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Abstract 

Indoor air pollution has proven negative impacts on the urban population in many developing countries. In Kuala 

Lumpur, high-rise housing programs are not addressing IAQ and thermal comfort. As household incomes rise, 

residents are resorting to retro-fitting wall mounted split, air conditioning units; a strategy that is neither cost nor 

carbon effective. This paper reports on the results of computer modeling in conjunction with scale model trials (1:5) of 

a ’Dynamic-Hybrid Air Permeable Ceiling’ (DHAPC) designed to filter, cool and dehumidify, the incoming air mass. 

This filter membrane, when combined with activated charcoal, reduced carbon monoxide, sulphur dioxide, benzene 

and particulate levels by up to 90%. These techniques now require to be replicated at 1:1 scale, however, the initial 

data suggests that such an approach, could make a major contribution to improving indoor air quality and thermal 

comfort with a much reduced carbon penalty. 
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Practical Application: Air pollution is now being recognised as having major negative impacts on public health. The 

use of insulation, as a large area and volume air filter, would appear to be a highly effective technique to reduce 

particulate matter, and when combined with activated charcoal that absorbs/adsorbs toxic gasses, can significantly 

improve indoor air quality in cities across the world that are presently exceeding WHO air quality guidelines.  

 

Introduction 

The World Health Organisation (WHO) has established that 

one in nine deaths (7 million per annum) are caused by fine 

particulate air pollution1, with 91% of the world’s 

population living in cities where pollution levels exceed 

their guidelines.2-4 South-East Asia is a pollution hot-spot 

frequently surpassing more than five times the WHO limits1 

and the levels are currently increasing at circa 1% per 

annum.2 A study by Rahman et al(5) published in 2015 

reported concentrations of PM2.5 and PM10 in Kuala Lumpur 

(2002 – 2011) between 21 to 35µg/m3 and 44 to 56µg/m3, 

respectively.5  

A concurrent study (2014), undertaken in day care centres, 

measured higher carbon monoxide, carbon dioxide (CO2), and 

particulate levels in Kuala Lumpur, with these levels being 

positively correlated with high-density housing, traffic 

volumes and less greenery.6 Positioned on the ‘Intertropical 

Convergence Zone (doldrums), the city’s mean wind speed is 

relatively low (1.0 m/s to 3.0 m/s)7-8 with air movement in 

urban areas both inconsistent and unreliable.9 When 

combined with the standard flat layout (single sided) cross 

ventilation driven by ambient air movement, is not a 

particularly effective technique for providing evaporative 

cooling.10 Malaysia’s CO2 emissions have more than 

doubled over the last 40 years11 with air conditioning now 

responsible for close to 25% of this total. The Malaysian 

government signed the Paris Climate Agreement, 

committing to reduce their carbon emissions by 45% by 

2030.4 As yet it remains unclear as to how this aspiration 

will be achieved.  

On average city dwellers now spend approximately 90%12 

of the time indoors. Indoor air quality – particularly where 

natural ventilation is the norm - is reliant on external air 

quality.  Current air filter technologies in the main, address 

bacteria, dust and relatively large particles. They do not filter 

submicron particulates or toxic gases.13 Among the solutions 

available to remove gaseous contaminants are adsorption, 

absorption and chemisorption but these techniques are 

limited to relatively esoteric applications such a clean room 

manufacturing13 and specialised vehicle cabins.14 

There are two types of filter on the market - particulate 

filters (0.1µg and larger) and combined filters that are 

commonly found in vehicle cabins that filter both particles 

and gases.15 These combined air filters contain activated 

carbon and have been shown to reduce concentrations of 

toluene,16 ozone,13 n-butane, nitrogen dioxide and sulphur 

dioxide.15  

This research investigates the performance of low cost air 

filter membranes (synthetic and recycled materials) in 

tandem with activated carbon in both cartridge and loose-fill 

formats, to filter carbon monoxide (CO), benzene, sulphur 

dioxide (SO2) and particulates (PM1-10). The main objective 

was to find an effective low cost and low carbon technique, 

to improve indoor air quality and thermal comfort in the 

short to medium term. It is hoped that the introduction of 

electric vehicles may start to improve external air quality in 

the longer term, however, the cyclical burning of agricultural 

land17 - common across Asia18-19 - may delay this horizon. 
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Fieldwork Studies  

A fieldwork study was conducted on two generations of the 

People’s Housing Program (PPR) in Kuala Lumpur to 

establish a baseline for indoor and outdoor air quality. 

Measurements were taken in ground, middle and top floor 

flats. The key parameters measured were: PM2.5-10, carbon 

dioxide (CO2), carbon monoxide (CO) and sulphur dioxide 

(SO2).  These initial measurements suggested that toxicant 

gases were, in the main, within the limits set by the 

Department of Environment in Malaysia (DOE).20-24 The 

PM10 levels in the PPR second generation housing 

development, were peaking at 53.5 µg/m3. PM2.5 

concentrations averaged 34.2 µg/m3 for PPR first generation 

and 44.2 µg/m3 for PPR second generation25 (Table 1). 

These values are clearly significantly higher than the DOE 

annual mean target of 15 µg/m3 and the WHO guideline of 

10 µg/m3. 

Table 1. Fieldwork study findings 

Case Studies   Mean PM10 

(µg/m3) 

  Mean PM2.5 

(µg/m3) 

PPR 1st Generation 25.6 34.2 

PPR 2nd Generation 53.5 44.2 

DOE Limits26 40.0 15.0 

WHO Limits27 20.0 10.0 

 

There are a large number of variables that may be 

determining the difference in indoor particulate 

concentrations between the 1st and 2nd generation flat types, 

however, given the relatively high external PM2.5-10 

concentrations, increasing ‘natural’ ventilation to provide 

evaporative cooling, is likely to produce a commensurate 

decrease in indoor air quality.28 Achieving ‘healthy IAQ’ 

and thermal comfort clearly requires lower air temperatures, 

humidity and  concentrations of airborne particulates and 

toxicant gasses.25 

Dynamic insulation (DI)  

Dynamic insulation is a term that has been coined to 

describe the incoming air stream being delivered through an 

insulation matrix above an air permeable ceiling (or wall) to 

act primarily as an energy efficiency technique, in temperate 

climates. DI however has the additional advantage of 

providing a large volumetric filter membrane.29-32 Figure 1 

shows a schematic of the initial design strategy, with a fan 

delivering external air into a ceiling void in combination 

with a low level extract fan exhausting vitiated air into the 

central light well, creating a negative pressure to draw the 

air mass through the DI supported on a perforated ceiling. 

 
Figure 1: Schematic design of the system 

Proof of concept testing by scale modelling  

A 1:5 model of the master bedroom in the PPR 2nd 

generation flat type was constructed. The model - made 

from rigid insulation board - has three compartments: 

outdoor air mixing chamber, a dynamic-hybrid air 

permeable ceiling (DHAPC) void and compartment to 

represent the living room/bedroom. Pre-warmed particulate 

laden air, was introduced into the mixing chamber using a 

heater fan. This air mass was delivered into the ceiling void 

where it was drawn through various insulation types 

(Figure 2).25 The initial tests evaluated the efficacy of these 

materials in combination with variable air change rates, to 

ascertain the optimum combination33.An additional filtering 

element (activated charcoal) was introduced in later test 

runs (AC) in both cartridge and loose fill formats.  

 

Figure 2: scale model configuration 

Test 1 compared four ventilation protocols - 1) fully 

passive (B-B), 2) hybrid-negative (B-F), 3) hybrid-positive 

(F-B) and 4) fully active (F-F) (Figure 3). Tests 2 and 3 

compared B-F and F-B only. The parametric analysis for 

tests 1 and 2, included PM2.5 and PM10. The initial runs 

used a burning ‘joss’ stick as the source of particulate 

matter, while the later test runs used the exhaust gases from 

both petrol and diesel engines (Table 2). This allowed 

additional parameters such a CO, benzene and SO2 to be 

measured. 

Table 2. Scale model test set-ups 

Ventilation 

Protocols 
Source  

Filtering 

Media 

Air 

Speed 

Type of 

Pollution  

Test 1: B-

B, B-F, F-B 

and F-F 

Joss 

sticks 

Synthetic 

insulation 

1.0 and 

0.5 m/s 

PM10 and 

PM2.5 

Test 2: B-F 

and F-B 

Joss 

sticks 

Recycled 

insulation 

and AC  

0.5, 0.25 

0.125 

m/s 

PM10 and 

PM2.5 

Test 3: B-F 

and F-B 

Petrol/ 

diesel 

engines 

Recycled 

glass  and 

AC  

0.125 

m/s 

PM1-10 

CO/SO2 

Benzene 

 
Figure 3. Ventilation protocols used in the tests 
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Figure 4 shows the instruments used in the tests. For gases, 

instrument ‘A’ measures CO using a detection technique of 

‘stabilised electrochemical gas-specific’ that has a test range 

from 0 to 1000 ppm. Instrument ‘B’ was equipped with 

‘semiconductor sensing technology’, to measure benzene, 

and instrument ‘C’ measured SO2 using an aspirator that can 

detect the gas within the range of 0 to 20 ppm. Meanwhile for 

PM particles, instrument ‘D’ with ‘plant tower’ technology 

was used to measure the particles from the range 0 to 999 

µg/m3 (Table 3). 

 
Figure 4. Instrument used in the tests 

Table 3. Details of the instruments used in the test 

Instrument Substance(s) 

Measured 

Test 

Range 

Detection 

Technique 

Density 

Unit 

 
A 

 
CO 

 
0 - 1000 

Stabilized 
Electrochemical 

Gas-Specific 

 
ppm 

 

B 

 

Benzene 

 

0 - 9.99 

Semiconductor 

Sensing 
Technology 

 

mg/m3 

 

C 

 

SO2 

 

0 - 20 

Optional  

Manual  

Aspirator 

 

ppm 

 

D 

PM 1, 

PM2.5 and 

PM10 

 

0 - 999 

Plant Tower - 

ARM 32 Bit 

Processor 

 

µg/m3 

The results of these three tests confirmed that the internal 

structure and type of membrane (Figs. 5 and 6) can play an 

important role in filtering efficacy.34 Air speeds in the 

initial tests were refined to match the prescribed 

ventilation rate of 8l/s/p as recommended by CIBSE35 

(Table 4). In the second test run an activated charcoal filter 

was introduced to measure the effect on reducing gas 

concentrations of CO, SO2 and benzene.36 

Table 4. Test 1 results using synthetic filters 

Conf. 
Parameters 

 

Fieldwork 

(µg/m3) 

Reduction 

(%) 

Results 

(µg/m3) 

B-B 
PM2.5 

PM10 

44.2 

53.5 

45.3 

44.7 

24.2 

29.6 

B-F 
PM2.5 

PM10 

44.2 

53.5 

28.6 

32.7 

31.6 

36.0 

F-B 
PM2.5 

PM10 

44.2 

53.5 

31.9 

33.5 

30.1 

35.6 

F-F 
PM2.5 

PM10 

44.2 

53.5 

17.9 

18.4 

36.3 

43.7 

Table 5 confirms the optimum performance with an air 

speed of 0.125m/s driving a reduction in PM2.5 and PM10, 

between 75 and 82% - B-F(i) and F-B(i). Recycled glass 

insulation matrix recorded the highest reduction rates and 

when combined with the activated charcoal cartridge filter, 

produced a reduction for both PM2.5 and PM10 of 97.8% - 

F-B(ii).  

Table 5. Test 2 results using recycled glass 

Con

f. 

Parameters 

 

Fieldwork 

(µg/m3) 

Reduction 

(%) 

Results 

(µg/m3) 

B-F 

(i) 

PM2.5 

PM10 

44.2 

53.5 

75.8 

75.4 

10.7 

13.2 

F-B 

(i) 

PM2.5 

PM10 

44.2 

53.5 

82.0 

80.1 

7.9 

10.6 

B-F 

(ii) 

PM2.5 

PM10 

44.2 

53.5 

81.9 

81.4 

8.0 

9.9 

F-B 

(ii) 

PM2.5 

PM10 

44.2 

53.5 

97.8 

97.8 

1.0 

1.2 

 

 

 
Figure 5. The synthetic materials 

 

 

 

 
Figure 6. The recycled insulations and AC cartridge 

Polyester 

Polyethylene Terephthalate (PET) 

Carbon-Polyester-PET 

Recycled Plastic 

Recycled Wool 

Recycled Glass 

AC Cartridge 

AC Cartridge 
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Test 3: Petrol/diesel engine particulates 

In addition to particulates this test measured carbon 

monoxide, sulphur dioxide and benzene as proxies. The 

test also evaluated the effect of having the activated 

charcoal condensed in a filter cartridge (Fig. 6), versus a 

‘loose fill’ approach, where the granules were evenly 

spread above the insulation layer (Fig. 7). The tests were 

conducted at outdoor space using direct supply from both 

petrol and diesel engines – (Fig. 8). 

 
Figure 7. The AC loose fill 

 

 
Figure 8. Placement of the test model and car/s 

Test 3 - Measurement Method 

Each run assessed four filtering methods: 1) F-B with AC 

cartridge, 2) F-B with AC loose-fill, 3) B-F with AC 

cartridge, and 4) B-F with AC loose-fill. Each filtering 

method consisted of three data-logging series (15 

minutes duration). Figure 9 shows the timeline of the 

initial series. The engine was run until the CO sensor 

became saturated after approximately 1 minute. The 

engine was then deactivated until the CO level dropped 

to ambient, at which point the fans were activated 

delivering the exhaust gasses into the chambers. After 

two minutes, the data was recorded. This delay was an 

attempt to provide more ‘steady state’ conditions in 

accordance with the parameters of the sensors, however 

fresh air infiltration did produce a diluting effect (Fig. 9). 

Results 

Figure 10 shows the average reduction rates for the tests 

with and without the AC (cartridge or loose fill). These 

rates represent both F-B and B-F average reduction rates. 

For CO, the average reduction rate without AC is 50%, 

however when the AC cartridge and loose fill were 

introduced, reduction rates increased to 65% and 99% 

respectively. For benzene, the baseline reduction rate 

without AC is 59.8% increasing to 86.8% and 93.9% 

when the AC was introduced. For SO2 slightly lower 

reductions were recorded with a baseline of 38.9% with 

the addition of the AC techniques delivering 

improvements of 20 and 25%. For PM1, PM2.5 and PM10, 

the baseline rates were circa 50%. Introducing the AC 

cartridge, increased the efficacy to between 65 to 70%, 

with the loose fill AC, producing a further improvement 

peaking at 88%. The activated carbon in the cartridge 

format was more effective in absorbing gases (CO, 

benzene and SO2) with additional reductions of 20 to 

45%. These results suggest that the AC in the cartridge 

format is more effective at absorbing gases whereas the 

loose fill configuration is more effective for adsorbing 

particulate matter. 

Figure 11 shows a comparison of reduction rates for diesel 

engines using AC cartridge and loose fill. The results 

suggest that using the AC in the cartridge format, can 

absorb up to 90% of CO, benzene and SO2 compared 

when the loose fill at circa 70%. Conversely, AC loose fill 

was more effective in reducing particulate matter (88% v 

66%). It appears that the cartridge that has a more 

compact density, has better ‘absorption’ of gases 

compared to the loose fill. The loose fill appears to be 

more effective at ‘adsorbing’ particulate matter possibly 

due to it having a greater contact area. All of the reduction 

rates shown are averaged from F-B and B-F results. 

Figure 12 shows the summary of average rates for the 

petrol and diesel engines using AC filtering techniques in 

combination with recycled wool. Gaseous emissions from 

the engines, were reduced by up to 95% with particulate 

matter being reduced by an average of 76%. 

Discussion  

Figure 13 shows the logged values and concentration 

patterns of PM in the tests. In 15 minutes, the petrol 

engine produced a maximum level of 59µg/m3 for PM10 

and 49µg/m3 for PM2.5. The ambient background levels 

were 8 µg/m3 for PM10 and 7µg/m3 for PM2.5. After 15 

minutes, concentrations for both stabilised at circa 3µg/m3 

in the inner compartment. The DHAPC and activated 

carbon (loose-fill), reduced particulates by circa 83%.  An 

additional reduction of 6% was produced when the AC 

loose-fill and cartridge were combined (Fig. 11). This 

phenomenon suggests that DHAPC can successfully filter 

airborne particles not only from organic smoke (i.e. joss 

sticks) but also particles from petrol and diesel engines, 

however in terms of filtering gases, the DHAPC 

performance appears to be more sensitive to air flow rates. 

AC has the advantageous property of trapping gases using 

a process known as ‘adsorption’36 where pollutants stick 

to the multiple voids in its high surface area. Myers36 also 

found that AC is less effective in adsorbing fine particles 

like mold, dust and pollen from the air. This argument is 

consistent with the test results where the reduction rates 

for particulates are generally lower than the reduction 

rates for gases. It is however likely that the AC cartridge 

filter will become saturated at some stage. Using it in the 

loose fill format is therefore likely to increase longevity.  

 

 Further testing will however be required to establish 

optimum replacement intervals for any specific location 

where background pollution levels may vary.  
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Figure 9. Measurement methods timeline 

 

 

 

 

 

 

 

 
Figure 10. Average Reduction Rates for the Tests Using AC (Cartridge or Loose fill) and without AC 

 

 
Figure 11. Average reduction rates for substances from petrol and diesel engines using AC cartridge and AC loose fill  

 
Figure 12. Summary of reduction rates for petrol and diesel engines 

 
Figure 13. Logged values and concentration patterns of PM in the tests 
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IAQ Conclusion 

The use of activated carbon is particularly effective in 

absorbing gasses with a reduction of 99% for CO, 94% for 

benzene and 66% for SO2. This work suggests that the 

DHAPC system combined with AC filtering techniques 

(cartridge and/or loose fill) have considerable potential for 

reducing the concentrations of both particulates and toxic 

gasses from entering indoor spaces.  

Applying these percentage reductions to the levels of 

particulates and gasses measured by the fieldwork studies 

would see both particulate and toxic gas concentrations 

dropping to well below the WHO guidelines. From the 

fieldwork studies, the PM10 levels in the PPR housing were 

peaking between 25.6-53.5 µg/m3. Applying these 

percentage reductions would bring these numbers down to 

3.6 and 7.5 µg/m3; figures that are well below the WHO 

threshold guidelines. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Achieving thermal comfort 

Computational modeling using ‘Integrated Environmental 

Solutions’ (IES) software37 was undertaken of the likely 

hygro-thermal conditions in the flats and determined that 

comfort conditions could not be achieved by natural 

ventilation for over 70% of the year, with resultant indoor 

air temperatures predicted to be well above 28ºC.25 

Humidity levels were also predicted to be over 65%RH 

for 85% of the year.25 An active cooling strategy is 

therefore required if thermal comfort is to be achieved. A 

chilled beam ceiling (Dynamic Hybrid Cooling Ceiling - 

DHCC) was modeled. This system introduces finned 

cooling pipes into the ceiling void. Chilled water at 15ºC 

was taken to be the optimum temperature and circulated in 

the pipework from a central chiller unit located at rooftop 

level (Figure 14). As the finned pipes will be invariably 

below dew point, condensate is collected and channeled 

via metal trays to a drain outlet. The warm return loop can 

also be upgraded by a heat pump to pre-heat the domestic 

hot water. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 14. The application of DHRCC and DHAPC systems in social housing unit in Kuala Lumpur 
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Predicted CO2 and cost savings 

As the simulation data predicted peak temperatures 

occurring between 10am and 10pm, the cooling cycle 

was pre-programmed to be active during this timeframe. 

Based on the operative temperatures and relative 

humidity falling within the adaptive thermal comfort38-39 

parameters for Malaysia, the optimum combination from 

the parametric analysis was calculated to be an air supply 

rate of 30l/s. Ideally, air change rates will be regulated 

with an internal CO2 monitor set at 1000ppm allowing 

the system to respond to fluctuating occupancy patterns.  

Combining the fan and compressor power consumption, 

produced a prediction of 1.86 kWh per day that equates 

to 680 kWh/year.  

Kubota et al40 calculated the current average annual 

energy consumption for cooling (air-conditioning and 

ceiling fans) in Malaysian housing units, at 

1973kWh/year (29% of total consumption) with a carbon 

penalty of 558 kgCO2/year. The DHCC configuration 

running at the low fan speeds, equates to a potential 

saving of circa 66% in power consumption41 with the 

associated carbon penalty falling to 192kgCO2/year. In 

addition to this there will also be a commensurate saving 

in energy consumption for domestic hot water that will 

vary depending on the system type being displaced. 

The integration of the DHAPC and DHRCC systems has 

therefore the potential to provide thermal comfort and 

'healthy' indoor air quality in high-rise residential 

buildings, with a much reduced running cost and CO2 

penalty. 
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