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Abstract

:

Air pollution, a by-product of economic growth, generates an enormous environmental cost in Poland. The issue of healthy living spaces and indoor air quality (IAQ) is a global concern because people spend approximately 90% of their time indoors. An increasingly popular method to improve IAQ is to use air purifiers (APs). Indoor air is often polluted by bioaerosols (e.g., viruses, bacteria, fungi), which are a major concern for public health. This work presents research on culturable bacterial aerosol (CBA) samples collected from dwellings with or without active APs during the 2019 summer season. The CBA samples were collected using a six-stage Andersen cascade impactor (ACI). The CBA concentrations were expressed as Colony Forming Units (CFU) per cubic metre of air. The average concentration of CBA in dwellings when the AP was active was 450–570 CFU/m3, whereas the average concentration when the AP was not active was 920–1000 CFU/m3. IAQ, when the APs were active, was on average almost 50% better than in cases where there were no procedures to decrease the concentration of air pollutants. Moreover, the obtained results of the particle size distribution (PSD) of CBA indicate that the use of APs reduced the proportion of the respirable fraction (the particles < 3.3 µm) by about 16%. Life cycle assessment (LCA) was used to assess the ecological cost of air purification. Our conceptual approach addresses the impact of indoor air pollution on human health and estimates the ecological cost of APs and air pollution prevention policies.
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1. Introduction


The application of sustainability through the measurement and comparison of experimental results is an important challenge for environmental sciences today [1]. The past few years have witnessed an accumulation of new evidence on the health effects of air pollution, the economic cost of these effects, and the costs and benefits of policy initiatives designed to combat air pollution [2].



Indoor air quality (IAQ) is one of the main factors for healthy living and wellbeing because people spend over 90% of their time in enclosed spaces [3,4,5,6,7]. Polluted indoor air is a key environmental health problem because people inhale 15,000 L of air every 24 h [8,9,10,11,12,13]. Therefore, reducing exposure to indoor air pollutants presents a particular challenge, and designing appliances for rapid and efficient indoor air purification is very important. In Poland, many homes and dwellings are equipped with air purifiers (APs). Filtration, which can simultaneously remove various air pollutants, is widely used in APs to improve IAQ [14].



Biological aerosols or bioaerosols are an important type of air pollutant. They are produced as a result of natural processes and human activities [15]. Bioaerosols are always present in the air and contain contaminant particles including microorganisms such as bacteria, microscopic fungi, viruses, and pollen [15,16,17]. The main source of airborne bacteria in enclosed spaces is human and animal organisms [3,18,19,20,21]. Additionally, microbiological indoor air pollutants may develop in heating or ventilation systems [20,22,23,24].



Bioaerosols are crucial indicators of IAQ and are risk factors for adverse health outcomes such as infectious diseases, toxic effects, allergies, and even cancer [25,26,27,28]. Monitoring of microbial IAQ is therefore necessary [25,29,30]. For several years now, occupants of polluted cities have frequently used APs in an attempt to increase their wellbeing by decreasing their exposure to air pollutants [31]. APs are a commonly used household appliance that can improve IAQ, but this process is linked with the cost of electricity and, therefore, the environmental cost should also be considered. Many studies have assessed the life cycle environmental impact of different electrical appliances and electronic products [32,33,34,35,36,37], but there is still very little information about the life cycle environmental performance of air. This research could be used to develop appropriate control strategies to minimize the adverse effects on health of biological air pollutants in living spaces and to estimate the ecological costs incurred in connection with the use of APs.



The aims of this study are: (i) To evaluate the impact of APs on microbial IAQ, (ii) to find the concentration of culturable bacterial aerosol (CBA) and particle size distribution (PSD) of CBA in two dwellings located in Upper Silesia, Poland, and (iii) to find the ecological cost of air purification using the life cycle assessment (LCA) technique. These results can be used to risk manage activities related to environmental health and provide a reference for an enhanced understanding of IAQ in developing countries. The results of this study are particularly valuable as the standards for bioaerosol levels in indoor air are currently not formally regulated in Poland.




2. Materials and Methods


2.1. Sampling Sites


The study was carried out in two living rooms at two dwellings located in a busy city (18°54′ E 50°23′ N) in Upper Silesia, Poland. Both living rooms were equipped with the same type of AP. This device was turned on for 24 h, 4 days a week, and turned off 3 days a week. The research was conducted during the summer season of 2019 to check the efficiency of the AP devices. Samples were taken twice per week between 4 p.m. and 5 p.m. The first sample was taken 4 days after the APs were turned on, and the second sample 3 days after they were turned off. Three to four sets of measurements were taken in each living room with the APs turned on and turned off. The CBA samples were collected from the centre of each room at a height of about 1.5 m to simulate aspiration from the human breathing zone. The windows were closed during the experiments. In total, 480 Petri dishes (without blanks) with microbiological material were analysed during the research.



The study was conducted in two living rooms, each with a volume of approximately 64 m3. Each living room was equipped with an AP with a capacity of 310 m3/h. The analysed APs were equipped with a PET prefilter retaining larger air pollutants, a HEPA-11 filter with an area of 2.2 m2, and an adsorption filter with active carbon (absorbing area of 57,000 m2). The assessment of effectiveness of air purification was conducted in natural and real conditions of the occupants’ stay and during their routine activities. The basic environmental parameters and a short description of the analysed dwellings are presented in Table 1.



As can be seen from Table 1, the average relative humidity was less than 50%. Poor humidification tends to favour the proliferation of respirable CBA and reduces the protection of the respiratory system [38,39].




2.2. Sampling and Analysis Methods


Measurements of the CBA concentrations were conducted using a six-stage Andersen cascade impactor (ACI), which separates biological particles based on their aerodynamic diameter: >7.0 µm (stage 1), 4.7–7.0 µm (stage 2), 3.3–4.7 µm (stage 3), 2.1–3.3 µm (stage 4), 1.1–2.1 µm (stage 5), 0.65–1.1 µm (stage 6). The air flow through the ACI was 28.3 dm3/min, and the sampling time, calculated according to Nevalainen et al. [40], was 10 min. The ACI was disinfected using 70% ethanol-immersed cotton balls between each sampling. Tryptic soy agar (TSA) was used to culture bacteria, with cycloheximide added to inhibit fungal growth. The Petri dishes were incubated for 48 h at 36 ± 1 °C. The concentration of CBA present in the air was expressed as the number of Colony Forming Units in the volume of air (CFU/m3), using positive-hole corrections.



Quality control was conducted according to PN-EN 12322 [41] and ISO 11133 [42] standards, with the same operation details as in our previous studies [22,43].



The second part of the analysis was the LCA. This methodology is based on the ISO 14040:2006 standard [44]. Environmental analysis is a relatively new and dynamically developing area of study. It is very difficult to analyse all aspects that contribute to the negative impact on the environment. We need to model the exact spread of pollution and analyse the impact on human health and the environment. LCA analyses are by far the best evaluation tool we have.




2.3. LCA Methodology


In environmental analysis, many different LCA methodologies are used. The ReCiPe was selected for the calculation in this article. The method has been given the name of ReCiPe as it provides a ‘recipe’ to calculate life cycle impact category indicators and represents the initials of the institutes that were the main contributors to this project: RIVM and Radboud University, CML, and PR Consultants [45]. This methodology aims to connect the endpoint and middle environmental analysis with the help of multiple impact categories that are divided into groups. The most important goal of ReCiPe is to convert a long list of LCI (life cycle inventory) results into a limited number of indicators. These indicators express a relative impact on the natural environment. The ReCiPe methodology defines two levels of indicators:



Eighteen midpoint indicators, the so-called midpoint;



Three final indicators, the so-called endpoint.



Each user can choose the level at which they want to have the result:



Eighteen detailed intermediary points that are relatively accurate, but difficult to interpret;



Three simple-to-understand, but more imprecise final categories:




	
human health;



	
ecosystem;



	
natural resources.








The user can choose between indicators and interpret them within a particular analysis. The advantage of this methodology is the possibility of weighting the final results and presenting one value for the whole analysis. Individual weights for given categories are implemented in the analysis software, e.g., SimaPro, on which this study is based. Weights can also be changed if there is a need to modify the significance of individual components of environmental impact categories. Weighting is the conversion of indicator values into numerical parameters by distributing a specific number of points to each category of damage. The unit of this weighting is Pt (point), which reflects the environmental impact exerted, on average, by one European over 1 year. It is calculated by dividing the total emission in Europe by the number of inhabitants. The results are also given as a percentage to visualize the impact of each of the products in the entire analysis. Each detailed impact category has its own unit.





3. Results and Discussion


3.1. The Concentration of CBA


The average concentrations of CBA collected are presented in Table 2. The highest value of CBA was found in D1 (918 CFU/m3) and D2 (1006 CFU/m3) when the AP was off. When the AP was active, the CBA value was halved, both in D1 (446 CFU/m3) and D2 (572 CFU/m3).



The meteorological parameters (average temperature and relative humidity) on the days with the AP on and on the days with the AP off do not differ significantly (Table 1). It seems that the most important source of CBA in the dwellings analysed is the presence of humans. Moreover, the higher CBA values in D2 may be associated with the presence of a pet and the floor being covered by a carpet.



In our study, average air purification efficiency is nearly 50%. These results are similar to another report on health and the efficient management of the CBA in indoor air using APs. The removal efficiency of bioaerosols in Seoul, Korea, was 41–68% for CBA [23]. Similar studies conducted in Poland indicate that the effectiveness of purifiers in kindergartens was 41% [46]. It seems that the use of an AP may be considered in cases where natural ventilation is used, but there are concerns related to indoor pollution from external sources, or if the ventilation system is not effective at removing particles.



CBA values obtained in our study when air purifiers were off are comparable to those measured in 70 residential homes in Upper Silesia, where the average CBA value was 1000 CFU/m3 [47], and in Iran, where the CBA value was 980 CFU/m3 [48]. The most important source of airborne bacteria in non-industrial indoor environments is the presence of humans [7,8]. The significantly lower concentration level of CBA was found in apartments in Korea, where the average concentration of CBA during the winter season was 280 CFU/m3 [49].



In Poland, the Expert Group for Biological Agents drafted proposals for threshold limit values in occupational and non-occupational environments. The wide range of propositions for residential buildings includes a standard limit of mesophilic bacteria at 5000 CFU/m3 [50]. In our study, the concentration levels of CBA were below the proposed standard.




3.2. The Particle Size Distribution (PSD) of CBA


Figure 1 presents the analysis of the number and aerodynamic diameter of CBA collected from different stages of the ACI in the analysed dwellings.



It can be seen that the PSD of CBA was characterized by a large share of the respirable fraction (particles < 3.3 µm). The shape of PSDs may indicate that the particles of CBA were comparatively fresh and mainly of human origin. These results indicate the potential health risk of exposure as particles of respirable size contribute to adverse symptoms in the respiratory system [51,52].



The results of the PSD of CBA indicate that the use of active APs reduced the proportion of the respirable fraction (particles less than 3.3 µm) of bacteria by about 16% in D1 and about 8% in D2.




3.3. LCA—The Ecological Cost of Emission Reduction


In the case of indoor air, we have limited solutions for purification. The ecological cost of purification of indoor air was estimated using the LCA of the cleaner device. The efficiency of such cleaning devices is expected to be close to 99% for the main pollutions. In order to achieve this cleaning percentage and effectively asses the process, a life cycle assessment should be made. The ecological cost can be described using Equation (1):


  E  I  I C  T  = E  I  I C   p r o d   +   ∑   i = 1  n  E  I  I C   u s e   + E  I  I C   d i s p o s a l      



(1)




where   E  I  I C  T    is the indicator of total environmental impact in a given impact category related to a functional unit;    E  I  I C   p r o d     is the environmental impact indicator associated with the production of treatment equipment in a given impact category on a functional unit;    E  I  I C   u s e     is the environmental impact indicator in a given category of impact on the functional unit, related to the use of the device; and   E  I  I C   d i s p o s a l     is the environmental impact indicator in a given category of impact on the functional unit, related to the disposal of the device (sent to landfill, recycling, reuse, etc.).



Environmental impact assessment, e.g., with air purification limited only to the device production phase, can lead to false conclusions. All processes that make the air “clean” lead to greater energy and resource consumption and generate additional emissions. As a result, the final product   ( E  I  I C   p r o d   )   is “cleaner”, but the environmental impact may increase. The effect of better air quality    (  E  I  f ,   I C   u s e    )    could lead to processes that will actually reduce the final environmental effect. However, the importance of location should also be emphasized here. In this case, emissions are directly related to the people zone, so the ecological cost should be analysed with this in mind.



The analysis should include all materials and resources, as well as energy consumption involved in the entire process of cleaning the air.



Figure 2 presents LCA stages of purification of indoor air. In stage 1 (Production), all materials, resources, and energy consumption are included. In stage 2 (Use), phase electricity and filter consumption should be taken into account. In stage 3 (Disposal), all processes and recycling should be taken into account. But in the last stage, there are many possibilities. Different processes have a different impact on the environment. The LCA analysis in this research is focused on the three phases. At the end of the life of a device, it is essential to choose the recycling of two types of materials: Plastics and metals. The filter disposal is without any treatment. We do not know where our devices can be collected, but the impact is assumed to be insignificant.



The list of assumptions was made based on the Ecoinvent database and is presented in Table 3. The number of working hours was calculated as 52 weeks × 5 days × 11 h.



In Figure 3, the results are presented as environmental points. The Human Health category had the highest environmental indicator, and the Ecosystems category had the smallest. In each of the categories presented, electricity had the greatest impact on the result. This is because the source of Polish energy is mainly coal. The manufacture and distribution of the purification device also had a big impact on the results. These two factors make up the environmental impact. Filter consumption (one per year) had a negligible impact on the result. It is visible in the category Human Health and Resources, but it was below 0.2 Pt. The recycling process has the greatest impact on the Resources category, but with a negative effect, which therefore means a positive impact on the environment. The reason for this is that the primary raw materials for the production of a new device are being saved. In this analysis, only recycling of plastic and metal fractions were taken into account. The rest, based on mass composition, were assumed to have a negligible impact.



These results show that even the air purification process has an impact on the environment. It was found to be the largest in the Human Health category. However, this impact does not take into account the location of the issue. Indicators in the LCA are calculated globally. In this case, we must be aware that the analysis is about the air that people breathe directly. The purity of this air can have a huge impact on people’s health. The purification process has a negative impact on the environment, but in comparison with emissions from coal combustion in an old boiler, this is a negligible impact. However, it must be remembered that it always occurs.





4. Conclusions


The study of the quantity of culturable bacterial aerosol (CBA) and the ecological cost of emission reduction of microbial air pollutants was carried out in dwellings equipped with air purifiers (APs) in Upper Silesia, Poland.



Conducting comprehensive monitoring of indoor air microbiological pollutant concentrations is essential, not only for environmental management, but also for the assessment of the health impact of air pollution. The challenge is to decrease the indoor concentration of biological particles. The use of APs may improve the IAQ.



The average concentration of CBA in dwellings when the APs were active was 450–570 CFU/m3, whereas the average concentration of CBA in dwellings when the APs were off was 920–1000 CFU/m3. IAQ, when APs were enabled, was on average almost 50% better than in cases where there were no procedures to reduce air pollutants.



Measurement of particle size distribution (PSD) of CBA indicates a significant role of indoor emission sources in analysed dwellings. The use of active APs reduced the proportion of the respirable fraction (particles less than 3.3 µm) of bacteria by 16%.



If we take into account all calculations, we can see that air purification has a cost and an impact on the environment. Looking at electricity and some raw materials, we can assess the impact. This impact could be minimized by eco-design production.
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Figure 1. The particle size distribution (PSD) of CBA in dwelling 1 (D1) and dwelling 2 (D2) when the air purifier was active (APA) and when the air purifier was off (APO). 
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Figure 2. Life cycle assessment (LCA) of purification indoor air. 
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Figure 3. The results of LCA analysis of air purification during 1 year of work. 
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Table 1. Environmental parameters and basic description of dwellings.
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	Dwelling 1 (D1)
	Dwelling 2 (D2)





	Home location
	close to the city centre
	close to the city centre



	Building built in
	1990s
	1980s



	Equipment
	Table, chairs, sofa
	Table, chairs, sofa, 2 armchairs



	Ventilation system
	natural
	natural



	Volume, m3
	64
	62



	Number of occupants
	4 (2 adults and 2 children)
	4 (2 adults and 2 children)



	Number of animals
	-
	1 dog



	Floor covered with
	PVC
	PVC and carpet



	Indoor temperature, °C (APA)
	19.60
	20.60



	Indoor temperature, °C (APO)
	21.45
	20.55



	Outdoor temperature, °C (APA)
	25.15
	25.60



	Outdoor temperature, °C (APO)
	24.00
	23.50



	Indoor relative humidity, % (APA)
	31.80
	36.75



	Indoor relative humidity, % (APO)
	31.10
	32.00



	Outdoor relative humidity, % (APA)
	42.00
	48.40



	Outdoor relative humidity, % (APO)
	39.50
	47.85







APA—when the air purifier was active; APO—when the air purifier was off.


media/file4.png
Stage 1 Stage 2 Stage 3
Production Use Disposal

energy,
resources Filters disposal
I

Waste, dust,
used filters






nav.xhtml


  atmosphere-10-00742


  
    		
      atmosphere-10-00742
    


  




  





media/file0.png





media/file2.png
Aerodynamic diameter (um)

B D2APA [1D2APO
>7.0 = '
! ED1APA [ID1APO
3:3-4.7 %
2133 r
]
1121 =
J
|

| | | |

0% 10% 20% 30%

Relative concentration (AC / C total) / Alog Dae






media/file5.jpg
Human Heskth

O Elctriy, low volage (L] market for |
Aloc 0, U

=60 Recyeling of metals baskc, nec. €027

Recyelingofpastis basc, £027

9 Air purifcation and ventlation equipment
monufacuring.

= A ke, cental uit, 600 m3/h 6101
marketfor | Aloc 0ef,U

= purfcation o the ir





media/file6.png
-1

O Electricity, low voltage {PL}| market for |
Alloc Def, U

M _60 Recycling of metals basic, n.e.c., EU27

[ _42 Recycling of plastics basic, EU27

[ Air purification and ventilation equipment
manufacturing

m Air filter, central unit, 600 m3/h {GLO}|
market for | Al