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Media summary

The goalof the project was to further an understandinghef benefits of potted-plants to
reduce indoor air pollution and aid wellbeing ofcopants, to contribute to the national
environmental goal of ‘greening the city’ for sustgble urban communities.

The research comprised

Laboratory trials of volatile organic compound (VPf@moval, with three untried
species;

Office study of the minimum numbers of plants regdito reduce VOCs and GO

Examination of whether plants could, as suggestgdsdveral authors, increase
airborne mould spore loads. One species associatiedlamp buildingsAspergillus
fumigatus can potentially cause serious health problems severely
immunocompromised patients; and

Investigation of effects of plants on psychologieallbeing of staff — first such
research utilising a battery of internationallyigated surveys.

Key outcomes

Laboratory trials confirmed the species tested haweilar capacities to remove
VOCs as nine species previously tested. This inelicalmost any species is likely to
have a similarly strong VOC removal capacity.

The office study recorded VOC and €f@ductions, but differences were less marked
than in our earlier studies, probably because @gtleater efficiency of more modern air
conditioning systems, and inadequate lightinghahuildings tested. Horticultural R&D
is required to optimise plant contribution to £@moval.

From this preliminary study no significant effest®re found on mould counts or
types, and n@\. fumigatusspores, in over 175 individual air samples frorficeé with
plants. Indoor counts were very low — about onentiggh of outdoor loads.

Highly significant reductions in negative mood etatvere found with plants — in
anger, anxiety, depression, confusion, fatigue stnelss. Just one plant can make the
difference!

Future R&D

The findings provide new information on plant bétsefo building occupants. R&D is
needed on their potential to lower €Q@evels and hence air-conditioner energy
consumption, to contribute to sustainable urbamdivMore research is also needed on
VOC reduction with different potting media. Mean¥higeneral principles apply —
place plants in accordance with stated shade tales to maximise COreduction;
VOC reduction will also be achieved.



Technical summary
Nature of problem

Indoor environmental quality (IEQ) is extremely ianfant to our health, since over 80% of
Australians live in urban areas and spend 90%naé ihdoors. Urban air pollution (UAP)
causes at least 1,400 deaths and over 2000 hoagitagsions p.a. in Sydney alone. Urban
mental health problems are also an internationa¢@m. Indoor air pollution is almost
always higher than outdoors, in particular moreatitd organic compounds (VOCS)
outgassing from indoor sources (furnishings, pawits), and more Crom human
respiration. Indoor plants absorb all types of UARe have previously laboratory-tested
nine indoor species, and found they eliminate regaehigh VOC doses within 24 hours. Our
previous office studies showed that plants can k&@@s down to negligible levels and s
reduce CQ@by 10 to 25%. The goal of this project was to earicétudies designed to further
an understanding of the benefits of potted-plamisprove IEQ, to contribute to the national
environmental goal of ‘greening the city’ for sustgble urban communities.

Experimental aims
The project comprised:

Laboratory trials of VOC removal capacity in threetested specie®glaonema
modestum, Chamaedorea elegansiPhilodendron'Congo’;

Office study of minimum numbers of plants requitededuce VOCs and GO

Examination of whether plants could, as suggestgdsdwveral authors, increase
airborne mould spore loads. One species associatedlamp buildingsAspergillus
fumigatus can potentially cause serious health problems severely
immunocompromised patients; and

Investigation of effects of plants on psychologieallbeing of staff — first such
research utilising internationally validated sursey

Results and discussion

Laboratory studyTest-chamber trials with three untried speciesagibthey have the
same capacity for VOC removal as found with ninevmusly tested species (see
Appendix). Once acclimatised (‘induced’) by expa&suwo an initial dose, they could
remove repeated top-up doses within about 24 h&®®esommendation¥he evidence
now with a total of 12 species, indicates the Ilka@bd that almost any species will have
a similar VOC removal capacity, but research isiooimg on this matter.

Plants and office air qualityVe used 11 replicates with four plant treatmefiter 3
SpathiphyllumPetite’ (200 mm pots); & 1 or Pracaena'Janet Craig’ (300 mm pots);
plus a no-plant control group. Weekly samplingseneonducted over two 10-12 week
periods, in 55 offices in two UTS buildings. Thedy recorded trends in VOC and €0
reductions, but differences were less marked thawr earlier studies, probably because
of the greater efficiency of more modern air coioding systems, and inadequate
lighting, in the buildings testedRecommendationdndoor plants have the potential to
reduce energy loads on air-conditioning systemdowering CQ levels, and more
horticultural R&D is required to optimise plant ¢obution. Meanwhile, general



principles apply — place plants in accordance wsttted shade tolerances, so they can
acclimatise to prevailing lighting for COreduction; VOC reduction will also be
achieved.

Plants as potential source of mould-based heakhksin a first-ever study on this issue,
four airborne mould spore samplings were also cotsdiy and indoor and outdoor
counts and types compared. Results showed no isgmifeffects of plants on spore
counts or species composition, andAspergillus fumigatuspores were found. Indoor
counts were very low - only one twentieth of outdémads. RecommendationdNo
evidence was found in this preliminary study of hdelased health risks from indoor
plants. To check it out further, R&D would idealtyclude studies in other climates (eg
Brisbane and Hobart).

Plants and staff wellbeingTwo psychological survey questionnaires were each
administered before and after three months of ghaesence (or absence). Plants were
associated with 40-60% score reductions in negatieed states measured — anger,
anxiety, depression, confusion, fatigue and stréssl - just one plant made all the
difference. Recommendation: Plant presence is highly effective in improvingffs
satisfaction, and hence, no doubt, productivity.

Technology transfer

Progress reports have been published in NIPA Nétgsteand at meetings of the
Horticultural Media Association (HMA) in variousaseés. The UTS team has also made
presentations at thé"@nternational Conference on Indoor Air Quality, n¥iéation &
Energy Conservation, in Sendai, Japan, October7(20@nnual Conference of the
Facility Management Association of Australia (FMA&O008); the Woolcock Institute
of Medical Research (linked with University of Syynand RPA Hospital) (2008); a
Garden Club (2009). We have scheduled meetingsy#as with Industry and Garden
Clubs, and are preparing this material for subrorssio peer-reviewed scientific
journals.



1. Introduction

1.1Project aims

International research, discussed below, clearipafestrates that indoor plants can both
reduce indoor air pollution, and directly improvecapant wellbeing over a range of tested
variables. The goal of this project was to advameeientific understanding of the capacities
of indoor plant species to improve indoor environtaéquality (IEQ); to enable extension of

their horticultural applications to improve the ibeing of building occupants; and to

contribute to the national environmental goal ofegning the city’ for sustainable urban

communities in Australia.

The project involved laboratory investigations anffice studies in two buildings at UTS, to
investigate effects of indoor plants on both physiemical variables of indoor air quality
(IAQ) and on psychological variables concernindgifegs of wellbeing among participating
staff. The experimental aims of the project havenbe:

a) laboratory-test the capacities of three previoustyried indoor plant species to
remove volatile organic compounds (VOCs) a commnasscof indoor air pollutants;

b) investigate minimum numbers of plants needed tefilAQ in offices;

c) to make a first ever, preliminary investigation whether, at the same time, plant
presence could significantly increase or changectimeposition of mould spore loads
in office air, which, according to several autharsuld be a potential problem in the
use of indoor plants in some situations;

d) explore the influence of plant presence on mootkstaf office occupants, including
feelings of anxiety, fatigue and anger, using,tha first time, a set of internationally
validated psychological survey instruments forneasurements;

e) in collaboration the National Interior Plantscapgséciation (NIPA) and the Nursery
industry, contribute to increasing industry and lpulawareness of the multiple
benefits of indoor-plants to urban living.

1.2Health impacts of urban air pollution

As a result of the process of urbanisation in Aalstr as in North America and western
Europe, 80% of people now live in urban areas, whee spend some 90% of our time
indoors (Cavallcet al, 1997; Environment Australia [EA] 2003). The gu#r sustainable
urban communities in this country must therefordude the achievement and maintenance
of a sustainable building ecology.

Apart from any possible climate change implicatioviich might exacerbate problems of
city living, urban air pollution (UAP) is a worldide health concern, including problems
associated specifically with indoor air quality @8m, 1997; WHO, 2000; EA, 2003). Ninety
per cent of UAP comes from fossil fuel emissionsicl comprise a mixture of carbon
dioxide (CQ) and carbon monoxide (CO); nitrogen oxides (NGulfur oxides (SQ);
organic air toxics, ie volatile organic compound&OCs), of which the ‘big four are
benzene, toluene, ethylbenzene and xylene (the B@iXp); polyaromatic hydrocarbons
(PAHSs); and ozone. Health costs of urban air polfutn Australia are estimated to be about



$12 billion p.a. (Dept. of Health NSW, 2009), ard @ollution in the Sydney metropolitan
area alone is estimated to cause some 1,400 deathever 2000 hospital admissions p. a.
(NSW EPA, 2006). In addition, although not gengra#cognised, indoor air pollution is
almost always higher than outdoors. This is beeassthe contaminated air enters it mixes
with indoor-sourced pollutants, in particular mokOCs outgassing from synthetic
furnishings, finishes, paints, solvents etc. (EBQZ, Barroet al, 2009; Charet al, 2009),
and higher C@concentrations, produced by human respiration gasdappliances). The US
EPA (2000) has identified over 900 VOCs that haeerbfound in indoor air. Even at
imperceptible levels (<200 ppb), mixtures of VOGs cause symptoms of ‘sick-building-
syndrome’ or ‘building-related-illness’ (Jaakkatal., 2007; Luet al, 2007; Epstein, 2008).

1.3 Health benefits of indoor plants
1.3.1 Potted plants reduce indoor air pollution

International research has shown that indoor plaats reduce all types of urban air
pollutants (Wolvertoret al, 1989, 1991, 1993; Cowadl al, 1996; Lee & Sim, 1999; King
& Crosby, 2002, Yoneyamet al, 2002; Yooet al, 2006; Kimet al, 2008). As is discussed
further in Sections 2 and 3, our UTS research heslg demonstrated that potted-plants can
be used to reduce indoor concentrations of VOCs @@g two classes of contaminant
almost always in higher concentrations indoors thatside. Our research approach is in line
with the general methodology of environmental tology, which involves the study of
plants (and animals) to indicate and/or remediatéufon. A triad approach is commonly
adopted (Dagnincet al, 2007; lannuzziet al, 2008), the three investigative strands
comprising:

field studiesto establish correlations between pollutants efceon and responses in
‘target’ organisms of interest (which may includ#her toxic or adaptive responses);
laboratory studiesto elucidate and confirm cause-effect relationshipetween
pollutant presence and concentrations, and orgar@sponses; and
physicochemical analysedo bring results together to provide a coherent
understanding of dose-response relationships aidrttechanisms.

All three strands have been used in the reseapdrtezl here.

1.3.2 Direct health benefits of indoor plants

Indoor plants have also been shown to yield diyeateéasurable benefits to the health and
wellbeing of building occupants. Fjeld and colleeg(1998, 2002) found that staff sick leave
was reduced by over 60% when indoor plants wettalled. They also found less sick leave
absences among school children with plants in ttlassroom, and that staff with plants in
offices showed significantly fewer health and dmeéort problems, including 37% less
coughing, 30% less fatigue, and a 23% reductissymptoms such as headaches, sore eyes,
nose or throat, ‘heavy-headedness’ or lowered curet®on. Better performance and
behaviour among junior high school children witargk in their classroom was reported in a
Taiwanese study (Han, 2008). USA studies by Lot emnlleagues (1996a,b; 2000) also
showed productivity gains, and reductions in petioeg of pain and discomfort, when plants
were present. A Texan survey with some 450 respasdDravigneet al, 2008) found that
job satisfaction rose significantly on all 10 critetested among staff with indoor plants, and
that indoor plants were preferred to window vievplanted exteriors. The psychological
survey responses of UTS staff participants in tireent project are reported in Section 5.



2. Laboratory studies - VOC removal

2.1 Background

We have previously laboratory-tested VOC removalacéty in nine indoor plant species
(see Appendix 1 for complete list of species tes(@¢bodet al, 2002, 2008; Orwelkt al.,
2004, 2006; Tarraet al., 2002, 2007; Burchett al, 2005, 2009). We have used four test
VOCs in the studies, three from the BTEX group nzsne, toluene and xylene, found from
both outdoor and indoor sources, since they ard aseindustrial solvents for furnishings,
finishes etc.; and-hexane, also used as a solvent. The potted-plaerts tested in bench-top
chambers, with repeated top-up doses of one or offthe test VOCs, under both light and
dark conditions. In summary, our results have shtvat all species tested are about equally
effective in VOC removal, as follows:

Removal rates are stimulated by an initial doseviO€;

When fully adapted (‘induced’) by exposure to th®¥, usually achieved by the
third top-up dose, the potted-plant microcosm camsistently remove repeated doses
within about 24 h;

If the dose concentration is increased, the rateeofoval rises in response to the
challenge (ie, approximates first-order kinetics);

The system also removes very low, residual conaBobs of VOCs, to below
detection limits of the gas chromatograph (GC)rursentation (< 20 ppb);

The system is equally effective in light or dark;

The main VOC removal agents are normal potting-b@gteria, however the plant is
also involved, and has a role in nourishing itd44zmne microorganisms;

VOC removal is thus achieved by the plant/potting-symbiotic (or mutualistic)
microcosm.

Subsequent testing with three of the test spetiewad that pot size is less critical in VOC
removal rates than might be supposed. We foundpibtééd-plants in 200 mm diameter pots
removed repeated doses of benzene at the sameasathese in 250 or 300 mm pots; and
that three 125 mm pots were as effective as onart(ot (Burchetet al.,2009). That is,
there is clearly abundant capacity in the pottedypimicrocosm for VOC removal. The plant
materials used have been supplied in a varietyotting mixtures, in accordance with the
judgement of the suppliers as to the horticultueguirements of the species concerned. The
results therefore indicate that if the plant is Iwehded, the root zone microorganisms
involved in VOC removal will also be in a healthpte (Burchetet al, 2009).

2.2 Aim

The strong similarities among results with all fhant species investigated suggest that most
indoor species are likely to show the same VOC raxhpropensities. Nevertheless, the aim
of the laboratory experiments in this project wagdest that hypothesis further, by trialling
three previously unexplored species.



2.3 Methods
2.3.1 Plant materials

The selection of the three test species was basediscussions with NIPAAglaonema
modestumChamaedorea elegarsdPhilodendron‘Congo’. Plant materials were arranged
by NIPA (supplied by TLC Indoor Gardens, SydneyR00 mm pots. Plants were therefore
of a size normally supplied to offices by plantehng, and were growing in standard potting
mixes for those species. Four replicate plant®wseed in each trial.

2.3.2 Test VOC and dosages

Benzene was used as the test VOC. Apart from itisgba component of general UAP,
benzene is used as a solvent in the manufactupesiicides, detergents, synthetic rubber,
lubricants, dyes and other materials (US EPA, 20T8j)ee successive (top-up) doses of 5
ppm benzene (16 mgfrat 1 atm, 23°C) were applied, to provide for faluction of VOC
removal response at this concentration. This doseage chosen because it is equal to the
Australian 8-hour-averaged occupational exposureimnan concentration (Australian
Safety & Compensation Council [ASCC], 2006). A fikd ppm dose was then applied, to
test further the responsiveness and capacity ghdkted-plant microcosm.

2.3.3 Equipment

As in our previous studies (eg. Orwell al, 2006; Burchetet al, 2009), eight Perspex
bench-top test chambers were used, 0.6 x 0.6 xv0nternal volume 0.216 ) with
removable lids on steel frames, sealed with foabieu tape and adjustable metal clamps
(Figure 1). The chambers had silicone septa for \i@€ctions and air sampling, a coil of
copper tubing (i.d. 4 mm) circulating water fronwater bath at 23.0 + 0C; a suspended
min-max thermometer; a 2.4 W fan to accelerate dosgporation and equilibration; an
overhead light box (air gap 50 mm) with five 18 Wodrescent tubes designed for plant
growth (Wotan L 18/11 Maxilux daylight), with valike intensity to a maximum of ~50
pumol quanta i sY). Plunger-in-needle syringes were used for VO@dtipns of 10 pL or
less, and conventional syringes of similar precisar larger volumes (SGE Australia). Gas-
lock syringes were used to obtain chamber air sasnat regular 24 h intervals. Chamber
VOC concentrations were measured using a Shimadz T gas chromatograph (GC),
equipped with a 15 m DB5 Megabore column (0.34 nunAlltech Australia), FID detector
and Class-VP 4.2 integration software (Shimadzdn8y, Australia).

2.3.4 Procedures

For each species, the set of replicate pot-plaatsfist watered to saturation and allowed to
drain for 1 h before being placed one per chambih, lids sealed and lights on. A 5 ppm
dose of benzene (AR grade, Sigma) was then injanteceach chamber and left for 30 min
for complete evaporation before an initial air séenpas taken. Subsequent air samples were
taken over the next several days. Each of the t&yweup doses of 5 ppm was injected into the
chambers after 95% of the previous dose had beroved; then a final 25 ppm dose was
applied to test the vigour of the microcosm.

2.3.5 Leak tests

Chamber leak tests were conducted before and edign trial, applying a 5 ppm benzene
dose. A beaker containing 500 mL water was plaoegach chamber to simulate pot-plant
evapotranspiration. These tests corrected for asgy of VOC from the chambers not directly
attributable to the plants, eg. from leakage gasdioor seals or absorption into the perspex.



Figure 1. Plants in test chambers.

2.3.6 Data analysis

From the results of the leak tests corrections vapaied to the data; VOC losses in blank
chambers were 5-10% per day. Statistical compasiseere performed using one-factor
ANOVA (Excel 2001, Microsoft, Australia Corp.) anpair-wise Tukey's HSD tests.
Differences between rates are reported as stafigtgignificant where p0.05.

2.4 Results

Figures 2-4 present the results for the three epecilt can be seen that the patterns of
response were very similar in each case. In epetiess, removal rates were initially slow in
response to the first 5 ppm dose of benzene, hredtto increase in response to that dose,
and rose further with each of the two top-up do#éso, in all species, with the five-fold
increase in concentration with the final 25 ppmejdkere were further increases in removal
rates in response. A comparison of VOC removasrébr the three species is presented in
Table 1.
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Figure 2. Removal from test-chamber air of three doses qgird penzene, and one
25 ppm dose, withglaonema modestufmeans + standard error, SE; N=4).

Figure 3. Removal from test-chamber air of three doses qgirh penzene, and one
25 ppm dose, withamaedorea elegarimeans + SE; N=4).
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Figure 4. Removal from test-chamber air of three doses qird penzene, and one
25 ppm dose, witRPhilodendronCongo’ (means + SE; N=4).

Table 1.Time (h) taken to remove 80% of first and thirg®n dose, and subsequent

25 ppm dose.
Species/Times Sy 3 Calculated Calculated
5 ppm dose 5 ppm dose Time 25 ppm dose Time
80% removal 80% removal to remove | 80% removal to remove
1ppm 1 ppm
Aglaonema 46 185 4.6 24 1.2
Chamaedorea 38 29 7.3 62 3
Philodendron 43 28.5 7 51 2.6

2.5 Discussion

The general pattern in VOC removal response inetliesee species is very similar to those
found with the other nine species tested, althougyte again species-specific variation was
present. These variations point to a direct plamblvement in the removal process and also,
no doubt, to differences among plant material staokd potting mix formulations (and their
attendant microorganisms). The strong similariteeaong results for the three species
provide clear confirmation of the view that theareajority of indoor plant species is likely
to show comparable VOC removal capacity. Our figditherefore extend and modify those
obtained in the pioneering screening studies ofWaftbn and colleagues (1989, 1991, 1993),
who reported removal rates among a large numbspedies, varying from about 14 to 90%
in 24 hours, but from tests conducted over sharetperiods. They were not aware of the
induction period necessary for any species to stutlwesponse rates at any particular VOC
dosage, thus removal rates we have detected aeeadjgriar higher than Wolverton's.

In an earlier UTS study, using toluene and xylesetest VOCs, we showed step-wise
inductions of higher removal rates with each ofrfmcreases in dosage, through a 500-fold
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concentration range (from 0.2 to 100 ppm; Orvetllal, 2006). The results show a very
robust capacity for VOC reduction in the pottedaplanicrocosm. This is not surprising,
since the bacteria involved (see Burcledttal., 2009) are among the normal decomposing
microorganisms of soil/potting mixtures, and simita those routinely cultured for use in
bioremediation of oil spills and groundwater conitzation. They are clearly also capable of
responding to the relatively minute, though frorhuaman health point of view significant,
airborne concentrations of VOCs - digesting themwsents.

2.6 Significance to industry

With the results reported here, we have now laboyaested 12 commonly used indoor
plant species for VOC removal capacity. All theedps show very similar capacities for
VOC removal, and their response is very robusgsrgenerally rising to meet any increases
in concentrations of air-borne VOCs. The new issatld confirmation to the view that it is
likely that any indoor plant species would show panable VOC removal capacity. It is
hoped that in future studies we can include exampievoody dicots and succulents such as
bromeliads, to determine whether removal capacitgrgls in the same measure to these
taxonomically disparate plant groups.
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3. Office study - effects of plants on indoor air gality (IAQ)

3.1 Aim

The aim of this component of the project was todeat an office field study to investigate
the minimum numbers and/or sizes of plants needeguantifiably benefit IAQ variables,
particularly total VOC loads (TVOCs) and €O

3.2 Background
3.2.1 Previous UTS studies

In our previous office study we found mixtures &f tb 15 different individual VOCs in
sampled offices (Woockt al, 2006; Orwellet al, 2006). TVOC loads in unplanted
(reference/control) offices ranged from about 6@@6 ppb over two nine-week experimental
periods. However, in offices with any of threentl&reatments, TVOC concentrations were
always below 100 ppb (considered to be of negkgitdspiratory health risk). The three
plant treatments included: three or six floor spemis (300 mm pots) oDracaena
deremensisJanet Craig’; and six desk plants in 200 mm pofise Spathiphyllum wallisii
‘Petite’ plus oneD. ‘Janet Craig’. The results showed that the inductof VOC removal
response was ‘switched on’ whenever indoor conagatrs of TVOCs rose above about 100
ppb, so TVOCs in planted offices were maintainetbwethat level. The fact that three
plants were as effective as six in maintaining [BWOC levels suggested that three plants
were more than enough to achieve the result. Teusminimum number of plants needed for
VOC cleansing must be three or fewer — and of veie#? The current project sought to
answer these questions.

In the first office study we had found that in o#s with three or more pots B ‘Janet
Craig’, CQ levels were reduced by 10% in an air-conditioneitting, and by 25% in a non-
air-conditioned building (to below external congatibns) (Tarraret al, 2007). The current
project therefore also aimed to examine the effetidants on C@levels in UTS offices, in
two newer air-conditioned buildings than samplethim previous study.

3.2.2 Potential for indoor plants to reduce buildng ventilation costs

In a recent article reported by the US Nationatitates of Health, Epstein (2008) stated that:
“Over the last 50 years a new man-made ecosystendéneloped — the controlled indoor
environment within the sealed exterior shells ofderm non-industrial buildings. Emitted

toxic volatile compounds from building materialsyrrdishings and equipment, and
inappropriate ventilation (...to reduce expenses)trdmute to reduce indoor air quality

(IAQ)...[H]ealth problems related to this ecosysteravén emerged...'Building Related

lliness’... or ...'Sick Building Syndrome’,....symptomsadluding irritation of...eyes, nose

and throat, headache, fatigue and difficulty cotraimg,....symptoms reduce productivity
and increase absenteeism...”

In this ‘sealed chamber’ ecosystem, building amditboning (A/C) systems have a twofold
purpose —air refreshment (ventilation) and tempeeatcontrol. Refreshment rates from
outside air are generally in the range of 11-15%.he trigger for increased ventilation is
to reduce C@ concentrations, rather than to refreshl€vels. Raised COconcentrations

have been used as an indicator of total indoopaiiution, and because they are directly
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associated with: increased respiratory symptomsedsed productivity (Erdmann and Apte,
2003; Clements-Croome, 2008), loss of concentrai8appéaneret al, 2006), and lowered
student performance (Shaughnessyal, 2006). Australia follows the WHO and American
Society of Heating, Refrigeration and Air-conditiogy Engineers (ASHRAE) standards for
indoor CQ levels, which specify a maximum acceptable indaorcancentration of 1,000
ppm. Some organisations (including UTS) use 80 GO, as the maximum level. Many
city buildings have A/C ventilation rates pre-seensure indoor C{evels below 600 ppm
(which requires constant energy input), while sdmage variable flows, with sensors that
switch in extra ventilation when GQoncentrations rise above acceptable values. aGlob
warming forecasts predict that outdoor {€vels, now at ~380 ppm, could rise to above 500
ppm over the next 25-30 years (IPCC, 2009), whiclild narrow the gap between outdoor
and indoor CQ@ concentrations, and hence the degree to whicla eXt€ ventilation is
required.

Indoor plants could potentially play an importaaterin lowering indoor C®levels, hence
reducing the energy requirements of city buildiraged contributing to the goal of sustainable
cities in Australia. However, achieving adequatghtlilevels for effective photosynthesis
inside buildings, even for shade-tolerant plan&) be problematic. Plant GQ@Qptake also
depends on species’ attributes including foliageand degree of shade tolerance, as well as
light intensity. Baseline information of plant pa@minance under current building conditions
is required, as a first step towards the horticaltadevelopment and deployment of indoor
plants to reduce C{roncentrations, and hence the load on city A/@esys.

3.3 Methods

3.3.1 Buildings sampled

Two air-conditioned UTS buildings were used, lodaite Sydney’s central business district,
on the southern side of Sydney Harbour. Both Inglsl are of brick and concrete, both are
of seven storeys, and accommodate a mixture afireeboms, workrooms or laboratories,
and staff offices (mainly single-occupant; averageas 10-12 fn average volume = 43+2
m?, although several Head of Section offices weretaui45 ). Building A is about 18
years old, and houses the Faculty of Design, Aechire and Building (UTS designation:
Building 6). Building B, housing the Faculty ofi€ece, is four years old (UTS designation:
Building 4). The A/C systems in each building sypah average of 6-8 air changes per hour
to each office, with a 10-15% fresh (external)imput (J. Kraefft, UTS, pers. comm.). These
A/Cs do not adjust humidity levels in the incomang

3.3.2 Participants

Approval was first gained for the project from tH&€S Human Research Ethics Committee,
since the research involved psychological assedsagenvell as air quality sampling (see
Section 5). For each building, initial contact wiaen made with the Dean of the Faculty
concerned, after which staff either were approadhdividually, or, hearing of the project,
volunteered to take part. A total of 55 staff mapated in the project, which was conducted
between March and October 2008.

3.3.3 Experimental design

Offices were randomly assigned among five treatsjemtith 11 offices per treatment,
comprising: 1 or 2 floor specimens (F1 & F2)rfacaena'Janet Craig’ in 300 mm pots; 1 or
3 desk specimens (D1 & D3) &pathiphyllum'Petite’ in 200 mm pots; and one control
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group (RO) with no plants. Plant materials wereaarged by NIPA and supplied by TLC
Indoor Gardens, Sydney. Air quality monitoring veasiducted weekly over two 10-12 week
sampling periods during teaching semesters - froanchi to June, and August to October
respectively, with plants rested in a shaded greesd between semesters. Plants and
treatments were randomly reassigned among offioestife second Round, except that
participants who had had no plants in Round 1 viiese randomly assigned to one of the
four plant treatments for Round 2. All participeunéceived one or more plants at the end of
Round 2, in thanks for their participation.

3.3.4 Air quality sampling

Weekly TVOC samplings were conducted using a PtatBhotoionisation Detector,
pPpbRAE (Rae Systems Inc., USA,; supplier, Active iEstwmental Solutions, Melbourne,
Aust.), with sensitivity 0-999 ppb at 1 ppb reswint(calibrated with isobutylene standard),
and with correction factors from a list of >250 V&Eive-minute samplings were taken in
each office, comprising ten 30-sec readings, whiere taken from all parts of the office. At
the same time samplings of @O, relative humidity (RH) and temperature wegde ten
30-sec readings of each variable, using a Portal§)eCalc Indoor Air Quality Meter (TSI
Inc., MN, USA).

3.3.5 Data analysis

For each experimental Round, weekly values obtdioethe air variables were subjected to
Repeated Measures-ANOVA analysis (Systat, SPSS1888) and pair-wise Tukey's HSD
test. Differences between treatments are considgadidtically significant where ©.05. In
some cases, possible trends in results (where @864) are also discussed, for reasons
outlined below.

3.4 Results

3.4.1 Overview

We did not find the strong plant-associated reduntiin either TVOC or CQevels as were
obtained in our first office study. This was nautibthe result of the fact that the two
buildings sampled are considerably newer than thildibgs used in the previous study, with
more efficient A/C systems, and with overall VOQI&DG; levels being far smaller than
previously encountered. Larger numbers of officesilel be needed to confirm any trends in
the data. However, trends were recorded with #dpeboth TVOC and COreductions, and
the implications of this for future horticulturadhnology and building management are
discussed below.

3.4.2 General building conditions

Temperatures were kept steady by the A/C systernsdh both Rounds in both buildings —
at a comfortable level of 22.2+0.6Z in Round 1 and 22.5+ G in Round 2. RH was also
steady in each Round, but varied more between Rouweing 55.4+0.7% in Round 1, and
48.7+1.1% in Round 2. Both RH values are withindpgmum range for building occupants,
ie between 40 and 60% (OHS Reps. Information, 2010)
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3.4.3 Effects of plants on TVOC and C®levels

Results for the effects of plant treatments on bB¥WOC and CQ concentrations are
presented in Table 2. The ambient indoor TVOCIewecorded in this study, with means in
control offices of 20 and 35 ppb in the two Roureispectively, were much lower than those
encountered our first office study. Individual de®s in the current study rarely exceeded
100 ppm, which was the concentration above whielarcktimulation of the VOC removal
response was observed in our first office studye flesults indicate the use of materials with
lower VOC contents in these buildings than in tleepbuildings. Nevertheless, in Round 1
(Table 2) recorded means for TVOCs were 15% lowasfiices with three desk plants (D3)
and 9% lower with two floor plants (F2), than infeence offices (R0). Although the
differences are not statistically significant (p®%), they are interesting, indicating the need
for further research, because in laboratory tnaés have repeatedly recorded removal of
remnant VOC concentrations to below detection Bmif the GC (<20 ppb). Future
laboratory trials should include an investigationtloee minimum concentrations at which
induction of VOC removal can be observed, which imatter that has received no study to
date. Also in Round 1, all four plant treatmentsorded means for GQconcentrations of
between 3 and 10% lower than those in control effidout again the differences were not
statistically significant.

Table 2. Average TVOC and C{xoncentrations over two 10-12 week rounds of saigpin offices
with four plant treatments, plus reference officede: D1 and D3: 1 or 3 desk plants respectively;
F1 and F2: 1 or 2 floor plants respectively; R@erence/control —no plants. (Values are Means * SE;
N=110 per treatment per Round.)

Round/ Item TVOCs (ppm) | CO, (ppm)
Round 1

D1 22.6+3.0 503+ 7.2
D3 17.1+£2.0 497 + 8.3
F1 25.0 £3.5 509 + 10
F2 18.1+24 504+ 7.4
RO 20.0+2.1 517 +13
Round 2

D1 37.7+23 401+ 12
D3 36.0+2.0 401+ 11
F1 37.0+24 386+9.1
F2 34724 389+9.0
RO 355+5.6 386+ 11

In Round 2 no reductions were recorded with anytpli'eatment for either TVOCs or GO
There were seasonal differences in average levdieth types of pollutant. TVOC levels in
Round 2 were almost twice as high as in Round JI¢clwmay reflect higher ambient city
levels at increased temperatures. And, @&els were 20% lower in Round 2, suggesting
higher ventilation rates in response to rising exktemperatures over the spring period.
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Reduced staff occupancy in spring semester asedciad, with more site or field excursions,
may also have lowered G@vels, but no data on such matters were recorded.

3.5 Discussion

3.5.1 VOC reduction

The results obtained here were quite different ftbase of our first office study, with
respect to reduction of TVOCs. The species usead the same, and office sizes were in the
same range as in the previous project. The reasdhé differences may be because the
plant numbers used in the current project weralidedtely) fewer than in treatments used in
the first project, and were therefore insufficiembring about significant reductions in these
two classes of contaminant. However, this seemgelnlto be the case, as the ambient
TVOC levels were clearly far lower in the currenidy, and this is most likely to be the
cause of the difference. The results of our lalooyatials with three species, mentioned
above (Burchettt al, 2009), showed efficient VOC removal and no défeces in removal
rates between plants in 200 mm and 300mm potsestigg it is more likely that what was
being measured here was the result of more eftiéiéd systems, which better
decontaminate the indoor air. This is good new®&cupants in such buildings, but comes
at considerable energy costée cannot conclusively state whether the smallentrars of
plants tested here would be adequate to substgntrgdrove office IAQ with respect to
TVOCs. However, the results of one of our recebbtatory studies, where the effects of
varying numbers of plants on benzene bioremediatias tested (Burchett al 2009),
indicated that there is a considerable increasenroval between one and two plants, but a
smaller difference between two and three plantsavégherefore confident that at most two
plants will be sufficient to provide VOC air cleagicapability similar to that of the three
plants tested in our first office study.

3.5.2 CG reduction

The results concerning the effects of plants on &oval were again much weaker than in
our first office study. However, it is universallgcognised that, given adequate lighting
green plants photosynthesise, absorbing @ad reciprocally emitting © ‘Shade’ plants
achieve effective photosynthesis at very low lilgiviels compared with crop and other ‘high
light' plants (Givnish 1988) and, as mentioned iearlour first field study showed
statistically significant reductions in G@vels in offices with plants.

For urban environmental sustainability to be ackig\wndoor plant species can and should be
developed to play a significant role in reducingldar CQ levels, reducing mechanical
ventilation rates, or helping to keep them below/ttigger point at which extra ventilation by
A/C systems must switch in. TVOC levels would bdueed by the potted-plant microcosm
at the same time. However, no systematic reseastbé&en conducted on the photosynthetic
capacities of indoor species. The lighting requeata of indoor plants (in the total potted-
plant microcosm, the potting-mix contents of whiso respire in light or dark) must be
established first. In laboratory studies recendgarted to HAL (Burchetet al., 2009) we
have profiled the light-response curves of Atake in two specie§pathiphyllumPetite
and Epipremnum aureur{Pothos), as part of a basic study into the Iightiequirements of
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indoor plant species. We plan to extend this reseaith different test species, and a variety
of plant growth media.

3.6 Significance to industry

Both our field and laboratory studies have cleaiigwn that indoor plants have the capacity
to reduce indoor air pollution from VOCs and exc€s». There are concerns in Australia in
regard to increasing global GQevels, urban air pollution, and the need for &re
technology’ in building design and maintenanceativance the goal of ‘sustainable urban
communities’ (House of Representatives, 2004). Mdgle, placing indoor species in
accordance with their stated shade toleranceoptiinise CQ reduction benefits that can be
obtained from the plants. It is also timely tHa torticultural development of indoor plants
as standard installations in city building for @ellution reduction and refreshment and
energy conservation be undertaken, including lightitechnology and design where
appropriate.

Figure 5. Participants became very attached to their plants
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4. Does plant presence affect mould spore loadsaifice air?

4.1 Background

As outlined above, there is a considerable intewnat body of evidence on the direct
beneficial effects of indoor plants on human healtid wellbeing (eg., Lohet al, 2000;
Bergs, 2002; Fjeld, 2002; Park &t, 2002; Bringslimarket al, 2007). However, several
authors, though their conclusions were not justifizy the evidence they adduced, have
raised the possibility that indoor plants couldabg&gnificant contributor to fungal respiratory
disease in extremely immunocompromised patiensjltiag from infection, by the mould
Aspergillus fumigatusn particular (Staib et al, 1978a and b; Summerbedt al, 1989;
Hedayatiet al.,2004). The natural habitat 8f fumigatuss soil, where it decomposes dead
organic matter, but it is also prevalent in buighrwhere moisture/dampness is a problem. Its
airborne spores are found around the world, botdamrs and inside, since it is one of the
most cosmopolitan of mould species, though nontbst abundant in terms of numbers. It is
estimated from world data that all humans will ilghseveral hundred. fumigatusand many
other mouldspores daily during normal activities, with no acheeeffects in those with a
functioning immune system (Debeaupatsal, 1997; Latgé, 1999; Smith and Kagan, 2005).
However, the spores of this species can cause AButechiopulmonary Aspergillosis
(ABPA) and other diseases in severely immunocomgmed individuals, such as in
transplant, chemotherapy, or HIV/AIDS patients. strch individuals the immune system is
insufficient to prevent many types of opportunigection, and ABPA, if contracted, then has
a high mortality rate (over 40%) (Latgé, 1999; $8\2002; Terr, 2004; Smith and Kagan,
2005).

The several researchers referred to above conclfrded this situation that indoor plants
represent an unacceptable hazard to building oaotsipa especially to the
immunocompromised and vulnerable, and that theedfudoor plants should never be used
(Staibet al, 1978a and b; Summerbell al, 1989; Hedayatet al, 2004). However, there is
no evidence that indoor potted-plants have in lf@en involved in any reported cases of the
disease, and there is also debate as to where AB®SA victims contract their infection—
whether it is in hospital (ie a ‘nosocomial’ illgs or ‘community-acquired’, ie,
environmentally acquired (Warris and Verweij, 200The main demonstrated sources of
Aspergillusspores in indoor air are damp building materi@sageseret al, 1999; Terr,
2004), damp carpets and furnishings (lounges, es##s), and sometimes water supplies
(Gersonet al, 1994; Anaissieet al, 2001, 2002; Albertet al, 2001; Smith and Kagan,
2005). As Niemineret al. (2002) put it: ‘A. fumigatusbelongs to a group of indicator
organisms typical of moisture-damaged building&xtra dust clouds from nearby
demolitions of damp-affected buildings have alserbassociated with hospital outbreaks of
ABPA (Horner, 2006).

4.2 Aim

Research was needed to bridge the gap in undensgaatithe epidemiology of ABPA, in
particular examining the possible role of indooaris as a source of mould infection. We
therefore undertook a preliminary, first-ever stuthsigned to test directly any influence of
plant presence on indoor airborne mould spore soointypes. The experimental aims of the
study were to investigate whether the presencebplants in offices:
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affects the species composition of airborne moptites;
increases mould spore loads (counts);

contributes to an increase in the incidencé dfimigatusor other species of this
genus; and

investigate indoor/outdoor ratios and species caitipa of mould spore loads.

4.3 Methods
4.3.1 Treatments and sampling

Mould spore sampling was conducted twice in Rourahd in Round 2 of the office study
(total 244 samples), samples being taken at the semes as other air quality variables were
being sampled; and also from outdoors, near theidAEs of the two buildings tested.

4.3.2 Sampling methods

A Reuter Centrifugal Air Sampler (RCS) (impellepgy was used, fitted with strips of agar
gel containing Sabouraud’s dextrose, fungal-seleagrowth medium. Single samples of 80
L of air were taken from every office in each samgl| and a set of four replicate 20 L
samples from near each of two A/C inlets for exaémir samplings. The agar strips were
then incubated at office temperature °@Bin the dark for 7-20 days for mould colonies to
develop, and then were stored at°2-4intil they could be identified.

4.3.3 Counting and identification

For each strip, the number of colony-forming unft$u) was first scored, and their
appearance described. An adhesive tape ‘lift’ vines taken from the strip and stained with
lactophenol cotton-blue, a fungal-specific staiheTape was then transferred to a slide and
examined under the microscope for identificatiosing a range of keys (Klich and Pitt,
1988; Ellis, 1994; Dugan, 2006; Ellet al, 2007; Univ. Adelaide, 2008-10; DoctorFungus
Corp., 2008-10). Identification was generally mé&genus level, but to species for any type
of Aspergilluspresent. Yeast types, also observed, were descand counted but not
otherwise identified taxonomically.

4.3.4 Data analysis

The average number of all types of fungi obtairredhfoffice air was compared across plant
and control treatment groups, using a generalldimesdel, repeated measures analysis of
variance (SPSS v 17.0.0, SPSS Inc. 2008). Data lwgreansformed before analysis to
improve homogeneity of variance. The ANOVA wasduled with a Dunnett’s two-sided
post hodest to compare spore numbers between plant tegatgnoups and the control
samples.

4.4 Results

A total of 51 mould types, plus 11 yeasts, werenidied among the 55 offices over the four
samplings (Table 3). The most prevalent mould typese species ofCladosporium
Penicillium, Alternaria andRhizopuswhich are among the most common of genera world-
wide, and regarded as generally harmless. There alsp, as commonly found in mould
spore sampling, some 25 types that were unidebl&fidbecause, although their hyphal
masses were distinguishable from one another titegad produce fruiting bodies, which are
essential for taxonomic identification. It can e from Table 3 tha& fumigatuswas not
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found in any sampling, and that any of the otherAsipergillusspecies detected were found
extremely rarely, values ranging from O to 5 amawntgls of 100 to 200 cfu/80 L for the

sampling run as a whole. As expected, there wematians in counts among sampling runs
(range 26 — 43 cfu 1¥).

Table 3.Mould species and spore counts from four samplim@® offices (all plant treatments and control
offices), and three samplings externally near Allets.

Round 1, | Round | Round Round 2, Round 1, | Round 2, Round 2,
1st 1' Z'd 2, 1st 2nd 2nd 151 2nd

Round/ Types Inside Inside Inside Inside QOutside QOutside Outside

DATE Apr May Aug Sept May Aug Sept
Acremoniumnsp. 4 1 1 1
Actinomycetes 2 2 1 1
Alternaria sp. 1 21 5 14 8 4
Arthrobotrys?2 spp. 1 1
Aspergillus candidus 1
Aspergillus niger 1 2 3 4 2 1
Aspergillus nivius 1
Aspergillus
ochraeceous 1 1 2
Aspergillus
parasiticus 1
Aspergillus
versicolor 1
Aureobasidiunsp. 7 2 1 5 1 1
Bipolaris sp. 2
Botrytissp. 1
Chaetomiunsp. 1
Cladophialophorasp. 2 1 7 1

Cladosporiunbspp. 14 46 31 36 17

Curvularia sp. 1 1
Epicoccunsp. 3 8 23 10 1
Fusariumsp. 2 1 1
Geotricitumsp. 2
Gymnascella
hyalinospora 3 1
Malbranchea? spp. 10 5 3 3 1
Mucor sp. 1 1
Nigrosporasp. 1 1 1
Candida 1
Oidiodendronsp. 1
Penicillium4 spp. 8 19 21 7 3
Pithomyces sp. 3 8 1 8 4 1
Rhizopus stolonifer 10 6 10 6
Rhodotorula 1
Scopulariopsi® spp. 5 5
Scytalidiumb spp. 2 10 17 5 1 2
Trichosporum 1
Ulocladium sp 1
Wallemia?2 spp. 2 11 4 4 2
Unidentifiable 27 5 14 3 1 4
Yeasts (11 types)
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Figure 6 presents the average mould spore loadsr(Z) for each of the five treatments

(four with plants, plus control offices), and matehoutside air samples. The overall
indoor/outdoor ratio was 1:20; ie, the outdoor @& 20 times higher than that indoors. The
results of the analysis for the indoor treatmenugs are shown in Table 4. There were no
significant differences among any of the treatnggotips, nor between the two sampling
Rounds. Although these are preliminary data onlgppears that the presence of plants has
no detectable effect on the air-borne mould loadse buildings sampled. The outdoor spore
load was higher in winter than at either of the spoing samplings (Table 3, Figure 6).
Species diversity (Table 3) as scored by the RG®ument used is generally lower than with
some other mould sampling systems (Tawiral. 2003). But this one is portable and the
only practicable method for quantitative compargsamong treatments and sampling
occasions. In addition, the equipment also captsgergillusspores with an efficiency

eqgual to that of most other systems (Tawdral 2003).

Figure 6. Average mould spore numbers (cfif)nn air of offices among five treatments, plus
outside air (Code: RO: reference/control — no giabtl and D3: 1 or 3 desk plants respectively; F1
and F2: 1 or 2 floor plants respectively; Al: odesair (samples taken near Air Intakes for A/C
system). Values are means + SE, N=11.
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Table 4.Results of repeated-measures analysis of varesmoparing average spore numbers in
offices among different treatment groups (note>p.85).

Treatment p
Sampling run 0.782
Treatment 0.111
Runx Treatment 0.933

4.5 Discussion

The number of species, and the most common typ&sdobr mould species found in this
study, are similar to those reported in overseadiest (Beguin and Nolard, 1994; Gérny and
Dutkiewicz, 2002; Choet al, 2008). The species fumigatusidentified as the commonest
causative agent of ABPA, was not found, and thqueacy of spores from other species of
the genus was extremely low (Table 3). The indsmore counts were also low (Table 3,
Figure 6), and compare very favourably with the WigQideline for maximum indoor
airborne spore loads of phylloplane (leaf-surfassoaiated) fungi, of 500 cfu fn(cited in
Environment Australia, 2001). Also, no statistigadlignificant differences in spore counts
between planted and unplanted offices or amongt gl@atment groups (Table 5). The
indoor/outdoor ratios (avr. 1:4) were also as etgmbcsince A/C systems are designed to
filter out particulates from the entering air (tlghunot gaseous pollutants). The air in these
two buildings, in offices with or without plantsadh less than one twentieth the number of
fungal spores in the surrounding city air.

In North America and Europe chronic building damgseroblems are severe, and are
apparently much more prevalent than in basicallynwadry New South Wales, Australia.
The relationship between general mould-relate@##n(including asthma, coughing etc.) and
water-damaged or under-ventilated, damp air-comditl buildings, has been extensively
researched in the northern hemisphere (eg Fisk;1R&rket al, 2004). However, no direct
relationship between potted-plants and either ain® mould spore loads or mould-related
illness has ever been shown, and the current sfadgd that potted-plants make no
significant difference to mould spore counts oretypn the two buildings investigated. This
research is continuing; in future studies we airm@stigate the mould species present in the
potting mixes of the two species used in this effstudy, to elucidate similarities or
differences between their fungal communities arddistribution of airborne mould types in
the two buildings sampled.

4.6 Significance to industry

From this preliminary study there appear to be fiects of indoor potted-plants on the
airborne mould species composition or spore loadse two office buildings tested, in the
city of Sydney. The loads were found to be very liommcomparison with internationally

recommended maximum indoor total concentrationd,about one twentieth of those in the
air outside the buildings. This information can imade available to clients with some
confidence if queries are raised on the matter.
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5. Do office plants improve the psychological statuof occupants?

5.1 Background

There is an increasing body of evidence on thectihealth and psychological wellbeing
benefits of indoor plants. For example, a Swedisitlys (Rappe and Linden, 2002) using
surveys of staff in 10 nursing homes for patienith \bdementia, reported beneficial impacts
of indoor plants, including better-stimulated senaled more positive emotional states among
residents. A USA Medical Group Management Assammtiewsletter (Gilhooley and Rice,
2002) reported that the literature showed that riRRla.are likely to enhance patients’
perceptions of their surroundings upon enteringath care facility - as an interior viewed
as welcoming and relaxing helps accelerate thargeplocess”. A British study (Smith and
Pitt, 2009) found from a questionnaire survey thabccupants of planted offices feel more
comfortable, more productive, healthier and moreatve, and feel less pressure than
occupants in unplanted offices”. A Dutch experiméyt Dijkstra et al (2008), which
involved showing photos of hospital rooms to pgsaats, and afterwards measuring their
stress levels, found that those shown rooms wahtplrecorded less stress than those shown
rooms with a painting on the wall. Kaplan and Kaplgl990, 1995) researching the
psychological benefits of greenery in building guants’ surroundings, concluded plants act
as a restorative environment by providing four digs: attracting effortless attention; giving
a feeling of momentary ‘awayness’ from normal pgaations; extending ‘scope’ - a
reminder of being part of a wider whole; and ‘flogi with one’s inclinations’ (a brief
intermission from ‘busy thoughts’). Without necedlgaconsciously noticing the plant
material, such glances relieve ‘attention fatiguesetting a feeling of calm.

5.2 Aim

The purpose of this investigation was to examiree dktent to which plants in offices can
significantly improve occupants’ mood states arehte a positive sense of wellbeing. This
component of the project was conducted under th@ague and collaboration of Professor
Ashley Craig, formerly Professor of Behavioural &wes at UTS, now a Professor in the
Rehabilitation Studies Unit, Northern Clinical SohoFaculty of Medicine, University of
Sydney. This is the first such study undertakemgisstandard psychological survey
instruments with internationally demonstrated tality and validity, to assess the effects of
office plants on occupants’ mood states and waitipei

5.3 Method and assessments

5.3.1 Approach

The study involved a group cohort design involvirgpeated measures over time. One
baseline survey questionnaire was administereldeat@mmencement of the office project to
provide a demographic profile and general assedsménhealth and stress among

participants. As well, two questionnaires of motatess were each administered twice: once
at the commencement of Round 1, and again in tfe Week of Round 2, to evaluate any
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changes in mood associated with plant presenceengare confidentiality and validity of
assessment, participants were asked to completgudtstionnaires and place them in coded,
sealed envelopes, on their desks or near a planpi¢k-up the following week when air
sampling was to be conducted. Forty of the 55 @pents completed all measures.

5.3.2 Lifestyle Appraisal Questionnaire (LAQ)

The LAQ was administered once, at the commencemieRound 1. The instrument has
been shown to be reliable and valid, and was depeeldy Craiget al. (1996) as a means of
determining health risk status and perceived legEtdress, in the general population as well
as in groups with major health problems (eg canoemnary heart disease, hypertension).
Items in the LAQ are designed to assess ‘lifestfilem a multifactorial perspective. One
series of questions relates to possible longer-t@astyle health risk factors (Part 1), for
instance prevalence of alcohol use, cigarette smgokehaviour, whether the participant is
overweight, exercise behaviour, family history ededise, and so on, while questions in Part
Il are aimed to assess the participant’s percgivedsures and life demands.

5.3.3 Profile of Mood States (POMS)

This instrument was administered twice, before afiter plant placements. It has been used
over a span of more than 30 years and has beennstomWwave acceptable reliability and
validity (McNair et al,, 2005). It is available in several versions ampuages, and has been
found to be a useful instrument for measuring fisctédfecting psychological/ mood states in
a number of situations of health, illness or psyatbology (eg., Wellst al, 1998; Dritsa®t

al., 2006; Craiget al., 2008). The POMS is composed of six sub-testss plwomposite
measure from the totals. In this project, the sik-gests were analysed, including tension
(anxiety), depressive mood, feelings of anger, lew# fatigue, levels of confusion, and
feelings of vigour, plus composite total scorese TMOMS was administered first as the
plants were placed in the offices, and secondlratbout three months of plant presence, as
well as in the no-plant control group. Particigantere asked to respond to 65 items, on a
scale of 0 — 4, with 0 being ‘not at all like ma& textremely like me’, with adjective
descriptors such as ‘Friendly’, ‘Hopeless’, ‘Endrge‘'Sympathetic’, etc.

5.3.4 General Health Questionnaire (GHQ)

This survey instrument was also administered twhedore and after plant placements. The
GHQ was developed by David Goldberg in 1972, argldegen shown to be reliable and valid
since that time (eg, Goldbery al, 1996). It was designed as a psychiatric scr®ate(et

al., 2009; Sweetingt al, 2009). In this project the GHQ-30 was used,horsform’, 30-
guestion version without items relating to physidlless. The questionnaire assesses the
participant’s recent or present feelings, for inst@athe ability to concentrate, sleep, make
decisions. It uses a four-point scale: ‘bettamtlusual’, ‘same as usual’, ‘less than usual’
and ‘much less than usual’, the last two respomsgigating increasing stress, and being
summed for final scores. The GHQ was administeretha same times as the POMS
guestionnaire.
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5.4 Results

5.4.1 Lifestyle appraisal of participant group

The LAQ results (Tables 5 and 6) confirm that tleetipipants were a relatively healthy
group, both physically and mentally. They generallyl LAQ Part | scores of less than 20,
suggesting they were within the normal range oftha&ésks as measured by this instrument,
while the Part Il scores, relating to perceivedrentr stresses or life demands, were also
within the normal range (Cragg al, 1996).

Table 5. Part 1 LAQ scores (from questions relating toggahlifestyle health risk factors)

(Means £ SE; N = number in that group).

Part | Group Mean SE N
Sex Female 16.67 1.95 18
Male 13.95 1.39 22
Age group <40 11.22 0.89 9
40-50 13.42 1.62 12
50-60 20.33 2.44 12
>60 14.43 3.22 7
Marital status Defacto 13.43 1.70 7
Married 15.58 1.42 24
Separated 11.00 2.83 5
Single 14.67 0.88 3
Widowed 40.00 - 1
Employment Academic 16.38 1.62 26
Administration 14.50 1.65 6
Lab management 12.00 2.92 5
Researcher 11.33 2.40 3
Dwelling Alone 25.33 7.54 3
Couple+children 14.61 1.72 18
Couple 14.19 1.49 16
Share/Group 13.67 1.20 3
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Table 6. Part Il LAQ scores (from questions relating toreat feelings of stress).
(Means + SE; N = number in that group).

Part Il Group Mean SE N
Sex Female 23.22 2.89 18
Male 23.14 1.96 22
Age group <40 14.33 1.41 9
40-50 24.67 1.78 12
50-60 28.75 3.20 12
>60 22.43 5.58 7
Marital status Defacto 24.86 4.95 7
Married 21.79 2.09 24
Separated 23.00 4.09 5
Single 25.00 5.86 3
Widowed 40.00 - 1
Employment Academic 25.31 2.01 26
Administration 24.17 5.17 6
Lab management 15.40 3.23 5
Researcher 15.67 3.93 3
Dwelling Alone 37.33 1.33 3
Couple+children 24.28 2.37 18
Couple 20.38 2.65 16
Share/Group 17.33 2.96 3

5.4.2 Changes in POMS scores with plant presence

The results for mean total scores among the foamtgleatments and control group, on the
two rounds of POMS questionnaires are shown inréigly and a summary of analyses for
the six POMS sub-categories, for overall plant @nes or absence, is presented in Table 7.
The Table shows significant reductions were fouritth wlant presence in all POMS scores
across the five negative mood states, as well aserPOMS total score. There was also a
non-significant trend for vitality (‘vigour’) to icrease in the one desk and one floor plant
conditions, although there were no significantatiéhces found between these two groups.
In contrast, there were trends in the control grotipeduction in vigour and increase in total
negative feelings, though again, not statisticsigynificant.

Table 7 also shows percent change over time asciidn of plant versus no plants for all the
POMS measures. Inspection of the Table makes dr dleat the presence of plants was
associated with greater reductions on negative ncoatpared to the no-plant controls.
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Figure 7. Differences in POMS score in the five treatmemtugs before and after plant placement. (Code: D1
and D3: 1 or 3 desk plants respectively; F1 andlF&: 2 floor plants respectively; RO: control —piants. Data
are means + SE, n = 11).

Table 7. Summary of scores for POMS, sub-categories aralstofor participants before and after plant
presence placement, plus control group. Code: S&gnificant difference (p0.05); NSD = no significant
difference (p > 0.05). (N with plants = 31; N witb plants = 9)

Sub-category/ Score Means (£ SE) | Means (+ SE) | % Difference Significance/
difference plants Before plants | After plants Probability*
With plants

Tension/Anxiety 9.5+£0.9 6.0+ 0.6 37% reduction 02G*
Depression/Dejection 95+15 4.0+0.7 58% redactio 0.006**
Anger/Hostility 99+1.2 55+ 1.0 44% reduction ((13]v
Fatigue 10.2+1.0 6.3+0.7 38% reduction 0.006*
Confusion 7.7+0.6 54+05 30% reduction 0.022*
Vigour 154+ 0.7 16.1+£0.9 4.5% increase 0.520
Total 31.1+4.38 11.1+31 64% reduction 0.003**
No plants

Tension/Anxiety 94+19 92+1.2 2% reduction 50.8
Depression/Dejection 10.5+ 3.2 7.1+x15 32% reduoct 0.461
Anger/Hostility 9.6+25 8.4+22 12% reduction 316
Fatigue 9.3+2.0 83+14 11% reduction 0.504
Confusion 79+1.2 76x1.1 4% reduction 0.983
Vigour 17.7+x14 12.8+1.9 28% reduction 0.186
Total 20.0+8.8 279+6.4 42% increase 0.445
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5.4.3 Changes in GHQ scores with plant presence

The results for mean total scores for “more stidisphis “very stressed” responses among
the four plant treatment and reference groupshenwo rounds of GHQ questionnaires are
shown in Figure 8. Table 8 presents the summamesilts for the GHQ measure, which
assesses levels of general mental health, suckelisgs of being stressed, for the -paad
post measures for the two groups. The results are ainmldirection to those found for the
POMS questionnaire. That is — the presence of plaass again associated with significant
improvements (reductions) in feelings of stresarxiety. The presence of plants resulted in
a 50% reduction in negative mental health as meddoy this instrument. In contrast, a 20%
increase in GHQ scores was recorded in the grotip ma plants, although because of the
variability in the group, (as indicated by the stard error, SE), this trend was not
statistically significant at [0.05.

Figure 8. Differences in total GHQ scores in the five treartngroups before and after plant
placement. (Code: D1 and D3: 1 or 3 desk plasseastively; F1 and F2: 1 or 2 floor plants
respectively; RO: reference/control — no plantsalzae means + SE, n = 11).

Table 8. Summary of GHQ scores for participants beforeaftet plant placement, plus no-plant
control group. (N with plants = 31; N with no plant 9)

Group/ Score

Means (+ SE)

Means (+ SE)

% Difference

Significance/

Before plants After plants Probability*
Plant presence 6.3+0.8 3.2 £0.8 50% reduction .003*
No plants 51 +15 6.1 £1.7 20% increase 0.684

**Difference highly significant.

30




5.5 Discussion

The staff participants in this study were (as wolddhoped), a group of people of normal
physical and mental health, as indicated by the Lg6Qres. Nevertheless, the presence of
plants was associated with significant reductionsnegative mood states, which are
considered to reduce worker satisfaction and pripdtyc These included psychological
states of anxiety (POMS-Tension and GHQ), feeliad) and depressive, feeling fatigued and
confused, and feelings of anger. The extent of ghan these psychological states was
considerable. Reductions ranged from 65% and 5060 ROMS Total score and GHQ
respectively), down to 30% for confusion. Inspettad the no-plant control scores showed
no significant change over time, although an inseeia stress of 20% was recorded for this
group with the GHQ. The results demonstrated tlesiehbts can be gained from placing a
plant, either on the desk or floor, in the offide.this study no additional psychological
benefit was found from having more than one planthe office, ie. just one was enough to
make the difference (though more might be morehatistlly appealing). Over the same
period, recorded scores for negative feelings énctbntrol groups increased.

Limitations of this study included a poor returnaoimpleted assessments from the no-plant
(control) participants. This low return limited tability of the study to comment further on
the psychological benefits of plants in the workplaNevertheless, the POMS Total scores
and GHQ scores were found to be significantly clednip a positive direction. The POMS
total is a composite measure of negative mood,enthi GHQ is a general screen for mental
health. To have achieved psychological improvemeémtshese two composite measures
suggests the patrticipants are happier and morsiedtpeople in the workplace when a plant
is placed in their presence (at least over a 3-mtedt period). The social environment of the
workplace with plants can therefore be assumedet@fbbenefit, and more conducive to
health and wellbeing. Further research is needeskpbore the dynamics of just how these
beneficial changes occur, however, this study leasahstrated the psychological, social and
mental health value of strategically placing plantthe office.

5.6 Significance to industry

The study found significant reductions (by 30 — §08megative mood states and feelings of
stress among participants with plants in theircefi whereas such scores did not decline
among participants with no plants, rather thereeweends over the period for increased

feelings of stress (by 20 to 40%) in the no-plamtug. The results add further evidence on
the benefits of indoor plants for occupant welllgeiand can be confidently marketed for

such benefits, not only in office buildings butalmost any other type of building as well.
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6. Discussion

6.1 Summary overview

The laboratory studies of VOC removal in three mesly untried species bring to twelve
the species tested in this laboratory (for fult 8se Appendix). The results further confirm
the abundant capacity of the indoor plant microcasmemove VOCs and hence improve
indoor air quality, and the likelihood that mostil@or species would have a similar capacity.

This office study, in contrast to the first sucludst conducted at UTS, did not show
significant reductions in either total VOC loads,@0, concentrations, although consistent
trends were recorded with plant presence. Thergsdappear to be the result of more
efficient A/C systems in the two buildings sampledth of which were much newer than
those in our previous study. However, the eantesults, together with our laboratory
studies, show clearly that pot-plants can contelotcleansing indoor air by reducing both
these classes of urban pollutants, which are alratwgays higher indoors than outside.
Overall the results of the two office studies, takegether, clearly point to the need for
strategic R&D to be undertaken on £@moval capacities among indoor plant species with
different shade tolerances, a matter on which thasebeen no systematic research published
to date. Their use could then be optimised by tio@igion of adequate lighting for effective
net photosynthesis, and they could be utilisedimelyt as a means of significantly reducing
indoor CQ levels, hence reducing the AC energy loads onhxtitidings.

While the many benefits of indoor plants to buiflimccupants have been demonstrated in an
increasing number of international studies, inatgdihose from UTS, doubts have been
raised concerning their potential as a source ioane pathogenic mould spores. But the
results of the preliminary study conducted here rda support this hypothesis. No
statistically significant differences were detectddndoor plant presence on either airborne
mould species composition or spore loads, in twiddimgs tested. Furthermore, the spore
loads were found to be very low in comparison viitfernationally recommended maximum
total concentrations, and far lower than thosdéédutside air.

The findings on the effects of plant presence oa pisychological status of building

occupants are also very encouraging. The significaductions in negative mood states
among participants with planted offices add newlernce as to the direct benefits of indoor
plants to the wellbeing of building occupants. These the first such findings related to
indoor plant benefits from research conducted irstfalia, and the first resulting from a

study utilising standard psychological instrumeht have been shown internationally to be
reliable and valid across sub-populations rangirgatly in health or illness, physical and
mental.

Overall, the findings add to the body of evidenbattthe potted-plant microcosm can
significantly improve many aspects of indoor enmireental quality (IEQ), providing cleaner
air and lower stress levels among occupants. Tedgeorticultural technology can now be
developed so as to optimise the use of indoor plEmtomplement any engineering measures
to improve IEQ in any type of building.
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6.2 Recommendations for future R & D
6.2.1 VOC reduction

i.  From the laboratory-based experimental evidence obtained with 12 commonly
used species, it appears likely that most indoantsl would have similar VOC
removal capacity. However, as outlined in a regepbrt to HAL (Burchetet al,
2009), there remain several more plant groups toneestigated for this air-cleansing
capacity, such as Bromeliads, Crassulaceae, Ganxtiwoody dicots. These species
have a range of different root/shoot ratios andegammetabolic styles, which could
result in different root-zone microbial communitieghich could in turn affect VOC
uptake rates.

ii.  The office study findings provide supporting eviderfor the potential for efficient
VOC uptake by indoor plants. There is now a needrésearch comparing VOC
reduction in plants grown in conventional pottingxtures with those grown in
various hydroculture media. There is a move inrtbeghern hemisphere in favour of
hydroculture of indoor plants, on inert inorganiedra fertilised with pelletised or
liquid growth media. Claimed advantages are thehsuedia are cleaner; odour-free
and pest-free; need watering only at 3-4 week watsrand fertilising two to three
timesper year. There is no systematic scientific litgr@tavailable on these claims,
and none on the effects of different potting meainaVOC removal capacities of
indoor plants

6.2.2 CO5 reduction

On the evidence of our past and current studies tlae depth of world knowledge on plant
photosynthetic function, it is clear that indooramis have the potential to achieve
considerable reductions in A/C power consumptiorciof buildings, by reducing rates of
extra ventilation to lower excess ¢@vels. However, before this can be accomplished
further baseline research is needed, to elucidegghotosynthetic characteristics of indoor
species, including:

I.  Profiling light responses in a range of speciesasdo find the optimum intensity
range for net photosynthesis for each;

ii.  Establishing responses also to different,€@ncentrations, so as to identify species
most suitablefor use in reducing building ventdatioads.

The information could be used to recommend thet muisable species/varieties for various
lighting conditions, and would provide a basis tmilaboration with lighting and design
experts on how to achieve maximum benefit fromriatgplantscapes of the future.

6.2.3 Effects of pot-plants on mould spore loads of indaair

When addressing industry meetings over the lasty®ars concerned with the benefits of
indoor plants, both in Australia and overseas, namof the UTS group have been
challenged by critics either hostile to the useplaints altogether, or querying their health
risks. The study reported here is the first conglditd examine the effects of indoor plants on
airborne mould spore loads and types. The reshitsvad no significant effects of indoor
potted-plants on either mould spore loads or spectnposition, in the two Sydney city
office buildings sampled. The spore loads were alsoy low in comparison with
internationally recommended maximum indoor con@itns, and with outdoor aerial loads.
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More extensive studies are needed to elucidate:

I.  Mould species present in the potting mixes of comiyaised indoor plants, to
establish similarities or differences between thieingal complements and the
airborne mould types we found in air inside andsimlg Sydney buildings;

ii.  The extent to which finishes, eg crushed glassoopwut fibre on the surface of the
potting mix could in practice significantly redusambers and/or types of spores that
might be dispersed from the surfaces;

iii.  Differences in airborne mould species consortia thight be found indoors/outdoors
in more tropical (eg Brisbane) and cooler (eg HHbamates, which are of course
also associated with different potential urban sesiiof moulds.

6.2.4 Occupant wellbeing

The results of the ‘before-and-after’ psychologisaivey measurements were very pleasing
— further confirmation of the direct benefits ofapts in the workspace. There were
limitations to the findings because of low repleatumbers in the various treatments, and
especially the smaller number of returns from the-plant’ control group (who, although
weekly air sampling was conducted in their officegpeared less engaged with the project
than those with plants, which is in itself a fingliftom the project).

It would be valuable to conduct a much larger syv&ng the same internationally validated
measurement instruments, in several city buildingsh some floors or areas with plant
installations and some without, to explore whetthfflerent plant numbers or arrangements
may have differential effectiveness in lifting moatates of occupants.. The plant-hire
industry might be able to assist in identifying Isumuildings in which cooperation would be
likely to available.

6.2.5 In summary

The major national environmental goal of Austrafiahat of producing sustainable urban
communities (House of Representatives, 2004), fgaigs the ‘triple bottom line’ of
environmental, social and economic consideratidndoor plants have the potential to
contribute to that goal, since they can assistttiairang all of the objectives of that triple
bottom line. However, in order for indoor plantshiecome standard installation elements of
urban building (or ‘facility’) ecology, further tgeted research is needed on a number of
fronts.

6.3 Recommendations for Industry
6.3.1 Laboratory study -VOC removal

From ast and current studies, we have now labgrégésted a total of 12 commonly used
indoor plant species (see Appendix) for VOC remaagbacity, and all show similar,
strong VOC removal capacities, namely:

When fully adapted (‘induced’) by exposure to a V@Gually achieved by the third
top-up dose, the potted-plant microcosm can cardigt remove repeated doses
within about 24 h;
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If the dose concentration is increased, the rateeofoval rises in response to the
challenge — there is plenty of spare capacity enghtted-plant microcosm;

The microcosm can also remove very low, residuahceatrations of VOCs,
effectively to zero;

The system works equally well for VOC removal ighli or dark;

VOC removal rate with 200 mm diameter pot-plantedual to that of 300 mm
plants, at concentrations encountered in indogr air

The main VOC removal agents are normal potting-ba@gteria, however the plant is
also involved; if the plant is kept healthy, thedyotic microcosm will be effective;

The results indicate it is likely that any indodamqt species would show comparable
VOC removal capacity, though work is continuingdgst more types;

This evidence suggests that the choice of speoreade in VOC removal can also
include aesthetic or design considerations, ndtgagicular species.

6.3.2 Office field study — VOC and CQreduction

Our previous office study found that indoor plantaintained TVOC loads at very
low levels (below 100 ppb), and —

Reductions in C@concentrations by 10% in an air-conditioned buaidand by 25%
in a naturally ventilated building;

However the current study, in two newer air-comaiéd buildings, recorded only
slight trends in VOC and CQOeduction. The results indicate that what was dpein
measured this time was the efficiency of the ametioning systems; but—

Indoor plants could be developed to maximise t@€% reduction capacities, to help
lower the air-conditioning ventilation requirements urban buildings, hence
contributing to urban sustainability. (And they Mdlower VOC levels at the same
time.)

Considerably more research is needed to achies@dil (see R&D Section above).

Meanwhile, indoor plants can be placed to optintiseir contribution — general
principles apply — position them in accordance witieir stated light/shade
tolerances; and maximise their foliage area.

6.3.3 Effects of indoor plants on airborne mouldgore loads?

Since mould-related illnesses in the northern hph@e have been strongly linked with
damp buildings, building materials, furnishings asatpets, it seems intrinsically unlikely

that potted-plants, with comparatively very smait gurface areas, would be a significant
cause of mould health problems. The results ofgheéiminary office study found no effects

of indoor potted-plants on the airborne mould spoaas or species composition in two
Sydney city office buildings sampled, and the spoegls were very low in comparison with

internationally recommended maximum indoor con@itns, and with outdoor aerial loads.
We aim to continue confirmatory research on thssiés
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6.3.4 Psychological wellbeing

The results of the psychological survey testingnskbclear reductions in feelings of
stress, anxiety, depression, anger, fatigue, camfuand overall negativity among

participants with plants in their offices (by 3068%), and one plant was enough to
make the difference.

In contrast, participants with no plants (contradyp) showed no significant changes
over the three-month experimental period, but mdneas recorded towards increased
feelings of stress (by 20%).

This is the first such study of the effects of indplants on wellbeing conducted in
Australia, and the first on this matter in the wloutilising standard, internationally
recognised psychological instruments that have Bewn to be reliable and valid in
sub-populations ranging across the spectrum ofthheatd illness (physical and
mental).

The findings show that indoor plants can be markébe their demonstrated benefits
to staff wellbeing, which research shows are alssoaated with improved work
performance.

36



7. Technology transfer

The UTS team have been and will continue to ber@lgtinvolved in technology transfer of
information derived from this research. We listhaties we have undertaken in association
with this project.

Talks/Seminars
We have made presentations on our indoor planarelset:
- Meetings of the Horticultural Media Association (AWin Brisbane, Sydney and
Melbourne
Annual Conference of the Facility Management Asstomn of Australia (FMAA)
(2008)
Woolcock Institute of Medical Research (linked witie University of Sydney and
RPA Hospital)
International meeting of Science educators at UTS
North Shore branch of the Garden Clubs of Australia
About 12 radio interviews, mainly arising from talat HMA
Participated in ‘Speed-meet-a-geek’, UTS/ABC publent for Science Week (Aug.
2009)
Meetings with NIPA Committee in Brisbane
We have also scheduled meetings with the HMA, Gglding Council, and Garden Clubs
during 2010.

Industry publications
Contributions to newsletters of the National IntefPlantscape Association.

Conference presentations

Two team members (F Torpy and J Tarran) attendedéthinternational Conference on

Indoor Air Quality, Ventilation & Energy Conservati, - Sustainable Built Environment, in

Sendai, Japan, October 2007, and presented a paper:

Tarran J, Torpy F and Burchett M, 2007, Use oilivpot-plants to cleanse indoor air —
research reviewProceedings Of'B Internat. Conf. On Indoor Air Quality, Ventilatid
Energy Conservation, - Sustainable Built Environtn&endai, Japan, Oct., Vol I, pp
249-256.

M Burchett presented a paper at the HMAA annualf@ence in Queensland, May 2008:
Burchett M, Torpy F & Tarran J, 2008, Interior piarior sustainable facility ecology
and workplace productivityProceedings of ldeaction’'08 — Enabling Sustainable
Communities (HMAA Conf.}-9 May 2008, Qld.

Peer-reviewed international journals
We are preparing the research material as a safripapers for submission to international
scientific journals.
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Appendix

List of indoor plant species UTS laboratory-tested
for VOC removal

Aglaonema modesturfiFam. Araceae)

Chamaedorea elegan~am. Palmae)

Dracaena deremensidanet Craig(Fam. Dracaenaceae; prev. Liliaceae)
Dracaena marginata

Epipremnum aureurgsyn Scindap(s)us aureu@pothos; Devil’'s Ilvy) (Fam. Araceae)
Howea forsteriana(Kentia palm) (Fam. Palmae)

Philodendron'Congo’ (Fam. Araceae)

Sansevieria trifasciatéMother-in-law’s tongue) (Fam. Ruscaceae/Dracaeagce
SchefflerdAmate’ (Qld. Umbrella Tree; only dicot tested) afla. Araliaceae)
SpathiphyllumPetite’ (& ‘Sweet Chico’) (Peace Lily) (Fam. Arac
SpathiphylluniSensation’

Zamioculcas zamiifoligZanzibar; ZZ) (Fam. Araceae)

They were all found to be almost equally effective@emoving a standard dose within
about 24 hours, after a week of acclimatizatiodytion) to exposure to the VOC.
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