
because only 6 out of 30 households (with a complete data set) reported having
“mechanical ventilation” and 4 of these 6 households were operating UGH which gave

an unbalanced model.

Table 6.8 shows the mutually adjusted associations between each with the logged living

room pollutant levels.

The OLS model showed no mutually adjusted associations between the living room
CO; level and the living room temperature, the household income, the house occupancy,
the presence of a carpeted floor in the living room and the age of the house. However,
using a gas hob had a strong effect; the CO; level was 1.7 times higher (95¢,CI 1.4 to 2.0,
p-value = 0.01) for each gas hob added in the model. The living room relative humidity
and the estimated floor area also had a significant association with the living room CO,
level. The CO, level was 5.2% higher (950,CI 4.4 % to 6.0%, p-value < 0.01) for every
1% of relative humidity increase and the CO; was 0.9 % (950,CI 0.7% to 1.2%, p-value <

0.01) lower for each 1 m” increases.
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CHAPTER 6 — Households’ exposure to chemical pollutants

The OLS model showed no mutually adjusted associations between the living room CO
level and the estimated total house area, use of a gas hob, living room temperature,
household income, house occupancy, carpeted floor and age of the house. However, the
OLS model showed a mutually adjusted association between the living room CO level
and the living room relative humidity. The CO level increased by 12.1% (950,CI 7.8% to
16.5%, P <0.01) for every 1% relative humidity increase.

The OLS model showed no mutually adjusted associations between the living room
HCHO level and the use of a gas hob, living room temperature, household income,
house occupancy, carpeted floor and age of the house. However, the OLS model
showed mutually adjusted associations between the living room HCHO level and the
measured living room relative humidity, the estimated total floor. The level of HCHO
increased by 4.8% (950,CI 3.6% to 6.0%, p-value <0.01) for every 1% relative humidity
increase, and the average HCHO level was 0.8% (959,CI 0.5% to 1.2%, p-value =0.02)

2 .
lower for every 1 m” increase.

The OLS model showed no mutually adjusted associations between the living room
NO; level and the living room temperature, household income, house occupancy,
carpeted floor and age of the house. However, the OLS model showed mutually
adjusted associations between the living room NO, level and the use of a gas hob, the
living room relative humidity and the estimated total floor area. The NO; level was 7.9
times higher (950,CI 4.1 to 15.1, p-value < 0.01) for each gas hob added in the model.
The average living room NO; level increased by 19.3% (950,CI 16.2% to 22.5%, p-value
<0.01) for every 1% relative humidity increase and the NO, level was 2.8% (95,CI 1.9%

to 3.8%, p-value <0.01) lower for every 1 m” increase.
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CHAPTER 6 — Heater use and household’s exposure to chemical pollutants

6.7 Discussion and conclusion

This intervention field study was the first study conducted in New Zealand that used
real time measurements, to assess the concentration of four gaseous pollutants (CO,,
CO, HCHO and NO;) emitted by domestic heater. The data was analysed in two
sampling periods: prior to heater start to assess the baseline levels of the pollutants, and
in the second hour of heater operation to assess the levels after the heater had already
been in use for one hour. The households’ exposure to these pollutants were compared

to the WHO recommended exposure values.

6.7.1 Changes in indoor pollutant concentrations

The levels of NO, and HCHO did not increase for electric heaters (pre intervention),
replacement heater types (post intervention) or wood burners whereas, the results
showed that the operation of an UGH for a two hour period significantly increased the
level of all four measured pollutants. These results were consistent over both winter
monitoring periods. Kingham et al. (2005) found a NO, level 3.8 times higher in eight
households operating UGH compared to eight household operating electric heaters.
Gillespie-Bennett et al. (2008) found a NO, level three times higher in households
operating an UGH compared to the households operating a non UGH. Farrar et al.
(2005) found a NO; level two times higher in household operating UGH than in those
using a non gas heater. Hansel et al. (2008) reported the presence of a gas heater had the
greatest effect on the NO, level; unfortunately this study did not differentiate between
flued and unflued gas heaters. All the above studies used the diffusion tube method to
measure the NO, concentrations; the tube absorbs the pollutant over an extensive period
and gives an averaged result. Consequently, the diffusion tube method measures a lower
sensitivity of the pollutant increase because it covers both the heating and the non

heating periods.

In the study reported here, the NO, level was real time monitored using the
chemiluminescence (CL) method which gave a higher level of sensitivity. In fact the
NO; level increased by 85.5 times in the living rooms and by 86.1 times in the bedrooms

in 2005 and by 51.0 times in the living rooms and by 24.8 times in the bedrooms in
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CHAPTER 6 — Heater use and household’s exposure to chemical pollutants

2006 when comparing the period prior to heater start with the second hour of heater

operation.

Using the same CL method, Ferrari et al. (2004) found a peak one hour NO, average of
345 pg/m’ in 116 households when an UGH was operated. Similar levels of NO, were
reported from another study, also using the CL method, with a maximum value of
overnight hourly average of 309 ug/m® (Bettany et al. 1993). In the study reported here,
a similar average level of NO, (321 pg/m’) was found in the living rooms in the second

hour UGH operation in winter 2006.

In the study reported here, it was found that the level of HCHO significantly increased
when the households were operating their UGH. Rumchev et al. (2002) reported similar
findings, and Sheppeard et al. (2002) found that variables such as the presence of an
UGH, the age the house and the type of construction were the main predictors
associated with high HCHO levels. Ferrari et al. (2004) found an hourly averaged level
of HCHO 2.5 times higher during the operation of the UGH compared to the 24 hour
period sampling (including both heating and non heating periods). In this study, an
increase of the HCHO level by 2.9 and by 3.8 times in the living rooms in 2005 and
2006 respectively was found during the operation of an UGH, whereas the operation of
electric heater, wood burner or replacement heater did not significantly increase the

HCHO level.

However, emissions from combustion are not the only sources for HCHO. One
household operating an electric heater, and not showing any high exposure to NO,,
showed a high level of HCHO in winter 2005, but not in winter 2006. This pollution
appears unrelated to unflued combustion and the source is probably attributable to
solvents from painting as the occupants had recently redecorated their living room, or
tobacco smoke as one member of the household was a smoker. Studies have shown a
seasonal pattern of greater levels of HCHO in summer time, possibly due to warmer
temperatures leading to higher rates of vapour off-gassing from building materials and
furniture e.g. plywood, particleboard, fabrics, newly painted surfaces (Dingle and

Franklin 2002, Rumchev et al. 2002, Sherman and Hodgson 2004). Furthermore, the
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CHAPTER 6 — Heater use and household’s exposure to chemical pollutants

real time measurements showed that peaks of HCHO also occurred at breakfast time

which could be related to toast burning process.

The CO; level increased, threefold, following the operation of UGHs. The average
emission rate from UGH for CO, was found around 140 g/h and the threshold for
insufficient ventilation to expel the pollutants was reached after 0.8 hours of UGH
operation. However, in winter 2006, households using the replacement heater were also
exposed to slightly higher levels of CO, during heater operation; this small increase

would probably be related to people’s respiration during these occupied periods.

6.7.2 Households’ exposure to pollutants

A higher exposure to pollutants was found in the living rooms than in the bedrooms,

which was consistent with the heaters being located in the living rooms.

Ferrari et al. (2004) found that 67% of the households operating an UGH exceeded the
one hour maximum NO; level recommended by WHO. Similar results were reported
with 16 out of 21 households (76%) exposed to NO, level above the WHO
recommendation during UGH operation (Bettany et al. 1993). The NO, results from the
Ferrari’s and Bettany’s studies are very similar to NO; levels found in this study where
6 out of 12 households (50%) in 2005 and 7 out of 12 households (58%) in 2006 were
exposed to harmful levels of NO,. These results from measured data are consistent with
the results from the prediction model which found 46% in 2005 and 35% in 2006 of the

heating events which did not reach the WHO maximum recommended value.

In terms of the HCHO exposure, the study reported here found that 4 out of 17
households (23.5%) in 2005 and 4 out of 14 households (28.6%) in 2006, who were
operating an UGH, were exposed in the living rooms to concentration above WHO
recommendation. In the child’s bedrooms of households operating an UGH, 2 out of 17
children in 2005 and 0 out of 14 children in 2006 were exposed to concentration above
WHO recommendation. These results are consistent with findings from Ferrari et al.
(2004) who found 4 out of 13 households (30%) were exposed to HCHO level above

the WHO recommended value in the living room.
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An increase of the CO concentration was detected when the households were operating
the UGH; however, the CO concentrations reached in the second hour of heater use
were well below the 1 hour average WHO recommendation. Household ID N°3 case
study showed levels of CO which were found to be well above the 8 hour average WHO

recommended value; extensive use of UGH could be of concern for occupants’ health.

Using the CO, concentration, as a surrogate to estimate the ventilation rate, the results
showed that all 18 households in 2005 and all 14 households in 2006, who were
operating UGHs, were exposed to CO; levels which exceeded the current NZ Standard
(4303:1990) for acceptable indoor air quality in the living rooms. This standard
identified unvented indoor combustion as one of the indoor contaminants that need to be
controlled to satisfy comfort criteria. The findings suggest that the natural ventilation in
these homes was insufficient to expel the CO, generated from a combination of
unvented combustion and occupants’ respiration. The lack of natural ventilation could
also explain the high levels for the others pollutants which are supported by the positive
correlations found between CO; and the other pollutants. The natural ventilation rate
was estimated to be on average 0.89 air changes per hour (ACH) and 0.82 ACH from 14
living rooms in 2005 and from 13 living rooms in 2006 respectively. This ventilation
rate was estimated in the living room, however with all internal doors open, the house
could be considered as a single zone (Bassett 2000). From a pollutant transport point of
view, the natural ventilation rate found in the living room could be considered as a good
approximation of the natural ventilation rate that could be estimated for the whole house
using several tracers (Bassett, personal communication). An average estimated natural
ventilation rate of 0.85 ACH would classify these houses as “draughty” houses (Bassett
2001).

The operation instructions for UGH suggest that occupants should use their UGH only
with a window open (DeLonghi 2004). This instruction to open a window is counter
intuitive as it would vent out the heat as well as pollutants. It can be seen from Chapter

4 that the households operating an UGH were below the WHO temperature guidelines.

Only one household out of the 21 households, operating a non-UGH in 2006, showed a

CO; level that exceeding the standard. This result showed that, without a major source
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of pollution, the level of natural ventilation, found in these homes, seems to be
sufficient to provide an acceptable indoor air quality in NZ homes. However, it was
found that homes which were built in the last decade were more airtight than homes
constructed in previous decades, creating a potential risk of insufficient ventilation and
poor indoor air quality in households operating an UGH (McNeil et al. 2011). This

result would exacerbate the indoor pollutant level if UGHs were used in new homes.

6.7.3 Other factors influencing the pollutant levels

The OLS models found a positive association between the NO, level and the use of gas
hob which was consistent with other studies (Breysse et al. 2005, Gillespie-Bennett et
al. 2008, Hansel et al. 2008). Despite the low number of dwellings studied, Mohle et al.
(2003) found a significantly higher CO level in locations where gas hobs were operated,

which was not detected in this study.

Another factor influencing the pollutant levels was the weekly average living room
relative humidity. This result is consistent with the results found in Chapter 4, Section
4.7 which showed that UGHs definitely were considered as an additional indoor source
of moisture. Results shows that during the operation of one UGH, the vapour pressure
increased at a rate of 0.0025 kPa/min which was four times lower than the average
reported in another study (Francisco et al. 2009). Studies found that operating an UGH
at a high setting released around half litre of water vapour per hour (Camilleri et al.
2000, TenWolde and Pilon 2007). As a higher level of relative humidity is an indicator
of the use of UGH, the association of relative humidity with increase of pollutants in the
OLS model reveals an indirect association between UGH and increase of pollutants.
This association was not found for electric heaters, replacement heaters or wood burners
as these appliances do not directly release any moisture in the indoor environment

during operation.

6.7.4 Conclusion

Overall, these results from real time pollutant measurements showed an increase of all
four gaseous pollutants during the operation of an UGH. The operation of an UGH is

definitely considered as a major source of pollutants in homes.
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During the operation of an UGH, 25% and 50% of the households were exposed to
levels of HCHO and NO, respectively which exceeded the recommended values for
health. The operation of a non UGH was not of concern for health. These results were
consistent with a high level of CO, found in households operating an UGH showing an
insufficient ventilation rate to assure an acceptable indoor air quality for the occupants.
However, additional peaks of pollutants were also characterized when the heater was
not in use, which suggests that there were alternate sources of pollutants, mainly related
to cooking activities as the presence of gas hob was associated with an increase of
pollutants; the levels achieved by these alternate pollutant sources were not of concern

for health.
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7 DISCUSSION & CONCLUSIONS

Houses enrolled in the Housing Heating and Health (HHH) study were given an
upgrade to their ceiling and under floor insulation to meet the then current building code
requirements and had their existing low capacity heaters, such as an unflued gas heater
(UGH) or a portable electric heater, replaced with a higher capacity non indoor
polluting heater, such as a heat pump (HP), a flued gas heater (FGH), or a wood pellet
burner (WPB). The overall objective of the HHH study was to assess the health
improvement of 409 asthmatic children and their families when a low capacity heater
was replaced with a higher capacity heater, in addition to the insulation upgrade. This
Intensive Environmental Monitoring (IEM) project, nested within this parent HHH
study, was a study that intensively investigated the environmental conditions found in a

subset of these HHH study homes.

7.1 Original contribution

It is reported in the Review of the Literature that previous studies which investigated the
quality of the indoor environment in relation to domestic heater usage were interested in
either:

e the physical measurements or,

e the chemical measurements or,

e the biological measurement.
None of the previous studies had integrated these three interconnected types of
measurements in occupied homes. This field study was the first study that integrated
physical, chemical and biological measurements in occupied homes. This field study
was original in that it was the first interventional study conducted in occupied homes
and allowed a comparison between the heater types within the same housing stock. The
longitudinal nature, in that measurements were conducted over two winter monitoring
periods, is a further original feature. In this study, the heater use, the temperature and
the moisture level were measured and the concentration of four gaseous pollutants was
quantified using real time measurement methods for up to one week. Due to the
technical challenges involved, few studies have attempted “real time” measurements
(Bettany et al. 1993, Ferrari et al. 2004, Francisco et al. 2010, Hill and Marks 2004) and
all, but Francisco’ study (2010) monitored real time conditions for only one day per

house.
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This field study was the only study to measure pollutants in two spaces (living room and
child’s bedroom) and to examine the pollutant dispersion from the living room to the
child’s bedroom. It was also the first study which undertook measurements of the
temperature and moisture conditions close to the internal surface of one external wall,
predicted the capacity for mould to growth on this surface and compared these

predictions to visual inspections and actual airborne and dust borne fungal levels.

7.2 Principal findings arising from the study objectives

The three objectives of this study were:

Objective 1: to report the heater use, to measure the room psychrometric conditions
(temperature and relative humidity) in the living room and child’s bedroom and to
investigate the changes following the replacement of low capacity heaters with high
capacity non indoor polluting heaters. The findings related to Objective 1 are addressed

in Section 7.2.1: The comfort conditions.

Objective 2: to measure the close to the wall surface psychrometric conditions
(temperature and relative humidity) and the subsequent capacity for mould to grow on
the wall surface, and to investigate the impact of the replacement heater on the airborne
and dustborne fungal community. The findings related to Objective 2 are addressed in

Section 7.2.2: The biological pollutants.

Objective 3: to real-time measure the levels of four pollutants, namely carbon dioxide,
carbon monoxide, formaldehyde and nitrogen dioxide, to investigate the changes in the
pollutants concentration when the low capacity heaters were replaced with high capacity
non indoor polluting heaters, and to examine if this replacement heater was sufficient to
provide the occupants with a healthy environment. The findings related to Objective 3

are addressed in Section 7.2.3: The chemical pollutants.
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7.2.1 The comfort conditions

Prior to the monitoring, the homes received an insulation upgrade for the ceiling and the

under floor, however none of them had wall insulation.

The IEM study showed a higher usage for the three types of replacement heaters and the
wood burners than for the UGHs. Heat pumps (HPs) were operated for longer periods
than other types of replacement heaters and the households were operating their HPs in
two distinct ways with differences in both the frequency of usage and the HP thermostat
set point used. Two-thirds of the HP users were operating their heater with a high
thermostat setting resulting in a quick temperature increase (up to 28°C). Once this
temperature was reached, the household manually switched the HP off. A case study of
one of the subject homes, which was a 1950’ house with uninsulated walls, showed a
loss of 8°C over the first hour after the HP was manually switched off. This heating
behaviour was an expensive way to operate the HP. During informal communication
with the study’s participants, two families considered their HPs very expensive to
operate, thus they decided to switch their HPs off for extensive periods over the day
with the resulting exposure to temperatures below 14°C, even with an asthmatic child at
home. In contrast, one-third of the HP users were operating their heaters with a lower
thermostat setting for extended periods and so the HPs were running at less than full
capacity most of the time. An inverter-HP is more energy efficient when operated in this

manner and the living room experienced smaller temperature fluctuations.

WPBs, FGHs and UGHs were mainly used twice a day; in the morning between 6 am
and 9 am and in the evening between 4 pm and 10 pm. Similar findings were reported
from the Household Energy End-use Project (HEEP) study with 50% of the households
operating theirs heaters only in evening period (4 pm and 10 pm) and 20% in both

morning and evening period (Isaacs et al. 2002).

The temperature reached in the living room of a household operating a WB or an UGH
were compared, when the outside temperature was below 10°C. Results showed that the
household who operated an UGH was exposed to temperatures below 18°C for most of
the time, whereas the household who operated a WB was always exposed to

temperatures above 18°C. This result supports the findings that a low heater usage
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associated with a low power input (UGH were operated on 82% of the time on low or
medium settings giving an average power input of 2.4 kW) for UGHs was insufficient
to maintain 18°C in a living room when the outside temperature was below 10°C. The
Hutt Valley area experienced a very mild winter with an average daily ambient
temperature of 10.3°C; however during occupied periods (4 pm — 7 am), the
temperature is likely to be, for 60% of the time, below 10°C. In the HEEP study, Isaacs
et al. (2010) reported similar findings with NZ households operating HPs, FGHs and
enclosed solid fuel (WPB and WB) were exposed, in the living room, to average
temperatures above 18°C while households operating their UGHs and their portable

electric heaters experienced an average temperature of 16.9°C and 17.0°C respectively.

The study showed that households operating UGHs were exposed for 10% of the time
to temperatures below 12°C; whereas none of the households operating a replacement
heater or a wood burner was exposed to this low level of temperature. Respiratory
problems have been reported for vulnerable people, such as people with asthma, living
in a cold environment (Howden-Chapman et al. 2007, Wilkinson et al. 2004). Pierse et
al. (2011) found a significant association between a child’s bedroom temperature below
11°C and a short term variation in the lung function (Peak Expiratory Flow Rate and

Force Expiratory Volume).

Six out of the eight households, monitored both years, which received a replacement
heater, showed an increased exposure to temperatures above 18°C in their living rooms
in the post intervention year, despite a lower outside temperature in this second winter.
However, it was apparent that low use of the replacement heater precluded adequate
warmth for 40% of the intervention households. Longer use of these higher capacity
heaters is required to achieve healthy temperatures. It is possible that the user education

on the risk of cold temperature is required to change user behaviour.

The study showed that the living room was often the only room heated in the house;
only 25% of the households operated an electric heater in the child’s bedroom. As
expected, the children who slept in bedrooms where an additional heater was operated
were exposed for longer periods of time to temperature above 18°C than the children

sleeping in unheated bedrooms. In the unheated bedrooms, the children were exposed to
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temperatures below 18°C for 80% of the time and below 12°C for 17% of the time
between 8 pm and 7 am. Even if the heat source located in the living room could
contribute to an increase temperature in the children’ bedrooms, the results showed that
an additional heat source was needed to maintain 18°C for most of the overnight period

and improve the welfare of the children.

The study showed significantly lower levels of relative humidity (RH) in households
operating a replacement heater or a WB than in households operating an UGH. This
difference seems to be mainly due to a higher temperature achieved in households
operating a replacement heater or a WB as the water vapour pressure levels, during the
heater operation was not found to be significantly different for all types of heater, even
though all heaters did not achieve the same final temperature. Starting from the same
initial temperature to achieve the same final temperature, the living room water vapour
pressure had increased by 15% when an UGH was operated, while the water vapour
pressure only increased by 5% when a HP was operated. This water vapour pressure
increase during the operation of a replacement heater or a WB was unexpected but it
was probably due to the low RH achieved (around 40%) which possibly led to
desorption of stored moisture from hygroscopic material like paper, textiles, furniture,
building material. As the fieldwork was conducted only a few weeks after the
installation of the replacement heaters, this desorption effect may be reduced after a
longer period of replacement heater operation. In addition, other moisture sources such
as the occupants’ respiration or cooking will also contribute to the room moisture
increase during the heater operation time. From the analysis of the water vapour

pressure data, it was apparent that UGHs were definitely an indoor source of moisture.

Overall, the replacement heater improved the potential for households to achieve
comfortable conditions but the duration of heater usage was still often insufficient to

maintain comfort conditions for significant periods of time.

7.2.2 The biological pollutants

The results showed that the households who operated an UGH had longer periods where
the “close to the wall” surface RH level was above 70%, than households operating the

replacement heater. It was found the time that the walls were exposed to a RH above
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70% was longer in the bedrooms than in the living rooms. Therefore, the daily hyphae
growth rate for both xerophilic fungi species was found to be, on average, three times
higher in the living rooms of households operating UGHs than of households operating
a replacement heater, and on average 20 times higher in the bedrooms of households
operating UGHs than of households operating a replacement heater. These findings
were supported with positive correlations between the daily growth rates of the two
xerophilic fungi species included in the mould slides and the time exposed to suitable

psychrometric conditions.

The “close to the wall” climate was suitable for the development of xerophilic fungi
which need a humidity level of 70% to germinate. However, the “close to the wall”
climate was too dry and/or too cold for the development of hydrophilic fungi and
consequently limited growth of the hydrophilic fungus was observed on the fungal

detectors in households who operated either an UGH or a replacement heater.

The visual mould inspection results were found to be consistent with the hyphae growth
rate predictions. Positive correlations were found for both xerophilic fungi between the
visual mould levels and the daily hyphae growth rates measured in the mould slides.
However, no correlation was found for the hydrophilic fungus between the visual mould
levels and the measured daily hyphae growth rates. Visible mould was reported at
double the frequency in the bedrooms than in the living rooms. This is consistent with a
higher RH level being found in the bedrooms. The results also showed that the visible
mould level and the RH level were positively correlated in households where UGHs

were operated.

No significant differences were found on the total airborne fungal load between the
UGH user group or the replacement heater, portable electric or WB user groups.
However, once the data were normalised by subtracting the outdoor concentration from
the indoor concentration, significant associations between a high level of airborne fungi
in the living room and the operation of UGH were detected. However, no significant
associations were detected in the bedrooms, which was inconsistent with the visible

mould level and the hyphae growth rate findings.
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The dust-borne fungal results showed that the level of fungi was higher in the bedrooms
than in the living rooms for all households; which was consistent with a higher RH
level, a higher daily hyphae growth rate and higher visible mould quantity found in the
bedrooms. The results from the 2005 baseline monitoring showed a lower level of
xerophilic fungi in both living rooms and bedrooms of households operating a portable
electric or a wood burner than in households operating an UGH. These findings were
confirmed in post intervention monitoring with a significant lower level of dust-borne
total fungi, xerophilic fungi and hydrophilic fungi in both living rooms and bedrooms
for households operating a replacement heater, compared to households operating an

UGH.

The airborne sampling represented only a one minute “snapshot” of the fungal
community, whereas the floor dust reservoir represents a longer period of the house
history and thus was able to detect that the operation of UGH was associated with a

higher fungal level in both the living rooms and the child’s bedrooms.

To conclude, these results showed that the replacement heater had a positive impact on
the room and “close to the wall” climate, by increasing the temperature and thus
decreasing the RH which in turn reduced the water availability for mould to grow, and

hence the levels of mould.

7.2.3 The chemical pollutants

The results showed that the operation of an UGH for a two hour period significantly
increased the level of all four measured pollutants, namely NO,, CO, HCHO and CO,.
The exposure to these pollutants was found at higher levels in the living rooms than in

the bedrooms, which was consistent with the heaters being located in the living rooms.

Comparing the one hour period prior to UGH start with the second hour of operation,
showed that NO; level increased by 85 times in the living rooms and by 86 times in the
bedrooms in 2005, and by 51 times in the living rooms and by 25 times in the bedrooms
in 2006. No increase of the NO, was detected for electric heaters (pre intervention), for
replacement heaters (post intervention) or for wood burners. The NO, level exceeded

the WHO maximum one hour averaging period threshold in 50% of the living rooms
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and in 25% of the bedrooms of the households where an UGH was operated. The model
gave consistent results with an average of 60% of the heating events that reached the
WHO maximum NO; level after 1.3 hours of UGH usage in the living room. The 40%
remaining events never reached the maximum NO; value for health. All living rooms
and bedrooms in the households, where a portable electric heater, a wood burner or a
replacement heater was operated, showed a level of NO, well below the WHO

recommended value.

An increase of HCHO level in the living rooms by 3 times in 2005 and by 4 times in
2006 was found during the operation of an UGH, whereas the operation of an electric
heater, a wood burner or a replacement heater did not significantly increase the HCHO
level. It was seen that 25% of the households that operated an UGH were exposed to an
HCHO concentration above WHO recommendation in their living rooms. However, one
household operating an electric heater, and not showing any high exposure to NO,,
showed a high level of HCHO in winter 2005, but not in winter 2006. This pollution
appears unrelated to unflued combustion and was probably attributable to solvents from
painting, as the household had recently redecorated their living room, or from tobacco

smoke, as members of the household were smokers.

An increase of the CO concentration was detected when the households were operating
the UGH; however, the CO concentrations reached, in the second hour of heater use

were well below the WHO recommendation.

The CO; level increased threefold following the operation of UGHs. The CO, average
emission rate from UGHs and occupants’ respiration was found to be around 140 g/h
and it was estimated that the CO, threshold for insufficient ventilation to expel the
pollutants was reached after 0.8 hours of UGH operation. However, in winter 2006,
households using the replacement heater were also exposed to slightly higher levels of
CO; during heater operation; this small and not unexpected increase might be related to

people’s respiration during these occupied periods.

All 18 households in 2005 and all 14 households in 2006, who were operating UGHs,

were exposed in the living rooms to CO, levels which exceeded the current NZ Standard
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(4303:1990) for acceptable indoor air quality. The average ventilation rate in the living
room had been estimated to 0.89 air changes per hour (ACH) and 0.82 ACH in 2005
and 2006 respectively. Positive correlations were found between the CO,; level and the
other pollutant levels. These findings suggest that natural ventilation was not sufficient
to remove the combustion by-products in these households where UGHs were operated.
This suggests that households were not opening a window to vent out combustion by-
products during UGH operation, as users are instructed to do by UGH manufacturers.
This result is not unexpected as it is counter intuitive for households, who are struggling
to reach acceptable temperatures, to open a window and face losing heat to outside.
There is evidence that the manufacturer instructions for safe use of an UGH are not

being followed by consumers.

None of the 7 households in 2005 and only one of the 21 households in 2006 who were
operating a portable electric heater, a wood burner or a replacement heater was exposed
to CO, level exceeding the standard in the living rooms. This result showed that,
without a major source of pollution, natural ventilation seems to be sufficient to provide

an acceptable indoor air quality in the homes enrolled in this study.

Additional peaks of pollutants were also characterized when the heater was not in use,
which suggests that there were alternate sources of pollutants, mainly related to cooking
activities as the presence of gas hob was associated with an increase of pollutants.
However, these levels achieved by the alternate pollutant sources were not of concern

for the occupants’ health.

Overall, these results showed an increase of all four gaseous pollutants during the
operation of an UGH. A quarter of the households and half of the households were
exposed to levels of HCHO and NO, respectively which exceeded the recommended
values for health during the operation of an UGH. These results were consistent with a
high level of CO, found in households operating an UGH showing an insufficient
ventilation rate to expel the pollutants. The operation of an UGH is definitely
considered as a major source of pollutants in homes, and the replacement of the UGH
with a higher capacity non indoor polluting heater assured an acceptable indoor air

quality for the occupants.
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7.3
1)

2)

3)

4)

S)

6)

7)

Overall conclusions

Key pollutants, indoor climate and bio-contaminants were investigated in the
living room and the bedroom of 33 and 36 occupied households in winter 2005

and winter 2006 respectively.

The real time measurements of four key pollutants identified that the operation
of an unflued gas heater significantly increased the household’s exposure to all
four pollutant levels (HCHO, NO,, CO, and CO,) and the levels were above the
WHO recommended values for nitrogen dioxide (NO,) and formaldehyde
(HCHO).

The natural ventilation level, used by most households, was insufficient to
remove the combustion by-products and to maintain an acceptable indoor air
quality in households operating an unflued gas heater. The operation of the
replacement heater (heat pump, wood pellet burner or flued gas heater) reduced
the household’s exposure to pollutant levels and the background natural
ventilation level was sufficient to maintain an acceptable indoor air quality in

these households.

The households who had operated the replacement heater were exposed to a
higher level of temperature and a lower level of relative humidity than
households who had operated an unflued gas heater. As the indoor climate was
improved, lower levels of bio-contaminants were also found in these

intervention households.

Despite the unflued gas heater being used exclusively in the living rooms, high
levels of nitrogen dioxide exceeding the WHO standard were also found in 25%

of the child’s bedrooms.

Even if the heat source, which was located in the living room, could contribute
to an increased temperature in the child’s bedroom, the results showed that in
most of the children’s bedrooms an additional heat source was needed to

maintain 18°C for the overnight period.

Although households with a replacement heater installed were warmer and dryer

than households with an unflued gas heater, it was apparent that low use of the
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8)

replacement heater precluded adequate warmth for 40% of the intervention
households. Longer use of these higher capacity heaters is required to achieve
healthy temperatures. It is possible that the user education on risk of cold

temperature is required to change user behaviour.

This intervention study showed that replacing the unflued gas heater with a non
indoor polluting heater reduced the household exposure to a harmful indoor

environment.

7.4 Limitations of this study

1)

2)

3)

This study was carried out in occupied homes and the households were asked to
not modify their behaviour in terms of heater usage and indoor activities. The
intervention was on the “intention to treat” rather than a “treatment”;
consequently the households did not receive any fuel subsidies to encourage the
usage of their heater. Some households elected to use their existing or
replacement heater at a minimal level. Therefore, their results are closer to an

unheated house rather than a high heater usage house.

The houses were recruited in the same geographic area to reduce the variability
in outdoor climate experienced by the sample; however other factors, such as the
structural attributes of the houses, can also not be ruled out as influencing these

outcomes.

The second year of fieldwork was conducted only few weeks after the
replacement heaters had been installed. This had the advantage of showing the
changes in the indoor environment soon after the heater was installed. However,
conducting the field measurement soon after the heater was installed had the

disadvantage of not allowing for the longer term changes to be measured.

7.5 Suggestions for future research

This work has highlighted areas that could require further investigations.

)

This work showed that the replacement heater had the potential to improve the

home environment; however the low heater usage precluded adequate warmth
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2)

3)

4)

for 40% of the intervention households. A follow up study, to investigate the
environmental and health effects when a fuel subsidy assists households to pay
for a higher consumption of heating will be interesting. A study is currently
being undertaken by the Housing and Health research team, namely Warm
Homes for Elder New Zealanders (WHEZ), where people aged over 55 year old

with Chronic Obstructive Pulmonary Disease (COPD) received fuel voucher.

The results showed a water vapour pressure increase during the operation of the
replacement heaters. This result was unexpected as the operation of the
replacement heaters should not release any moisture. The hypothesis, based on a
short term effect, to explain these results was that the low reached level of
relative humidity could lead to desorption of stored moisture from hygroscopic

material. A longitudinal study would be necessary to investigate this hypothesis.

Studies showed that insulation brings indoor benefits such as increasing indoor
temperatures and decreasing indoor relative humidity. Prior to the
commencement of this intervention study, the houses were insulated in the roof
cavity and in the under-floor space, according to the 2004 recommendations
from the Energy Efficiency - Small Building Envelope Standard (NZS NZS
4218:2004), which was the current standard at the time of the study. This
standard was revised in 2009 to align NZS 4218 with the New Zealand Building
Code clause H1. In this new document, the thermal resistance requirements were
increased. It could be interesting to undertake an insulation upgrade to the
current level of thermal resistance requirements and investigate the changes in

energy performance of the buildings.

The manufacturers of UGH recommend that a window is opened during the
operation of UGH to vent the combustion by products to the outside air. Their
minimum recommended window opening is 75 ¢m? and they also recommend a
minimum room surface area of 18 m” which gives a room volume of about 40
m’ (DeLonghi 2004). The results of this study showed that the natural
ventilation of the subject homes was not sufficient to remove the combustion by
products; this means that the manufacturer instructions for safe use of an UGH
were not being followed by consumers. A study measuring the window opening

and occupants’ exposure to pollutants during UGH operation could confirm
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these results, as it is counterintuitive to open a window when struggling to reach
acceptable temperatures. Furthermore, to date there is no New Zealand Code of
Practice for households to safely operate their heaters, like that found in the UK
(Wakelin 2004). It will be important to write a New Zealand Code of Practice

and have a public educational campaign.

7.6 Significance of the findings and implication for policy

This study showed important results that should be used by policy makers.

1))

2)

3)

Due to a lack of instructions of how to achieve efficient heat pump operation,
some families had considered their heat pump very expensive to operate. They
thus had decided to switch their heat pump off for prolonged periods of the day,
and consequently exposed their family to low temperatures including their
asthmatic child.

> People need to be educated in how to operate their heater efficiently.

Only 25% of the households had been operating an additional heat source in the
asthmatic child’s bedroom. In an unheated bedroom, children were exposed to
temperatures below 12°C for 20% of the overnight period and below 16°C for
two-thirds of the overnight period (8 pm — 7 am). Exposure to very low
temperatures for vulnerable people, such as asthmatic children, will exacerbate
their respiratory problems and will impact on lung function (Pierse et al. 2011).
> People need to be informed on the risk of exposure to very low

temperatures.

The high level of pollutants, reported by this study, provides evidence that the
use of UGH has a significant negative impact on the indoor air quality. Although
the UGH was operated in the living rooms, high level of exposure to pollutants

was also found in the child’s bedrooms.
» Unvented gas appliances used for heating should be better regulated
and should not be used, especially by people with respiratory disease

such as asthma.
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4) Despite of being a major source of indoor pollution and a fire risk, UGHs are
very popular in New Zealand because of its low capital cost option and allow
prepayment of fuel for people with budgeting issues. Wood burners and wood
pellet burners are also prepaid heating fuel options, and consumers can buy
wood or wood pellets at their convenience. Wood burners and wood pellet
burners are non indoor polluting heating options and less expensive to operate,
but have a higher capital cost. Electric heaters are also another solution and
some electricity providers have introduced the prepayment option. However, this
prepay plan is an average 16% more expensive than the standard plan. Where
this prepayment option could be attractive for families with budgeting issues, it
is not a cost effective solution for low income families as it increases the energy
cost and the risk of self disconnection.

» Prepay plan and standard plan should be proposed at the same price
to help to decrease the risk of self disconnection and exposure to low
temperature. Updated information on fuel costs should be made

publically available.
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