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Abstract 
The present study is aimed to follow the start-up in the Italian and European framework of an American 
biotechnology for environmental decontamination and it focused on field testing stage for air treatment 
application, in parallel with a bench/pilot scale application on industrial wastewater treatment. 
The biotechnology applied is based on immobilized cell bioreactors, where air is ventilated and water is 
recirculated to provide the optimal conditions for the development of a mixed bacteria consortium, growing 
on contaminants captured from contaminated media (i.e. air or wastewater).  
The technology proposed has been studied from different perspectives, i.e. emission risk, overall 
sustainability and remediation performance. 
Several pilot installations have been accomplished for air treatment application, in different areas of interest. 
In particular, in the healthcare sector (hemodialysis unit, operatory room, intensive care unit and anatomo-
pathological laboratory), where the protection against microbial and chemical agents is perceived as a 
necessity, both for operators and patients, the biotechnology displayed remarkable results, particularly on 
VOCs and bacterial count. 
In order to try and address one of the most challenging issue for air treatment, i.e. odor containment, two 
major pilot applications have been performed, on waste and wastewater treatment plant, with promising, 
but still unsteady results. 
A new opportunity for application was envisaged in radioactivity contaminated indoor environments and a 
preliminary impact assessment has been outlined, based on results obtained in different fields.  
For wastewater treatment, a single pilot scale plant was implemented and silk manufacturing effluent was 
object of the experimental remediation attempted. In a cost-effective perspective, the implementation of 
this system appears to be suitable for several solutions, i.e. within the framework of a multi-stage treatment 
process or as independent and easily implementable wastewater technology for cottage-scale manufacturing 
or small communities. 
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PART I: Introduction 
Chapter 1 – Introduction 
 

1.1. Objective of the study 
The present study is aimed to follow the start-up in the Italian and European framework of an American 
biotechnology for environmental decontamination.  
The technology was developed by Sam Sofer, PhD, PE, based on extensive research performed at the New 
Jersey Institute of Technology. Idea stage and basic research were accomplished in the US, together bench 
scale pilot tests and promising results obtained lead U-Earth Biotechnologies s.r.l. to bring bioreactors on the 
market.  
The Ph.D. research work, therefore, focused on field testing stage for air treatment application, in parallel 
with a bench/pilot scale application on industrial wastewater treatment. The main goal was to accomplish 
the validation of the performance, starting from data obtained with the case studies implemented and trying 
to envisage application in new areas, where available technologies could be supported and improved (e.g. 
healthcare and industrial facilities), contamination issues are not addressed for the lack of proper solutions 
(e.g. fugitive gases treatment) or more sustainable solution for local scale application would be required (e.g. 
wastewater treatment for small communities or specific environments). Information derived from available 
publication about the early stages of development and first pilot applications were used to set an appropriate 
procedure for monitoring and validation of the performance, based on international standards and 
guidelines. 
The formulation of a model for sizing and optimization of the biotechnology with adjustment for the different 
areas of interest has been studied, based on benchmark technologies and pilot applications. 
  

1.2. Structure of the study 
The research work performed will be presented in Part I, starting from problem identification, i.e. a short 
summary on air and water quality issues, followed by possible solutions and benchmark technologies survey, 
focusing, in particular, on environmental biotechnologies.  
The technology under study will, then, be presented in Part II, in terms of working principle and technical 
solution, following literature available and primary data collected. Monitoring methods and protocols applied 
for the performance assessment will be discussed in detail, considering both international standards and new 
solutions implemented. The risk assessment activities carried out in cooperation with Fresenius Medical Care 
(FMC) and Synlab will be described in terms of emissivity evaluation, in presence of contaminated air and 
water. A screening Life Cycle Assessment, complemented with CO2 equivalent calculation, has been 
performed to verify the overall sustainability of the technology proposed.   
Part III will report pilot installation accomplished for air treatment in different areas of interest, i.e. healthcare 
facilities, where several installations has been feasible thanks to cooperation with FMC and industrial 
facilities, i.e. waste treatment and wastewater treatment plants. A new opportunity for application was 
envisaged in radioactivity contaminated indoor environments and a preliminary impact assessment has been 
outlined, based on results obtained in different fields. For wastewater treatment, a single pilot scale plant 
was implemented and silk manufacturing effluent was object of the experimental remediation attempted. 
Concluding remarks will be presented in Part IV, focusing, in particular, on sustainability in technology 
implementation and research issue, limitations and obstacles found in performance assessment and 
modeling, and overall considerations regarding the consistency and relevance of results obtained.   
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1.3. Problem identification 
1.3.1. Air quality issue  
In the contemporary world, we have witnessed a growing concern about health, especially in developed 
countries, which is strongly related to both the evolution of health systems and the increased awareness of 
citizens' rights (Campos et al. 2010, Datta et al. 2005, Le Cloirec et al. 2005). 
The scientific community progressively awakened on the effect of air pollution on human health, making it a 
research topic since the industrial revolution (APA 2010). Despite the progress achieved in this area, with 
technological improvement and updated regulations, air quality remains a critical aspect, given the 
repercussions that pollutants may have, regardless of their nature (physical, chemical or microbiological), on 
human health and ecosystems (EEA 2013, WHO 2014, Héroux et al. 2015). 
Air pollution is, in fact, still a major concern of modern society, due to its long-term effects and it is considered 
a major cause of mortality and morbidity in the world, related to respiratory, cardiovascular and cancerous 
diseases. Together with adverse effect on human health, air pollution is recognized as primary cause of 
several negative impacts both on ecosystems and climate (EEA 2015, WHO 2013). 
Air is the most fundamental element for the survival of the human being. Every day, about 10,000 liters of 
air enters the lungs, so the quality of the air breathed is a determining factor for human health (Vijayan 2015). 
According to the World Health Organization (WHO), air pollution poses a threat to the well-being and health 
of the population. A high number of fatalities are recorded every year, due to the exposure to air pollution; 
3.7 million from exposure to outdoor pollutants and 4.3 million as a result of exposure to indoor air pollutants 
(WHO 2015). 
On the other hand, indoor and outdoor air pollution also lead to considerable global economic impacts, 
related to the occurrence of premature deaths, rising health care costs, and reduced productivity (EEA 2015). 
Due to the social changes that have taken place over the last few years, particularly in urban areas, about 80 
to 90% of time is spent indoors (e.g. housing, workplaces, transportation, cultural and social activities), thus 
justifying the increasing relevance that Indoor Air Quality (IAQ) has acquired in contemporary societies (WHO 
2010, Fekadu et al. 2015). 
Data gathered within SEARCH project (School Environment and Respiratory Health of Children, 2007-2010), 
coordinated by REC- Hungary (Regional Environmental Center for Central and Eastern Europe), demonstrated 
how typical outdoor airborne pollutants are actually found in equal or higher concentrations in indoor 
environments, aggravated by contaminants directly related to the specific environment, i.e. formaldehyde in 
case of schools, offices and healthcare facilities, Volatile Organic Compounds and solvents for industrial 
facilities etc. 
Volatile Organic Compounds (VOC) are defined as  

 “compound of carbon, excluding carbon monoxide, carbon dioxide, carbonic acid, metallic carbides 
or carbonates and ammonium carbonate, which participates in atmospheric photochemical 
reactions, except those designated by EPA as having negligible photochemical reactivity” or “organic 
chemical compounds whose composition makes it possible for them to evaporate under normal 
indoor atmospheric conditions of temperature and pressure” (Code of Federal Regulations, EPA); 

  “any organic compound having at 293,15 K a vapour pressure of 0,01 kPa or more, or having a 
corresponding volatility under the particular conditions of use” (Dir 1999/13/EC). 

In outdoor environment, VOCs are mostly related to photochemical smog and, consequently, tropospheric 
and ground-level ozone formation. While coarse particulate is generally formed due to combustion 
processes, fine particles derive from several coagulation and nucleation phenomena occurring in the 
atmosphere due to gases interaction. Typical particulate precursors are SOx (sulfur oxygenated compounds) 
and NOx (nitrogen oxygenated compounds), but VOCs are also included in the class. 
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In indoor environment, where VOC may be not only dispersed by specific activities (painting, dry cleaning, 
disinfections etc.), but also released by surfaces (i.e. furniture, coatings, textiles etc.), VOCs may react with 
the indoor ozone (coming from office equipment, like printers, from air purifier, such as ionizers, or from the 
outside) even in low concentrations (i.e. below public health standards). As stated by EPA, these chemical 
reactions give rise to sub-micron sized particles and by-products “that may be associated with adverse health 
effects in some sensitive populations”. In addition to this, it should be considered that several VOCs are listed 
among carcinogens compounds (e.g. formaldehyde, methylene chloride, acetaldehyde, perchloroethylene 
etc.) and pose a consequent thread on human health on their own. 
Typically occurring in indoor environment, fine particles may pose serious threat to human health, since they 
are able to linger in the air for long period of time (Utrup et al. 2003) and, therefore can travel long distances 
(Zarra et al. 2008, Schiffman et al 2000). Moreover, their small size allows them to enter the respiratory tract, 
down to pulmonary alveoli. 
Commonly regarded as a simply disturbing occurrence, odors may actually be listed among typical airborne 
contamination. ISO 5492:2008, prepared by Technical Committee ISO/TC 34, Food products, Subcommittee 
SC 12, Sensory analysis defines odour as “sensation perceived by means of the olfactory organ in sniffing 
certain volatile substances”. The definition implies directly 

- a physiological process, activated by receptors electrically linked to specific parts of human brains, 
responsible for signal decoding and substances identification; 

- a psychological component, activated by personal experience associated to the specific odor. 
In presence of persistent disturbing odours, the quality of life may be affected in terms of psychological stress 
and insomnia (Wilson et al 1980, Brennan 1993, Zarra 2008), even when physiological impacts are not directly 
triggered. According to World Health Organization (WHO, http://www.who.int/about/mission/en/) 
definition of “health”, it is a “complete, physical, mental and social well-being and not merely the absence of 
disease or infirmity”: in this sense, odours may pose a serious threat to community’s health.  
As reported by Zarra et al. (2008), different mechanisms are involved into odour impact, related to: high 
odorant concentrations, with consequent irritation of respiratory tract; synergic effect of different VOCs, 
which, combined, may exceed the protection value; odorant effect enhanced by airborne particulate, 
carrying odour on its surface. 
The general air quality of an environment, especially when indoor, should, then, be carefully considered and 
assessed to protect human health, applying monitoring and, where necessary, sustainable treatment 
solutions.   
  
1.3.2. Wastewater issue 
Earth surface is covered by water for about 70%. This relative abundance of water resource is, nevertheless, 
counterbalanced by the scarcity of freshwater available for drinking purpose, due its chemical quality. In fact, 
about 97.5% of global water is saline (96.5% stored in oceans and about 1% between groundwater reservoir 
and lakes), while only 2.5% is freshwater. Among freshwater reservoirs, the most abundant is polar ice, 
counting for about 2/3 of the total, while groundwater store 30% and surface water bodies store about 1% 
of total freshwater available (Gleick 1996). Considering the distribution presented, combined with irregular 
allocation in the different geographical regions, protection of freshwater reservoirs, in terms of quantity and 
quality, should be a priority of our age.   
Several indicators have been developed to assess threads posed to water resources, such as Water Footprint, 
Virtual Water Balance, Water Stress, mostly within the framework of international projects, such as 
Aqueduct, promoted by World Research Institute (WRI). In the following figure (Fig.1.1), current water stress 
ranking is proposed, in terms of ratio between water availability and usage. Projection have been developed 
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for the next decades on the same indicator, in order to support stakeholders and public authorities in 
adopting proper measure to fight or prevent water scarcity. 
 

 
Fig. 1.1.: Water stress by country (Aqueduct, World Resource Institute). 

 
For these reason, researches and technologies have been recently developed to promote efficient use of 
water, water saving and recovery.  
Due to high availability of salt or brakish water, desalination solutions have been extensively studied and they 
are currently applied to obtain freshwater in arid and semi-arid regions (e.g. United Arab Emirates or 
California, US). About 40% of desalination products worldwide, i.e. distilled water, derives from thermal 
treatments, requiring either high energy content processes or large space availability (in case of solar pond 
production). 
Urban green technologies offer a range of integrated solutions to fight water scarcity in metropolitan and 
residential areas, such as rainwater and stormwater harvesting for direct internal building application (e.g. 
sanitary water), which are widely regarded as promising techniques. Nevertheless, chemical and biological 
quality of water supplied ought to be monitored and adjusted accordingly to the intended use, e.g. to prevent 
microbial contamination or integrate possible missing minerals (Vasundevan et al. 2000, Vasquez et al. 2003, 
Kahinda et al. 2007, Sazakli et al. 2007). 
For industrial areas, three most promising options are typically investigated to be ideally implemented:  
1. Multiple use of water: in an industrial symbiosis perspective, a whole industrial area is involved in 

creating an Industrial Ecosystem, with symbiotic relationship between several activities, where the same 
water is fed to different production phases of different industries, based on the specific requirements 
(e.g. spring water could be used for washing vegetables in food industry, then fed to a manufacturing 
company for cleaning purpose and, finally, as thermal buffer for condenser or heating system). An actual 
example of this best practice sis currently implemented in Kalundborg (Denmark). 

2. Water reuse: water is treated within the facility and re-fed to the same production cycle, to create an 
almost closed loop. This technique is currently applied, for example, in several quarrying sites in Emilia 
Romagna (Italy).  

3. Water recycling: after the primary water use is accomplished and an effluent produced, wastewater 
treatment is performed to allow further utilization of water for a different activity (e.g. landscape 
watering, Tchobanoglous 2002). 
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Domestic wastewater contains a high load of organic matter which, untreated, while decomposing, may lead 
to malodorous gases and, therefore, nuisance to the surroundings. Moreover, pathogenic microorganisms, 
nutrients and toxic, mutagenic and carcinogenic compounds may be included or develop within wastewaters. 
Therefore, appropriate removal and conveying into sewage system is necessary, followed by properly 
designed treatment plants (Tchobanoglous 2002). 
Industrial wastewater treatment represents a major environmental issue, both for human health and 
ecosystem protection, as testified by international regulations, setting restrictive limitations for wastewater 
discharge. Since industrial wastewaters are rarely segregated on the basis of their composition or 
contamination level, wastewater treatment plants typically face not only heavily, but even variously 
contaminated media (Zahn 1993). While domestic wastewater typically displays a quite homogeneous and 
constant composition, even if characterized by diurnal and seasonal variation patterns, industrial wastewater 
composition reflects process peculiarity both from the chemical and physical point of view (Droste 1997, 
Tchobanoglous 2002). Common contaminants generally found in industrial wastewater may include 
immiscible floating materials (e.g. oils), suspended solids, soluble hazardous and non-hazardous organic 
materials, soluble inorganic materials (e.g. ammonia, nitrates, etc.), volatile materials. 
Unstable composition, frequently characterized by high organic and toxic load or extreme conditions (e.g. 
pH, temperature, salinity etc.), causes increased fragility of treatment performance and working conditions, 
followed, consequently, by rising management cost. In this sense, the implementation of wastewater 
treatment solutions within the same production site would be crucial to optimize both treatment and 
recovery opportunities.   
 

1.4. Environmental biotechnologies 
Biotechnologies are defined by UN Convention on Biological Diversity (UN 1992) as “technological application 
that use biological systems, living organisms, or derivatives thereof, to make or modify products or processes 
for specific use.”.  
Environmental biotechnology, in particular, in accordance with International Society for Environmental 
Biotechnology, "the development, use and regulation of biological systems for remediation of contaminated 
environments (land, air, water), and for environment-friendly processes (green manufacturing technologies 
and sustainable development)" (Zylstraa et al. 2005). 
Therefore, their applications range from remediation of contaminated land and groundwater, air and 
wastewater treatment, agriculture etc., supported by a sustainable approach, considering both 
environmental and economic aspects of the process. 
For the aim of the present study, a focus on applications for air and wastewater treatment is presented. 
 
1.4.1. Air treatment applications 
As stated by several authors, biotechnologies currently represent a sustainable alternative to conventional 
air pollution control techniques, both for their environmental impact and remarkable cost-effectiveness 
(Mudliar et al. 2010, Shareefdeen et al. 2005). Different technological solutions have been designed and 
implemented during the last decades, based on different characteristic of pollutants to be treated, in terms 
of chemical nature, load of contamination and quality requirements to be met by the final effluent gas, i.e. 
different removal efficiency necessary. 
The ability of microorganisms to degrade chemical compounds depends on their metabolic activity and the 
possibility to find into chemical pollutants either Carbon or energy source. The composition and survival of 
the microbial community depends on nutrients available, as well as process contour conditions (Singh et al. 
2005), such as humidity, pH, oxygen and temperature (Fig. 1.2.). 
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Fig. 1.2.: Biodegradation process in waste gas treatment reactors (Sing et al. 2005) 

 
Mixed cultures of bacteria, actinomycetes, fungi, algae and protozoa are typically regarded as able to address 
waste gas treatment issues. The degrading activity is constituted by the breakdown of chemical bonds within 
the compounds, with bio-transformation into less complex metabolites, until complete mineralization into 
inorganic compounds (e.g. HsO, CO2, CH4 etc.) (Singh et al. 2005). 
 

 
Fig. 1.3.: Incorporation of oxygen into the aromatic ring by the dioxygenase enzyme, followed by meta or ortho 

cleavage (Le Cloirec et al., 2005). 

 
A variety of different chain-reactions are required to achieve the degradation of pollutants, most of the time 
represented by quite complex compounds, as shown in the example in Figure 1.3. 
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Standard air phase biological reactors include biofilters, biotrickling filters and bioscrubbers, albeit recently 
developed bioreactors involve membrane technology (Shareefdeen et al. 2005, Kumar et al. 2008a, 2008b, 
2009, Mudliar et al. 2010). 
In biofilters, waste gas flows through a bed of porous medium where a microbial population grows on 
contaminants adsorbed on the medium surface. This configuration has been used since late ‘50s (Pomeroy 
1957) to treat gaseous effluents and it is characterized by the presence of mixed microbial consortia, typically 
organized in biofilm configuration, which leads microbial cells to be exposed to different environmental 
conditions (i.e. temperature, pH, oxygen, carbon dioxide, air contaminants, and metabolites from other 
organisms as well as cell components and endotoxins from dying and lysing organisms), related to different 
positions in the depth of the biofilm (Singh et al. 2005). Biofilters may be either open system (Fig. 1.4.) or 
closed systems (Fig. 1.5.). 
 

 
Fig. 1.4.: Open biofilter system (Williams et al. 1992). 

 
Fig. 1.5.: Closed biofilter system (McNevin et al. 2000). 

 
Characteristic of the packing media, pressure drop within it and medium depth, moisture content, 
temperature, pH, oxygen and nutrients availability are among the most relevant parameters affecting 
biofilters efficiency.  
Where biofilters are typically packed with organic materials, biotrickling filters are almost exclusively packed 
with specifically manufactured media, of inorganic nature, and a liquid phase is allowed to trickle down the 
bioreactor (Fig.1.6.). The trickling liquid act as a buffer to control several reaction parameters, such as pH, 
salt, metabolite concentration, and to add nutrients to the microbial population performing the degrading 
activity over the waste gas (Deshusses et al. 2005, Oh et al. 1997, Mpanias et al. 1998; Cox et al. 2000; Gabriel 
et al. 2003). 
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Accurate maintenance of packing material, as well as careful trickling liquid phase control are key factor for 
the effectiveness of the technology. 
 

 
Fig. 1.6.: Biotrickling filter (Revah et al. 2005) 

 
Bioscrubbers, or “suspended-growth bioscrubber” (Ockeloen et al. 1996, Koe and Yang 2000, Singh et al. 
2005), are three-phase, fluidized-bed bioreactor systems, where the pollutant compounds (in particular 
VOCs) to be treated are physically separated/absorbed in liquid phase and, then, undergo a second stage of 
biological treatment in a liquid-phase bioreactor (Fig. 1.7.).  The first stage (gas/liquid contact) is normally 
performed through a packed-bed column, working in counter-current mode, while the liquid-phase 
bioreactor is a simple aerated tank.  
 

 
Fig. 1.7.: Bioscrubber (Mudliar et al. 2010). 

 
Key parameters for process optimization are oxygen concentration, nutrients, temperature and pH (Singh et 
al. 2005). Typical bioscrubbers implement activated sludge, derived from wastewater treatment plants, as 
starting inoculum (Ottengraf, 1987). Where necessary, i.e. in presence of specific contaminants and 
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controlled gas flow conditions, the bioreactor may be inoculated directly with dedicated microbial strains, 
with a known metabolic activity and, therefore, more predictable performance. 
 
1.4.2. Wastewater treatment applications 
Biotechnological solutions for wastewater treatment are generally widely applied, more than physical, 
chemical or mixed techniques. They, in fact, take advantages of naturally occurring biocatalytic activity and 
are able work in ambient temperature and pressure (sensibly lowering the treatment costs) over even large 
volumes of effluents. Domestic wastewater is efficiently treated, as well as several industrial wastewaters, 
when bio-available contaminants are present (e.g. phenol, mono- and di-chlorophenols, benzene, nitro-
benzene, toluene, ethylbenzene, naphthalene). 
Typical wastewater treatment plants are designed on a three stage-process (Fig. 1.8.), with: 
1. Pre-treatment for removal of suspended and floating materials (sedimentation, oil separation and 

floatation) and pH adjustment (equalisation and neutralisation) as primary treatment; 
2. Secondary treatment, commonly performed in activated-sludge bioreactors, where microorganism able 

to grow on organic compounds (i.e. using them as Carbon source, electrons acceptors or energy source) 
degrade chemicals; 

3. Final removal of residual contaminants (chemical or biological) by sand filtration, reverse osmosis, 
adsorption, phytoremediation, electrodialysis and/or disinfection. This tertiary treatment phase is 
applied only where specific effluent quality is required (e.g. for water reuse or discharge in sensible water 
bodies). 

4. A complementary treatment for solid residual, i.e. settled material, dried sludge etc., is necessary before 
the final disposal in landfill (e.g. incineration or anaerobic digestion). 

 
 

 
Fig. 1.8.: Typical wastewater treatment schematic in municipal wastewater treatment plant (Zhou et al. 2011). 

 
Several bacterial population are generally involved in secondary treatment stage, together with protozoa in 
aerobic reactors, forming aggregates of flocs, tending to sediment at the bottom of the tank. 
Most of the available biological treatment are aerobic, due to the large bacterial consortia involved, 
operating in parallel on broader range of contaminants (such as organic compounds, nitrogen and 
phosphorous), offering, therefore, a highly versatile treatment. In addition to this, aerobic bacteria display a 
very esoergonic metabolism, with high growth rate, resulting in a stable process, shorter residence time 
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required and faster treatment (or smaller reactors needed). Typical drawbacks of aerobic treatment are: 
energy requirement to ensure proper aeration, consequent stripping of volatile, possibly hazardous, 
compounds, heavy sludge production, impossibility to degrade some contaminants (e.g. nitrate and sulfate, 
non-ionic surfactants, high molecular weight hydrocarbons and polyhalogenated chemicals).   
Anaerobic treatments are typically applied to degrade or bio-transform compounds not managed by aerobic 
ones and to overcome issues presented. Nevertheless, in a complementary perspective, anaerobic processes 
display slower and lower degradation ability over soluble organic compounds due to low metabolism and 
growth (this implies, evidently, longer residence times and lower stability of the process) and high sensitivity 
to environmental conditions and toxic compounds. Moreover, anaerobic bacteria consortia work in series, 
with a limited number of compounds entering the population’s metabolism, depending on bacteria 
responsible of the first step of biotransformation. 
In order to address complex wastewater compositions, several composite configurations are currently 
implemented at industrial scale, such as: aerobic, continuous, well mixed dispersed biomass; aerobic, 
continuous, plug flow + immobilized biomass; anaerobic, continuous, dispersed biomass; anaerobic, 
continuous, partially dispersed biomass; anaerobic, continuous, plug flow + immobilized biomass; integrated 
anaerobic-aerobic , continuous, dispersed biomass; integrated anaerobic-aerobic , continuous, immobilized 
and dispersed biomass. 
Standard wastewater treatment systems are, anyway, generally not able to perform a quick nor complete 
biodegradation of several xenobiotic compounds, defined as “recalcitrant”, which tend to leave the plant 
either with final effluent (e.g. dichlomethane, dichloroethane, trichlorophenols) or through volatilization 
(e.g. chlorobenzene, chloroform, tetrachloroethane, trichloromethylene, vinylchloride) or sorption to solids, 
like particles or sludge (e.g. hydrophobic compounds, such as anthracene, fluorene, pyrene, chlorobenzene, 
hexachlorobenzene, Chlordane and Endrin). Specific solutions have been developed to address such 
recalcitrant contaminants, such as Granular Activated Carbon (GAC), Powered Activated-Carbon Treatment 
process (PACT process), expanded bed granular activated-carbon (GAC) anaerobic reactor, Membrane 
Extractive Reactors, photodegradation with TiO2 and UV. (Rittman et al. 2001). 
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PART II: The technology  

Chapter 2 – Presentation of the technology 
 

2.1. Introduction 
The technology applied for the present study has been developed following two decades of researches by 
Sam Sofer, PhD, PE in the industrial biotechnology field and it is based on immobilized cell bioreactors. 
Immobilized activated sludge was originally evaluated by New Jersey Institute of Technology (Rus, 1992) as 
a potential biosorbent for the removal of heavy metals from liquid waste streams. The immobilization 
method consists of microorganism entrapment in calcium alginate beads. A bench-scale system was 
developed and tested to optimize the biosorption process, gaining promising results for heavy metals, such 
as lead and chromium. The very same bacteria consortium, mixed with selected, but non-engineered strains, 
fungi and enzymes, has been included into a biomass preparation already on the market (U-ox®), which is 
expected to act as immobilizing and treating agent for airborne contaminants.  
Since early ‘80s, (Shamat and Meier 1980, Tabak et al. 1981) activated sludge have been applied for 
biodegradation of organic compounds and, therefore, as biomass source for wastewater treatment. 
Traditional activated sludge treatment stage normally includes free microorganisms in an aeration tank which 
promotes conversion of organic load in wastewater into biomass and carbon dioxide (Bonoli 2014a, 2014b). 
But where, typically, free cell microorganisms are used in the activated sludge process, immobilized 
microorganisms may instead be used, as suggested by several studies (Woods 1995, Lakhwala 1988, 
Lakhwala 1992), enhancing wastewater treatment potentiality. Immobilized biomass presents some 
remarkable advantage, compared with the free cell, such as (Mattiasson 1983, Westmeier and Rehms 1985 
and 1987, Dwyer et al 1986, Lewandowski 1988, Chien and Sofer 1985, Sofer et al. 1990):  

1. washout phenomena are avoided in continuous flow configuration, 
2. the biomass could be recovered and reused if necessary,  
3. the bioreactor presents great operational flexibility, 
4. the cell configuration improves mass transfer and, therefore, microbial activity (i.e. pollutants 

removal through metabolic ways) with a self-regulated microbial growth (Lakhwala 1988, Lakhwala 
1992), 

5. cell density is higher, providing a higher biodegradation per unit volume of the reactor, 
6. immobilized cell microorganism display higher resistance to high concentration of toxic compound 

(Sofer et al. 1990, in fact, confirmed what reported by Rehm, Crawford et al., i.e. that, when 
immobilized configuration is provided, microbial activity is not inhibited even at concentrations of 
chemicals typically fatal for the same population) 

As proved by many authors, in fact, biofilms support a large biomass and, therefore, high microbial activities, 
but some degrading processes, such as mineralization, are promoted by high localized-solute concentrations, 
pH conditions and redox potential related to limited mixing in the vicinity of the bacterial cell (Lawrence 
1998).  
Immobilized cell on inert support involves active and passive attachment mechanism (Lakhwala 1988, 
Lawrence 1998, Loosdrecht 1987). As a first step, the passive attachment forms a mono-layer of bacterial 
film, thanks to weak Van der Waals forces between the bioreactor’s surface and the bacteria. On the initial 
layer, the active attachment performed through exo-polysaccharides secreted by the same bacteria 
contributes to multi-layer biomass development (Wollersheim 1989). 
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2.2. The bioreactor 
The bioreactors tested and currently applied on air treatment (patented and commercially known as AIRcel) 
are classified as "Immobilized cell bioreactors" and work with a combination of convection and biological 
digestion of materials captured, as leading mechanism. 
The bioreactors, in analogy to bioscrubber technology, both fixed-film and suspended-growth (Singh et al. 
2005, McNevin 2000), consist of three phases in close contact (Fig. 2.1.): 

1. a solid phase, which is the bioreactor itself,  
2. a liquid phase, i.e. water,  
3. a gas phase, that is air (in case of air treatment application, it corresponds with the polluted medium 

to be treated).  
 

 
Fig. 2.1.: Simplified outline of an AIRcel bioreactor (U-Earth Biotechnologies s.r.l.). 

 
As in common biofilters, the physical support for biomass growing is offered by a solid medium, but, in this 
case, a plastic patented bioreactor is provided with optimized configuration (Bonoli 2014a, 2014b). Biological 
oxidation is, in fact, enhanced by the design of the internal concentric vertical cylinders in plastic sheets, 
providing a lower pressure drop and resulting in less channelling than packed-bed bioreactors. 
A water reservoir is maintained inside the bioreactor and refilled on a regular basis. The water is continuously 
pumped from the bottom of the bioreactor to the top plate, where a number of holes allow it to trickle down 
along the reaction surface, i.e. the cylindrical plastic sheets which are immersed in the water tank only for a 
half (Fig. 2.1. and 2.2.). This is analogy with biotrickling filter technology presented in Chapter 1.  
 

 

AIRcel 
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Fig. 2.2.: Exploded graphic of an AIRcel bioreactor (U-Earth Biotechnologies s.r.l.). 

 

This peculiar configuration, with large empty space inside the bioreactor, opposite to the classical support 
material filling, allows to overcome some typical drawbacks of the immobilized cell bioreactors, i.e. physical 
breakage of beads, channeling etc. In the first stages of development, Sofer et al. (1990) developed a 
recirculation bioreactor (Fig. 2.3), with longer bead-life and duration run due to aeration performed into the 
reservoir, instead of into the reactor itself.  
In this case, aeration is provided by the fan at the top of the bioreactor in combination with water trickling 
along the cylindrical surfaces, forming a thin film that support its oxygenation.   

 

 

Fig. 2.3.: Recirculation reactor (Sofer et al. 1990). 
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Apparently small reaction surface and relatively high empty volume inside the bioreactor answer to a design 
principle based on potential energy provided by, on one hand, dissolved oxygen and contaminants gradient 
and, on the other hand, by bacterial activity in biofilm configuration. 
The leading mechanism of the bioreactor, i.e. the driving force of microbial growth is the biological digestion 
of the pollutant materials attracted, which represents the only substrate provided. 
While initially applied to water effluents treatment (Rus 1992, Borkowsky 1995), the main application 
indagated with the present study was on air treatment.  
When applied to air contamination treatment, in fact, these miniaturized plants proved to be able to capture 
and degrade various pollutants, such as gases, volatile organic compounds (VOC) and odors by bio-oxidation, 
and remove particulates and heavy metals.  
Air pollutants are first captured by the bioreactor and subsequently bio-digested, applying a principle defined 
by Sofer (2006) as “bio-hygienics”.  
As reported in Table 2.1, the airflow supplied by the fan is quite limited, but the number of total volume 
exchange within the bioreactor is relatively high.  
 

 
 

BIOREACTOR (AIRCEL85) 

REACTION SURFACE (M2) 0.55 
AIR FLOW (M3/H) 37 
AVERAGE AIR VOLUME (L) 37 
N. OF INTERNAL AIR VOLUME EXCHANGE/H 1000 
WATER FLOW (M3/H) 0.66 
AVERAGE WATER VOLUME (L) 32 
N. OF TOTAL WATER VOLUME RECIRCULATION /H 18 

Tab. 2.1.: Bioreactor’s operational specs 

 

Sofer (2006) suggests that electrical field and gradient generated by microbial metabolic activity may trigger 
and enhance a diffusion effect, attracting contamination to the bioreactor (Fig. 2.4), this without additional 
ionization, nor electrostatic charging of particles, but through the exploitation of their natural surface charge. 
The grounding effect provided by the continuous water flow support the attraction effect on charged 
particles (Lakhwala 1991, Shim 1995, Sofer 2006). 
 

  
Fig. 2.4.: Clean air zone generated by bioreactor’s activity (source U-Earth Biotechnologies s.r.l.). 
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Considering the scrubbing effect provided on airflow by water film trickling down the cylindrical surfaces, it 
may be assumed that a local contaminants concentration gradient is created at the interface between air 
and water flow. This promoting molecular diffusion among the different media involved, i.e. from air to water 
and from water to biofilm. In particular, since air is generally contaminated by relatively low concentrations 
of chemicals and particles (e.g. part per million, ppm, to part per billion, ppb), the system operated with 
dilute solution, allowing to hypothesize a diffusion chain, i.e. gas-liquid interface diffusion (air-water) 
followed by a thin film diffusion (air-water-biofilm), under Fick’s law conditions (dilute solution, one-
dimensional predominant diffusion and negligible convection in the same direction). 
As in common diffusive media, the contaminants in the gas phase diffuse toward the support for immobilized 
active microbial culture (U-ox). Being the medium poorly porous and covered with a thin film of water, no air 
flow through it is allowed. The diffusive flux of the contaminant is, therefore, perpendicular to the direction 
of gas flow, and, as stated by Govind et al. (2005), its value depends on the gradient of concentration between 
the bulk and the interface (in this case, the two interfaces). Typically, the transport rate depends on air flow 
velocity, but here a more complex system is built up on air and water flow. 
Diffusion coefficients of gases in water are typically in the range of 10-5 cm2/s at 25°C (Cussler 1997), therefore 
long contact times are required to promote the diffusion to the biofilm. For this reason, a high number of air 
volume exchanges inside the bioreactor, together with water recirculation are required.  
Shim’s work (1995), focusing on a spirally wound polymeric membrane immobilized bioreactor to degrade a 
model VOC (ethanol) in air with a mixed bacterial culture, determined a direct relationship between air flow 
and reaction rate, increasing in parallel thanks to enhanced mass transfer, until the sloughing of the biomass 
from the polymeric support, or as a result of substrate inhibition (Borkowski 1995). Currently applied 
bioreactors air flow is tuned accordingly.  
 

2.3. The biomass 
Many authors stated the effectiveness of specific bacteria strains in degrading different contaminants 
(McNevin 2000), such as Chemoheterotrophic bacteria to  promote Organic Carbon oxidation (from VOC to 
CO2 and H2O), Nitrifying bacteria for nitrification (from NH4+ to nitrite and nitrate), Sulfur oxidizing bacteria 
to achieve Sulfide oxidation (from H2S to S0 and sulfate) (all in aerobic environment) and Denitrifying 
bacteria, to promote Denitrification (from nitrate to gaseous nitrogen) in anaerobic conditions.  
Since the biomass representing the core of the AIRcel technology is a proprietary formulation (u-ox), in which 
the claim is that no genetically manipulated microorganism, no specific information is available for the public, 
but, based on the evidences gathered, it appears to be a quite composite bacteria and enzymes consortium. 
The biomass proposed is, in fact, able to attack and digest compounds different in nature, degradation 
process, contour conditions requirements and inhibitors, final products and reaction by-products. 
The biomass is provided in water suspension and the immobilization on the inner reaction surface is achieved 
progressively by water recirculation. 
Thanks to cooperation with Fresenius Medical Care and Synlab, biomass concentration in AIRcel process 
water has been tested at different timing for a qualitative assessment of adhesion attitude during the first 
days after the setting-up. A similar experiment, with bioreactor applied to wastewater treatment has been 
performed and is presented into Chapter 7 of the present document.  
The AIRcel bioreactor was set-up with a single dose of U-ox (i.e. 100 ml), dispersed into 40 litres of tap water. 
In addition to this, an opportunistic human pathogen, i.e. Pseudomonas aeruginosa, typically found in 
hospital water pipelines, was spiked in quite high concentration (2000 CFU/100 ml), during the setting-up 
and verified by cetrimide-agar plate count, in order to verify relative abundance of the two population and 
to assess ecological dynamics within the bioreactor. The test was conducted at standard room temperature 
of 20°C. A general bacterial count was performed on CASO-agar plate, which was defined as representative 
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of U-ox bacteria consortium. As prescribed by manufacturer, a second U-ox mono-dose was supplied to the 
system after about 15 days from the start-up. 
AIRcel was, then, switched on and allowed to work into a test chamber with filtered inlet air (see Chapter 4). 
As inferable from results presented into Table 2.2., the biomass replicates inside the process water starting 
from the very first hours of application. It is presumable that, meanwhile, biofilm is forming along the vertical 
surfaces of the bioreactor.  
 

AIRCEL WATER SAMPLING 
(H) 

CONCENTRATION OF 
BACTERIA ON CASO-AGAR 
[CFU/ML] 

CONCENTRATION OF 
PSEUDOMONAS 
AERUGINOSA ON 
CETRIMID-AGAR  
[CFU/100ML]  

RATIO:  
OVERALL BACTERIA / 
PSEUDOMONAS 
AERUGINOSA  

0 1.850  1.730  107  
2 2.400  1.700  141  
4 2.250  1.220  184  
6 2.650  1.270  209  
8 3.000  1.240  242  
10 1.400  1.420  99  
12 2.300  1.590  145  
24 14.100  2.640  534  
26 22.500  2.400  938  
28 39.500  2.800  1411  
30 51.600  6.640  777  
32 63.150  7.920  797  
34 96.800  11.040  877  
36 90.000  18.560  485  
51,5 172.000  76.600  225  
57 370.000  > 100.000  < 370  
75,5 340.000  > 100.000  < 340  
81 5.170.000  440.000  1175  
224 3.500.000  375.000  933  
248 950.000  45.000  2111  
316 415.000  34.000  1220  
340 445.000  17.500  2542  
364 605.000  6.500  9308  
504 70.000  70  100.000  
528 320.000  >10  > 3.200.000  

 
Tab. 2.2.: Concentration of bacteria in suspension into AIRcel process water.  
 

The concentration peak detected on the third day from the start-up was detected both for the general 
bacterial (Fig. 2.5), regarded as representative of U-ox biomass, and Pseudomonas aeruginosa (Fig. 2.6), i.e. 
the biological contaminant added to the solution. Considering the direct sampling performed, i.e. without 
homogenization of the water medium to avoid system’s perturbation, this may lead to conclude that a 
detachment of biofilm occurs periodically, raising the concentration of dispersed biomass. Provided, then, 
that bacterial concentration detected during the following days showed a significant decrease, it is assumable 
that a dynamic equilibrium is established inside the bioreactor, with constant detachment of old biofilm and 
new biofilm formation ensured by continuous water flowing along the vertical surfaces (Fig. 2.7). Moreover, 
as reported by Borkowski (1995), biomass possibly stripped from the reactor support surface may enter the 
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process water (i.e. the reaction solution), continuing the contaminants degradation (i.e. substrate) as in free 
cell bioreactor. 

 

 

Fig. 2.5.: Concentration of bacteria developing on CASO-agar, i.e. general bacteria (representative of U-ox). 

 

 

Fig. 2.6.: Concentration of bacteria developing on Cetrimid-agar, i.e. Pseudomonas aeruginosa. 
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Fig. 2.7.: Biofilm life cycle, with initial attachment, where bacteria adhere via Brownian motion, flagella-driven motility 
and physiochemical attraction (van der Waals interactions), reversible and irreversible attachment, where Flagella and 
Fimbriae permanently anchor the bacteria to the surface, biofilm maturation through cell division and an extracellular 
matrix, and, finally, dispersal stage, where the biofilm matrix is partly broken down and returns to planktonic phase 
(Meliani et al. 2015). 

 
Considering the ratio between the general bacteria count and biological contaminant, it can be observed that 
the general bacterial population, regarded as representative of the U-ox biomass supplied to the system and, 
therefore, autochthonous for the system, developed in a ratio ranging from 102 to 103, compared with the 
contaminant population until day 15. With the second U-ox mono-dose addition, the ratio between the two 
populations raised rapidly to values ranging from 105 to 106 (Fig. 2.8). This allows to conclude that possible 
opportunistic bacteria contaminations into the bioreactor and biofilm can actually be controlled by the  
periodical biomass addition and consequent augmentation of the degrading strains.  
 



Sara Zanni 2017 2. The technology 

 
22 

 

Fig. 2.8.: Ratio between general bacteria count and Pseudomonas aeruginosa. 

 
In several applications, it has been observed that process water typically tends to take the colour of possible 
airborne contaminants (e.g. purple shade in presence of purple ink for pathological analysis), but it has been 
reported by Borkowski (1995) that yellowish shade in process water, in absence of specific contaminants (e.g. 
limonene, i.e. cyclic terpene), may indicates the release of extracellular enzymes carried out by bacteria 
during the degradation process.   
 

2.3. The system 
Based on evidence gathered during the experimental phase performed, a single unit is generally able to deal 
with low level of contaminations, while the combination of a number of bioreactors, actually build up a real 
air treatment system.  
In real scale application, the system is based on stand-alone bio-oxidizers that provide internal air-mixing 
within the facility and capture particulates and gases by attracting them to an air zone with low concentration 
of contaminants generated by its action. In presence of high load of contamination attracted to a single 
bioreactor, then, the degrading capacity displayed by the biomass may decrease due to substrate inhibition.  
Since the system is modular, the correct sizing and positioning of bioreactors may, therefore, increase the 
global effectiveness the air treatment, by overlapping the individual unit’s effect and offering larger reaction 
surfaces and biofilm activity. This gives space to anticipate a positive outcome in application for capturing 
and containing airborne contamination in indoor environment, even in presence of low ventilation.   
Three sizes of bioreactors are currently manufactured by U-Earth Biotechnology and their technical specs are 
reported into Table 2.3.  
As already mentioned, for most applications reported in the present document, AIRcel85 (i.e. the smaller size 
bioreactor) was used. Technical drawings provided by the manufacturing company are presented in Fig. 2.8 
and 2.9. 
 

 AIRCEL85 AIRCEL600 AIRCEL5000 
COVERED AREA (M2) 15÷150 50÷500 100÷1.500 
CONTAMINANTS UPTAKE 
(KG/DAY) 

3,5 11,5 76 
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 AIRCEL85 AIRCEL600 AIRCEL5000 
AIR FLOW (M3/H) 37 580 1030 
VOLTAGE (V) 12 230 230 
FREQUENCY (HZ) 50 50 50 
POWER MAX (W) 45 310 840 
ENERGY CONSUMPTION 
(KWH/D) 

1,08 7,44 20,16 

SOUND PRESSURE (DB) 31 36 38 
WATER RESERVOIR MAX. 
(LT.) 

31 170 600 

SIZE (MM) 355x390x800 1200x800x1260 1200x1000x2110 
EMPTY WEIGHT (KG) 20 95 165 
FULL WEIGHT (KG) 51 265 765 
ENERGY SUPPLY CABLE 2 mt. Cable with Schuko 

plug 
2 mt. Cable with Schuko 
plug 

2 mt. Cable with Schuko 
plug 

WATER FEED (MM) Polyuretane pipe Polyuretane pipe Polyuretane pipe 
 Øe6xØi4 Øe12xØi8 Øe12xØi8 
MAX WATER PRESSURE 
(BAR) 

6 10 10 

 
Tab. 2.3.: Technical specs of the three bioreactors size currently manufactured.  
 
 

 
Fig. 2.8.: AIRcel 85 technical drawings, outside (U-Earth Biotechnologies s.r.l.). 



Sara Zanni 2017 2. The technology 

 
24 

 
Fig. 2.9.: AIRcel 85 technical drawings, inside (U-Earth Biotechnologies s.r.l.). 

 
The system can be accounted as a sustainable technology, particularly when compared to standard air 
treatment systems, since it does not require elevated temperatures (as post-burners) or pressures (as 
membrane filters) or excess energy (as any ventilation system) to operate. In Chapter 5 of the present 
document a more detailed analysis of technology sustainability would be provided.
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Chapter 3 - Performance evaluation methods 
 
A crucial aspect in the process of validation of an environmental biotechnology is the performance evaluation 
and assessment. 
Provided the peculiar working principle of the technology, specific tools have been applied to assess the 
effectiveness of the different applications and gather empirical data for modeling. 
In particular, since recirculation of air and water is the leading force of the remediation, standard monitoring 
methods have been adapted to meet the specific issue. For air treatment, a specific monitoring protocol has 
been developed and a wireless technology extensively applied, together with process water test; for 
wastewater treatment, in the other hand, key parameters have been tested on the basis of a defined 
schedule, with fast and easily manageable laboratory procedures. 
 

3.1. Air treatment application 
3.1.1. Air monitoring 
Since the AIRcel technology operates in open air, it breaks with the typical outline of traditional air treatment 
technologies, i.e. ducting the exhaust air, filtering and emission. This undermines the standard efficiency 
assessment, based on the difference in concentration of the specific contaminant between outlet and inlet. 
For this reason, different methodologies have been applied to evaluate the effectiveness of the AIRcel 
technology, based on difference in contaminants’ concentration before and after system’s installation, to 
verify its impact on the specific environment. 
Where possible, international standards have been applied (e.g. UNI EN ISO 7726 e UNI EN ISO 7730) and, in 
particular, sampling methodologies developed for Clean Rooms and controlled environments (UNI EN ISO 
14644:2015; UNI EN ISO 14698-1:2004), hospital environments (National Health Service, ISPESL)) and 
Working place exposure evaluation in general (UNI EN 13205 – 1:2014 - Workplace exposure. Assessment of 
sampler performance for measurement of airborne particle concentrations. General requirements; UNI EN 
13098:2002). 
  
3.1.1.1. Monitoring protocol 
A specific document has been developed, particularly devoted to as a result of Technical Standards, 
Guidelines and Regulations, together with previous testing experience, coordinated by Prof. Alfonso 
Andretta, Environmental Engineer from University of Modena and Reggio Emilia, Italy, in 2011 into Saronno 
Hospital, and Sam Sofer, PE PhD, professor and researcher for several years in New Jersey Institute of 
Technology, USA. 
General rules have been set: 
1. Baseline testing should be performed BEFORE installing the units (if same day of installation before 

putting water and biomass in the units). Three rounds of baseline would be preferable in order to obtain 
a database which could be statistically processed. 

2. Similar contour conditions should be pursued for the different testing time, either always at rest, or 
always during the same shift, and similar contamination production conditions, or number of people 
occupying the room. 

3. The best time for testing is a few days after biomass addition. Biomass mono-dose should be added on 
day 1 (installation), on day 15, on day 30 and every 30 days thereafter. 
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4. Note specific unusual conditions which occurred around the testing time, like room clean-up (detergents 
emissions), open windows (dust or outdoor contamination), lack of oxygen in the room due to lock up of 
rooms for long time (the system needs oxygen to work efficiently). 

5. The monitoring performance is evaluated on the abatement of contaminants in the room in respect to 
the baseline data, and not by the actual air inlet VS air outlet of the units. 

6. Preliminary activities comprise: 
6.1. Acquisition, when possible, of the Risk Assessment Document, the floor plan layout of the facility 

including HVAC ducting layout, and accident registry. 
6.2. Preliminary assessment of environmental contamination conditions of the area to be tested, 

examining historical data, where available. 
6.3. Site inspection and detailed analysis of the production cycle, of the areas in which specific activities 

are carried out, number of people usually in the area and possible sources, characteristics and mode 
of transmission of risk agents. 

6.4. Choice of the sampling points in different locations around the room and sampling spots must be 
kept the same for every test run. However, the sampling point should never be close to the AIRcel 
device. A minimum distance of 1,5 m must be kept from the AIRcel. The minimum number of 
sampling points must be defined as follows: 

• Area ≤ 30 m2: n ° 1 sampling point in the middle of the area, 1.5 m above the ground; 
• Area > 30 m2: n ° 2 sampling points along the diagonal equidistant between each other, 1.5 m above 
the ground; 

 
Four classes of contaminants are involved in air monitoring: 
1. Microbial count: Italian Guidelines "Microbiological monitoring on workplaces - Sampling and Analysis" 

(INAIL 2010) are followed, compatible with European Community Standards (such as UNI EN ISO 14698-
2:2004 - Cleanrooms and Associated Controlled Environments - Biocontamination Control). The 
monitoring of the bio-aerosol is performed using an impact sampler and performing a triple sampling, 
for each point identified above, at a standard volume air sampling value of 1000 litres. A sampler 
compliant with national and international standards for environmental air monitoring, including those 
set by ISO 14698 (Cleanrooms and associated controlled environments), is to be used in order to sample 
a known amount of air, conveying it with proper flux, onto the Petri plates. The head of the instrument 
should be sterilized or disinfected after each single sample and subjected to autoclaving after each 
sampling cycle. A single contact plate will be used for each sampling, which will be stored in a refrigerator 
at standard temperature of +4 ° C in an inverted position and then transported as soon as possible, max 
within 24 hours, at a laboratory that will provide for subsequent incubation and analysis of the bacterial 
cultures. In addition to standard Total Viable Count analysis (counting colonies growing on Tryptic Soy 
Agar after 48h incubation at ± 1°C), selective analysis (both quantitative and qualitative, for the isolation 
of specific strain of interest) on colony grown after specific period of time in mesophilic conditions can 
be performed in order to identify pathogenic bacteria, relevant on nosocomial infections or post-surgical 
infections, such as: 
1.1. Gram + bacteria 
1.2. Gram – bacteria 
1.3. Staphylococcus aureus (with active sampling on specific culture medium, such as Baird Parker plates 

with 1% Tellurium and egg yolks solution) 
1.4. Pseudomonas aeruginosa 
1.5. Legionella: unfortunately, no standard procedure is commonly implemented for detection of such 

pathogen in air. Accordingly to CDC laboratory practice manual (National Center for Infectious 
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Diseases, 2005), impingement in liquid using an all-glass impinger or impaction on solid media using 
an Anderson sampler are suggested methods in order to obtain the most representative samples in 
this particular issue. No application has been carried out. 

1.6. Viruses: specific methodologies to be defined for different strains of interest (filter/real-time qPCR, 
for example). No application has been carried out. 

2. Airborne particulates: UNI EN ISO 146444:2015 and UNI EN 13205-1:2014 represent the standard for 
such monitoring, noting for each size class from 0.3 to 5 microns, the number of particles per unit 
volume.  

3. Volatile Organic Compounds (VOC): VOC screening can be performed using a PID, like the Tiger VOC 
detector, a hand-held instrument for rapid, accurate detection of volatile organic compounds. Its 
photoionisation detection (PID) capabilities utilize a patented Fence Electrode technology, a 3-electrode 
format, resistant to humidity and contamination. The detection range from 1 parts per billion (ppb) to 
20,000 parts per million (ppm). As an alternative, Flame Ionisation Detectors (FIDs) may be used or, 
following UNI EN 1076:2010, pumped samplers and analytical methods. 

4. Specific gaseous contaminants of interest (e.g. Formaldehyde), where required. In particular, passive 
detection devices are used (e.g. Radiello). Passive or diffusive sampling relies on the unassisted molecular 
diffusion of gaseous agents (analytes) through a diffusive surface onto an adsorbent cartridge. Unlike 
active sampling, passive samplers require no electricity and they are simple to use. Passive sampling is 
quiet, non-flammable and does not represent an explosion hazard. It can be performed by anyone, 
anywhere and at a very low cost. Moreover, it is not susceptible to sample breakthrough. After sampling, 
the analytes are chemically desorbed by solvent extraction or thermally desorbed and analyzed. The 
passive samplers can be placed in the room, on a steady surface and away from the position planned 
AIRcel units, or on operator. Following the general rules previously stated, at least one sample should be 
taken before AIRcel installation, in order to detect a baseline either in general operating condition or 
during a specific moment of contamination exposure (eg. Anethstetic gas use during surgery), and 30-
60-90 days after installation, to monitor exposition to a specific contaminant and possible effect provided 
by the AIRcel system. 

 
For the completeness of scientific data and better interpret results, microclimatic conditions (i.e. 
temperature and relative humidity) must be tested with thermos-hygrometers, placed on the very same 
sampling points. 
 
3.1.1.2. U-Monitor 
With the aim of gather air quality data as representative as possible of the real environmental condition, a 
faster and easier monitoring method has been implemented. 
A monitoring platform (U-Monitor) has been developed for U-Earth Biotechnologies by Gabriella Motta, PhD, 
and applied in several case studies. The electronic platform offers four slots for contaminants concentration 
sensors, together with two microclimatic sensors, for temperature and humidity. 
In particular, sensors currently mounted on U-Monitor are: 

 Environmental parameters:  
 Temperature [°C]: [-40°C to 125°C], ±2°C worse accuracy; 
 Humidity [%RH]:  [0-100% RH], ±4%RH accuracy; 

 Air contaminants/Odorous gases (Figaro TGS2602) [ppm]: [1 to 30 ppm], C6H5CH3 (Toluene), H2S 
(Hydrogen Sulphide), CH3CH2OH (Ethanol), NH3 (Ammonia), H2 (Hydrogen); 

 Solvent gases/VOC (Figaro TGS2620) [ppm]: [50 to 5000 ppm], CH3CH2OH (Ethanol), H2 (Hydrogen), 
C4H10 (Isobutene), CO (Carbon monoxide), CH4 (Methane); 
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 Particulate matter (Shinyei PPD42NS) [pcs/l]: 
 PM 1: [0 to 28000 pcs/l], detectable particle size ≥ 1 µm; 
 PM 2.5 [0 to 280000 pcs/l], detectable particle size ≥ 2.5 µm. 

Each sensor collects data every 5 minutes, but it can be set to detect concentration and environmental data 
on 5 minutes to 1 hour basis. Thanks to a Wireless Sensor Network (WSN) technology, it able to communicate 
data to a server via Wifi, GSM network or Ethernet, every determined interval, making them available almost 
in real time for displaying (Fig. 3.1.).  
 

 
 
 
 
 

Fig. 3.1.: U-Monitor system (data collection, cloud record and on-line displaying) (U-Earth Biotechnologies s.r.l.) 

 
Semiconductor sensors, as Figaro TGS2602 and Figaro TGS2620, consist of two elements: a first one, made 
of tin dioxide (SnO2) with crystalline structure, and a second one acting as heater. The first one presents and 
excess of electrons, due to the charging effect triggered by the second unit, making it sensitive to different 
gases concentrations. Once electrically supplied, resistance detected at the sensor (precision of ±1% in the 
whole range) is proportional to gases concentration. Through software conversion, gas concentration is 
displayed as part per million (ppm) on the web platform. Since sensors are non-selective, i.e. they are sensible 
to groups of gases, not to single ones, they are calibrated both with single and mixture of gases (ethanol, 
hydrogen, control mixture UNI EN 12619:2002, i.e. methane 2,0 mg/m3, ethane 1,5 mg/m3, toluene mg/m3, 
benzene 0,5 mg/m3, methylene chloride 05 mg/m3, with oxygen 11%, carbon dioxide 10%, carbon monoxide 
50 mg/m3 and nitrogen as complementary). The calibration performed and cross-referenced against a single 
device calibrated through standard method returns a final accuracy of ±15%, including resistance detection 
and calibration errors. 
The laser scatter sensor Shinyei PPD42NS (Shinyei Technology), a low-cost and off-the-shelf product, detects 
particulate matter (PM), classifying them by size ranges, thanks to light beam alteration. A 100 Ω resistors 
provides a thermal plume, allowing particles inside the detection chamber, without ventilation. Through the 
projection of an infrared light beam, the sensor indirectly estimates the number of PM suspended in air by 
the scattering of the beam itself hitting particles traveling across the chamber. Photons are scattered with 
an approximate 45° angles, focused by a lens into a specific region where, finally, they are detected by a 
photodiode, translating light into pulse signal (Fig. 3.2.), which is proportional to particles concentration 
(Allen, Shinyei Technology). In this way, the measured parameter is the air opacity (opacity percentage or 
Low Pulse Occupancy), defined as the percentage of time (relative to a predefined time interval, e.g. 1 
second) in which particles are detected by the photo diode sensor. The particle detection threshold of the 
sensor is determined by a pass-band filter, removing part of the background noise and identifying the range 

VOC sensor 

Temperature 
and humidity 

Odorous 
Gases 

Particulate 
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of particles counted (Compagnoni 2016). In particular, the two channels allow two size ranges count (i.e. 1-
10 microns and 2.5-10 microns) with accuracy related to PM concentration (±1.5% for concentrations below 
5%; ±2.5% for concentrations above 15%, i.e. sensor’s saturation limit), with no indication whether could be 
related to difference in the total mass, size distribution, or optical properties of the lens, or a combination of 
these phenomena (Gaia).    
 

 
Fig. 3.2.: Particle sensor Shinyei PPD42NS – working principle (A); plan view (B) (Compagnoni 2016). 

 
All sensors present a remarkable drawback (Holstius et al. 2014), but it can be overcome in two ways: 
1. statistical analysis of the broad population of data collected (1 sample every 5 minutes per sensor, makes 

288 concentration data per each sensor per day); 
2. evaluation of trends and possible repetitive patterns in contamination: rather than treating data as 

absolute values, they are elaborated in comparison to a baseline. 
 
The output interface displays, almost in real time (Fig. 3.3.), the measured data as: 

 Temperature [°C]; 
 Humidity [%RH]; 
 CO2 equivalent [ppm]; 
 PM 1 [pcs/l]; 
 PM 2.5 [pcs/l]; 
 Odorous Gases [ppm]; 
 Volatile Organic Compounds (VOC) [ppm]. 

Raw data can be extracted by a web platform as Excel files and they are statistically elaborated to evaluate: 
 average values on a hour, day, week basis 
 contamination conditions before and after AIRcel installation 
 recovery time of the system after contamination events. 

 

A B 
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Fig. 3.3.: U-Monitor on-line display (screenshot from http://zzmsysuearthsql.cloudapp.net/DWH_Portal/). 

 

3.1.2. Water monitoring 
As support or countercheck for air monitoring, in the perspective of performance evaluation, process water 
inside the AIRcel can be tested.   
The water is expected to result clean or sparsely populated with captured pathogenic bacteria/viruses. If any 
pathogens or undigested compounds are detectable, they are supposed to be captured and under treatment, 
i.e. in recirculation inside the bioreactor. In this case proof of concept could obtained by waiting for a proper 
interval (e.g. a week) without changing the water and then repeating the same test. 
Each elemental base/metal etc. of the captured compounds would be found in the tank as sediment. The 
bottom sludge would be ultimately formed by product of bio-oxidation: e.g. H2S gas would be digested in 
H2O + CO2 + S and traces of sulfur element, while benzene C6H6, instead, should be completely digested. 
Therefore, an analysis of dry solids and composition of bottom sludge from the AIRcel water, would provide 
information about compounds captured from the air, such as H2S, particulate matter, radioactivity, heavy 
metals, and other non-degradable matters like glass, silver, arsenicum ect. 
 
In order to provide reliable samples on process water quality and, therefore, reliable data, a correct sampling 
is crucial and it must be performed 

1. into a currently running Unit; 
2. sampling water recirculating into the external tank, since that is regarded as the last treatment stage, 

while water into the core cylinder is still under process; 
3. sampling as far as possible from the Units surfaces (both side and bottom surfaces), in order to avoid 

biomass perturbation and residual material; 
4. always agreeing in advance with analysis lab the right container to be used;  
5. keeping it clean and sealed before and after the sampling, away from direct light and sudden 

temperature leaps, possibly into thermostatic container at 4°C; 
6. delivering the samples as soon as possible (ideally within 24 hours) to the laboratory to be analysed 

This procedure would provide data to be compared to feed water quality (i.e. tap water, most of the time) 
in order to understand the treatment performance and can be related to air monitoring results to trace down 
the fate of major contaminants and microbiological agents, which should be absent into process water.  
Samples of the bottom sludge, on the other hand, must be taken following a different procedure: 
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1. avoiding water refill for at least 4-5 days before sampling, in order to decrease the water level without 
compromising the unit’s functionality; 

2. switching off the unit; 
3. waiting for suspended materials to sediment at the bottom of the tank; 
4. emptying the AIRcel unit into a clean tank, where the sediments could be mixed and homogenised;  
5. taking a sample into a clean and sealable container to be delivered to the laboratory at the earliest 

(ideally within 24 hours), keeping it clean and sealed before and after the sampling, away from direct 
light and sudden temperature leaps, possibly into thermostatic container at 4°C. 

 
 

3.2. Wastewater treatment application 
For application on wastewater treatment, a specific set-up of the AIRcel unit has been designed, accordingly 
to Sam Sofer indications and experience, working in batch with multiple recirculation over time (see Chapter 
7). 
Monitoring steps for the key performance parameters have been set to different time interval from 0 to 72 
hours after wastewater addition. 
Temperature and pH have been tested during the whole trial period, as well as target contaminants. They 
have been identified in Anionic Surfactants, Chemical Oxygen Demand, Chlorides, Free Chlorine and 
Phosphorous based first on the wastewater characteristic and remediation target and monitoring and budget 
efficiency reasons as well.  
Environmental conditions have been tested with Temperature/Humidity probe, together with water 
temperature into air treatment unit, wastewater treatment unit and tank.  
For target contaminants evaluation, different devices have been used: 

1. HI 98172 Portable pH/ORP/ISE Meter with specific Chlorides sensor  
2. Hach-Lange spectrophotometer DR 2800 and specific cuvette tests for different contaminants 

(Anionic Surfactants, Chemical Oxygen Demand, Free Chlorine and Phosphorous). In particular: 
2.1. COD has been selected as representative of the oxidizing capability and biodegradability of 

organic pollutants in wastewater. According to ISO 15705, COD is the volume of oxygen 
equivalent to the mass of potassium dichromate that reacts with the oxidable substances in 
water under the working conditions of the method (reaction time is 2 hours at 148 °C). Mercury 
sulfate, silver sulfate and sulfuric acid are accepted auxiliary reagents. The LANGE cuvette tests 
(LCK 1014 Hach cuvettes) work on the standard reaction principle, but using 90% less reagents 
(silver sulfate as catalyst and mercury sulfate to mask chloride) and applying a photometric 
evaluation method (the green coloration of Cr3+ is evaluated) instead of a titrimetric one.  

2.2. Anionic surfactants (LCK 332 Hach cuvettes) react with methylene blue to form complexes, 
which are extracted in chloroform and evaluated photometrically.  

2.3. Phosphate ions (LCK 350 Hach cuvettes) react with molybdate and antimony ions in an acidic 
solution to form an antimonyl phosphomolybdate complex, which is reduced by ascorbic acid 
to phosphomolybdenum blue.  

Every measure has been taken in threefold repetition, in order to work on consistent data. 
Water level has been checked and registered, in order to evaluate water consumption by evaporation.
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Chapter 4 - Technology Risk Assessment 
 
For a technology, which is candidate to be applied in particularly delicate environments, such as 
immunocompromised patients’ wards in healthcare facilities, possible risk evaluation and assessment is a 
key element for validation. On these premises, the AIRcel has been evaluated as a market product and as a 
operating device, for its possible side effect, i.e. possible emission of pollutants or by-products. 
As devices manufactured in Italy and commercialized in the European Economic Area (EEA), AIRCel are 
marked as “CE”, therefore meeting all the legal requirements related to safety, health, and environmental 

protection. 
AIRcel is also compliant with Restriction of Hazardous Substances Directive 2002/95/EC, (RoHS 1), short for 
Directive on the restriction of the use of certain hazardous substances in electrical and electronic equipment, 
as all its components are. 
The biomass (U-ox) is produced in the US and it is imported with a CAS number correspondent to water, 
since no chemicals are added to the natural solution of water and bacteria. In this sense, a registration to 
REACH, Registration, Evaluation, Authorisation and Restriction of Chemicals, Regulation (EC) No 1907/2006 
of the European Parliament and of the Council of 18 December 2006, appears not reasonable. REACH 
addresses the production and use of chemical substances, to evaluate their potential impacts on human 
health and environment safety. 
It has been, nevertheless, checked at a preliminary stage of emissivity test for possible microbial threads and 
no critical growth of micro-organisms resulted detectable. The biomass, currently under proprietary recipe, 
consists of common environmental micro-organisms, non-human-pathogenetic and without remarkable 
population of molds inside. 
Emissivity test in full operational mode and during starting-up hours have been performed with the 
cooperation of different partners: 

- Fresenius Medical Care (FMC), Technical Product Management Hygiene/Water Quality Service 
- Else-Kroener-Strasse 1, 61352 Bad Homburg – Germany; 
- GmbH Deutsches Beratungszentrum für Hygiene (BZH), Schnewlinstraße 10, 79098 Freiburg im 

Breisgau – Germany; 
- Synlab Umweltinstitut GmbH Niederlassung Leipzig/Markkleeberg Hauptstr. 105, 04416 

Markkleeberg – Germany; Laboratoriumsmedizin MVZ Leverkusen Medizinisches 
Versorgungszentrum Paracelsusstraße 13 Leverkusen – Germany; 

- Labor Dr. Rabe HygieneConsult, Frillendorfer Str. 154, 45139 Essen – Germany. 
 

4.1. Emissivity test in full operational mode 
The aim of the emissivity test was to identify possible threads coming from AIRcel working in full operational 
mode, in terms of possible increase in particles, bacteria and mould concentration into the treated 
environment.  
The test activities are presented in Table 4.1. 
 
 

Phase Goal Scope Method 
1 Evaluate possible emission from the AIRcel in 

regular working conditions 
n.1 AIRcel unit working 
into a dedicated aerosol 
chamber 

Addition of specific 
contaminants into air inlet 
and air monitoring on 
defined intervals 
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Phase Goal Scope Method 
2 Evaluate possible emission from AIRcel after 90 

days, i.e. maximum interval between general 
cleanings of the system 

n.2 AIRcel units, running 
for 90 days in different 
environments, i.e. aerosol 
test chamber and hospital 
laundry and consequent 
implementation into 
aerosol test chamber 

Implementation of each 
AIRcel unit into aerosol 
chamber with constant 
HEPA filtered airflow and 
air monitoring on defined 
intervals 

 
 Table 4.1. Summary of emissivity test in full operational mode activities 

 
4.1.1. The Test Chamber 
4.1.1.1. Phase 1 
For emissivity test to be performed on the AIRcel, a test chamber typically used for device validation.   
The aerosol test chamber with internal dimensions L 1040 x W 960 x H 960 mm (0,958 m3) has a double-
walled stainless steel housing with smooth inner walls.  
On the front, a large door with a viewing window is installed. In the middle of opposing walls air inlet and 
outlet pipes are placed. Through the inlet, air is forced into the chamber and it may be extracted through the 
air outlet by a fan. An HEPA filter can be installed at the air inlet, to ensure a good quality air coming into the 
chamber. A cross flow fan and air baffles in the outer edges ensure a proper air mixing within the chamber.  
The U-Earth Aircel unit has been placed within the chamber.  
The AIRcel 85 air outlet was initially covered using plastic and aluminum tubing then directly connected to 
the air outlet of the chamber (Fig. 4.1.). The air was drawn from the air inlet into the chamber, passed through 
the device and blow out through the AIRcel outlet, through the duct into the exhaust pipe (Fig. 4.2.). 
This set up was aimed to try and detach air inlet and outlet of the AIRcel, in order to monitor different air 
flux, accordingly with the procedure typically applied to standard filtering devices. 
Following the operational instructions, the unit has been checked daily and biweekly filled with tap water up 
to the optimum level. 
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Figure 4.1 AIRcel into the aerosol test chamber, first test run. 

 

 
Figure 04.2 Test chamber outline, plan view 

 
As anticipated, the set up proved to be inefficient and detrimental for the equipment: without proper air 
recirculation, in fact, the fan failed soon, due to excessive pressure disequilibrium and consequent stress. 
 
In the second experiment run the AIRcel ran without any attachments. To ensure an even flow of air through 
the chamber, the outlet of the chamber has been equipped with a 3m long pipe and an extraction fan at the 
end. The fan speed was controlled in order to approximately match the inlet/outlet airflow with the AIRcel 
fan capacity. A plastic plate placed 10 cm from the outlet creates a complex canalization to prevent the air 
being drawn directly through the chamber into the outlet pipeline. 
In this modified set-up, however, no clear separation of the inflow air and the air recycled through the AIRcel, 
was possible. Therefore, three different sampling points (marked with crossed circles in the following Fig. 
4.3) proved to be necessary for the air monitoring: 

1. Inlet: placed in the intake duct, about 30 cm out of the chamber, 
2. Chamber: arranged within the chamber, near to the AIRcel (Fig. 4.4.), 
3. Outlet: placed in the outlet pipe, approximately 2 m out of the chamber. 

 

AIRcel 
Sampling Pt1 

Sampling Pt2 
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Figure 4.3. Test chamber outline, plan view, phase 1, revised 

 

 
Figure 4.4. AIRcel in the aerosol test chamber, with sampler on the right, second test run 

 
5.1.1.2. Phase 2 
The second phase of the test has been dedicated to verifying possible emission from the AIRcel of airborne 
contaminants previously captured. In order to accomplish to the task, two different AIRcel units have been 
tested: 

1. the unit previously tested into the aerosol test chamber for 90 days during phase 1 experiments, 
2. an AIRcel unit installed for 90 days into a hospital laundry, running as single unit (i.e. undersized, in 

term of air treatment system) to be heavily loaded with contamination. 
After 90 days, each unit has been installed into the aerosol chamber and tested. 
At the beginning of each device test, the chamber has been cleaned and disinfected with a solution of 70% 
ethanol. The cleaning agent has been sprayed on all surfaces of the chamber and it was wiped off after a few 
minutes. The pipes have been dismantled and treated in the same way. For this purpose, a rod was used with 
cleaning cloths at one end. 
A H13 Filter was mounted upstream of the inlet pipe of the test chamber (Fig. 4.5.). The filter has a theoretical 
efficiency above 99,95% on particles with a size of 0.3 microns or above, accordingly to UNI EN 1822. 
Therefore, in principle, all detected particles and microorganisms should originate from the device or from 
leakage of the chamber and the pipes. The leakage was regarded as low, but, nevertheless, not negligible 
and necessarily taken into account.  
 

AIRcel 

Sampling Pt2 

Sampling Pt1 Sampling Pt3 
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Figure 4.5. Test chamber set up for phase 2 

 
4.1.2. Testing procedure 
4.1.2.1. Phase 1 
The AIRcel unit has been placed inside the chamber and switched on. From Week 2, a sample of house dust, 
with known composition and defined mould content was dispersed daily into the chamber. In order to 
increase the bacterial content of the air, a bacterial suspension was nebulized into the intake pipe. 
The tests were carried out after a minimum of 3 hours after the control dust sample had been nebulized: in 
this way, adequate recirculation time was ensured.  
 
4.1.2.2. Phase 2 
Both devices loaded with contamination, i.e. the AIRcel unit tested into the aerosol chamber and the AIRcel 
unit installed into hospital laundry, were tested after 90 days of working in the controlled conditions in Essen 
for the final test. The time span corresponds to maximum interval between two general cleanings of the 
device, in accordance to manufacturer’s indication on the user’s manual. 
Process water has been tested as wastewater at the end of the test phase. 
All tests (except endotoxin and inner surfaces) were performed in threefold repetition. 
 
4.1.3. Analysis methods 
The analysis methods are based on national and international regulations and are listed in detail below. 
 
4.1.3.1. Air samples quantitative analysis on bacteria 
According to DIN EN ISO 16000-17, -18 and VDI 4300 Bl. 10, as reported by Synlab: 

 Sampling the air with an impaction air sampler (Klotz Fh5/6) on special agar plates 
 Air samples for bacteria and mould spores were collected by impaction with the air sampler Klotz 

Fh5 or Fh6. 
 Incubation of the plates for 48 hours at 30 °C. 
 Repeated counting the colony forming units during the incubation period. 
 MALDI TOF. Some studies its reliability in specific bacterial strains identification compared with the 

traditional one. Although, in fact, the overall reliability is very high, controversial data and quite 
uncertain results have been found on particular species (for example, Bizzini et al. 2010, stated a 58% 
of reliability on Klebsiella identification) and only extraction procedures could improve results on 
controversial identification. 

 
4.1.3.2. Air samples analysis on mould  
According to DIN EN ISO 16000-17, -18 and VDI 4300 Bl. 10, as reported by Synlab: 

 Sampling the air with an impaction air sampler (Klotz Fh5/6) on special agar plates 
 Incubation of the plates for 7 days at 25 °C. 

AIRcel 
Sampling Pt3 

Sampling Pt2 

Sampling Pt1 
H13 Filter 
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 Repeated counting the colony forming units during the incubation period. 
 Determination of individual mould species (genera) based on the macroscopic characteristics of the 

mould colonies: size, shape, colour, special characteristics, as well as by production of cut and teased 
preparations by the microscopic characteristics of spores, sporophores and mycelium.  

 Contact samples for bacteria and mould and adhesive film samples for mould were taken on the inner 
surfaces of the Aircel units. 
 
4.1.3.3. Particle distribution 

 According to Synlab, no evaluation criteria/limit or guideline values are available, 
 A clean room condition is recommended, 
 The particle size distribution in the air was measured by the particle counter Klotz Abakus mobil air.  

 
4.1.3.4. VOC-measurements  
According to DIN ISO 16000-5 and -6, as reported by Synlab, Volatile Organic Carbons (VOCs) and aldehydes 
were sampled using Gilian pumps onto activated carbon tubes. 
 
4.1.3.5. Endotoxin measurements 
According to BIA 9450, as reported by Synlab, air samples were collected on fiberglass filters by the Sartorius 
MD8. 
 
4.1.3.6. Adhesive film samples  
According to VDI 4300 Bl. 10, as reported by Synlab, samples were taken: 

 Pressing a special adhesive film on the surface to be examined. 
 Peeling of the adhesive film and transferring to a glass slide. 
 Staining of the adhesive film preparation with Lactophenol blue solution. 
 Light microscopic analysis of spores after spore types and additional mould units and mineral and 

organic particles were performed, together with distinction between spore deposition and fungal growth. 
 
4.1.3.7. Contact samples 
According to Synlab’s report, several operations were performed: 

 Sampling of surfaces with contact slides DG18 for moulds / yeasts and CASO for bacteria. 
 Incubation of culture media over 6-7 days (moulds / yeasts) at 25 ° C and 44 ± 4 hours (bacteria) at 

30 ° C. 
 Repeated counting the colony forming units during the incubation period. 

4.1.3.8. Wastewater samples 
The wastewater was mixed before samples were taken, due to quick separation of suspended solids out of 
wastewater, as reported by Synlab. 
Step-by-step procedure for the microbiological analysis of the biomass and the wastewater is reported in 
Fig.4.6: 
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Figure 4.6. Step-by-step procedure for microbiological analysis of biomass and wastewater (Synlab). 

 

4.1.4. Evaluation Criteria:  
Results obtained have been evaluated on the basis of standards and guidelines commonly applied. Synlab’s 
report has been summarized in the following paragraphs. 
 

4.1.4.1. Volatile Organic Compounds (VOC/TVOC)  
The Indoor Air Hygiene Commission of the Federal Environment Agency toxicological reference values for a 
number of airborne pollutants (IRK 2012, Breuer et al. 2016). Indoor air contains several organic compounds, 
deriving from cleanser, furniture and building materials emissions, but, unfortunately, available benchmarks 
are focused on relatively few single-contamination disposals. Indoor Air Hygiene Commission, with the aim 
of filling the gap, has developed standards for indoor air quality assessment based on the sum of volatile 
organic compounds (Total Volatile Organic Compounds, TVOC). In particular, for long-stay rooms: 
- upper level of TVOC which should not be exceeded is identified between 1,000 and 3,000 µg/m³  
- optimum range of TVOC to be reached is from 200 to 300 µg/m³ or below, if possible. 
 

4.1.4.2. Endotoxin 
No internationally accepted standard is available for endotoxin evaluation, since different monitoring 
procedures applied give rise to non-comparable results. For this reason, within the framework of the present 
work, literature recommendations have been assumed as quality level. Experimental and epidemiological 
studies have shown dose-response relations based on acute and chronic pulmonary effects with effect 
thresholds (Non-observed-effect-level NOEL) of 90-1800 EU/m³. In particular, Rylander assumes that toxic 
pneumonitis may arise with airborne endotoxin concentration of 2,000 EU/m³, while inflammation of the 
respiratory tract is possible starting from endotoxin levels of 100 EU/m ³.  
 
4.1.4.3. Adhesive film samples  
Evaluation criteria have been set from the laboratory as follows (Table 4.2.), based on what can be observed 
on the adhesive film. 
 
 

OBSERVATION OF THE ADHESIVE FILM ASSUMED CONDITION AT 
THE SAMPLING POINT 

NOTES 

ONLY ISOLATED FUNGAL SPORES AND NO 
PARTS OF MYCELIUM OR SPOROPHORES 

no fungal growth normal spore deposition 
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MORE FUNGAL SPORES BUT NO PARTS OF 
MYCELIUM OR SPOROPHORES 

no fungal growth if a mould source exists in the 
vicinity, it could lead to a secondary 
contamination at the sampled point 

BOTH FUNGAL SPORES AND MYCELIUM AND 
/ OR SPOROPHORES 

fungal growth  

A LOT OF FUNGAL SPORES, TOGETHER WITH 
MYCELIUM AND SPOROPHORES 

strong fungal growth  

EXTREMELY LARGE NUMBER OF FUNGAL 
SPORES (WITHOUT FURTHER FUNGAL 
INGREDIENTS) 

strong fungal growth  

 
Table 4.2. Evaluation criteria for adhesive film samples. 

 
4.1.4.4. Contact samples 
The germ density on surfaces may not be assessed immediately in terms of hygiene. Nevertheless, densities 
remarkably higher than normal, most likely indicate a contamination of the sampled area. The assumed 
normal value for germ density, derived by several years of experience in the field of measurement and 
consulting activities is set on 25 cfu /25 cm2. 
 

4.1.5. Results 
4.1.5.1. Phase 1 
Results obtained during emissivity test in full operational mode, as reported by Synlab, are presented in 
different sections, as for different contaminants tested, and discussed in the following. 
4.1.5.1.1. Bacteria and mould 

 
Figure 4.7. Concentration of bacteria in inlet, chamber and outlet samples, Phase 1 (Synlab). 

As shown in Fig. 4.7., there is no statistically significant difference between the points of measurement. Two 
concentration peaks were detected (October, 2nd and 20th), but their cause couldn’t be clearly determined.  
The difference in concentration could be attributed to a transitory failure in the device as well as an elevated 
fluctuation in the environmental conditions.  
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Figure 4.8. Concentration of mould in inlet, chamber and outlet samples, Phase 1 (Synlab). 

Approximately the same anomaly (October, 2nd and 20th) were detected on mould concentrations (Fig. 4.8), 
but here concentration within the chamber simply replicate concentration at the inlet. This seems to support 
the hypothesis of environmental-related event. Except for the two anomalies, data shows no statistically 
relevant difference in concentration.  
For both contaminants classes, no significant increase in concentration appears to be related to the 
bioreactor’s activity and, in addition to this, in most cases, concentrations detected into outlet air resulted 
lower than in the inlet. 
 

4.1.5.1.2. Particles 
Six different size classes of particulate (0.3m, 0.5 m, 1 m, 2.5 m, 5 m and 10 m) have been tested 
and results are reported into following Table 5.3. 
The three bigger size classes are typically regarded as representative of bacterial and mycological 
contamination in air.  
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0.3 m class 0.5m class 

  
1.0m class 2.5m class 

  
5.0m class 10.0m class 

Table 4.3. Particle counts for different size ranges at the inlet, chamber and outlet samples Phase 1 (Synlab). 
 
No significant increase in particle count has been detected within the chamber, nor in the outlet air, even in 
presence of higher particles concentration measured at the inlet. The same can be assessed for particles 
distribution.  
 
4.1.5.2. Phase 2 
During the second phase of the emissivity test, two AIRcel units run separately into the aerosol test chamber 
with filtered air inlet, after 90 days of working. One unit had been working into the same test chamber to 
perform phase 1 of the test, indicated as “Essen” in the following figures, the other into a hospital laundry, 
indicated as “Leverkusen”. 
 
4.1.5.2.1. Bacteria and mould 
Data presented in the following Figure 4.9 and 4.10 resulted from threefold repetitions of air samples, 
performed in the same conditions for both devices. 
AIRcel85 “Leverkusen” had been exposed to a strong bacterial flora into the hospital laundry, with high 
bacterial pollution and, potentially, typical human pathogens. Nevertheless, and similarly to “Essen” device, 
no statistically significant increase of bacteria concentration at the outlet was detected (data showed 
relatively relevant standard deviation as well). 
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Figure 4.9. Concentration of bacteria in inlet, chamber and outlet air samples, Phase 2, average of a threefold 
repetition with standard deviation (Synlab). 

 
Mould concentrations showed a trend quite different form bacterial ones, with a slightly significant increase 
detected at the outlet for AIRcel85 “Essen”. Since this device had been tested for 90 days into the same test 
chamber with opposite results (Fig. 4.8), the relevance of this data has been evaluated within the framework 
of statistical fluctuations. 
 

 
Figure 4.10 Concentration of mould in inlet, chamber and outlet air samples, Phase 2, average of a threefold repetition 
with standard deviation (Synlab). 

 
4.1.5.2.2. Total Volatile Organic Compounds  
Total Volatile Organic Compounds (TVOC) have been tested for both devices in inlet, chamber and outlet air 
and results are presented in the following figure. 
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Figure 4.11. Concentration of TVOC for the two AIRcel units, Phase 2. 

As displayed in Figure 4.11, no increase in TVOC was registered.  
 
4.1.5.2.3. Endotoxin 
Endotoxin have been tested for both devices in inlet, chamber and outlet air, as typical by-product of 
microbial contaminants degradation and results are presented in the following Figure 4.12. Results have been 
evaluated as non-statistically relevant. 

 
Figure 4.12 Concentration of Endotoxin for the two AIRcel units, Phase 2 (Synlab). 
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4.1.5.2.4. Particles 
In the following Table 4.4, particles count for different sizes are presented. In this case, a tendency towards 
a higher number of particles is discernible at the outlet, but it has been evaluated as not significant by the 
laboratory and possibly related to turbulence at the sampling point.  
 

  
0.3 m class 0.5m class 

  
1.0m class 2.5m class 

  
5.0m class 10.0m class 

Table 4.4. Particle counts for different size ranges in inlet, chamber and outlet samples Phase 2 (Synlab). 
 
4.1.5.2.5. Process water 
Process water has been sampled at the end of Phase 2 into both AIRcel devices. 
In the following Table 4.5., results of toxicity evaluation on dilution tests of the two samples are reported, 
proving the general safety of wastewater from the ecological point of view. In fact, the first dilution 
procedure was sufficient to eliminate toxicity for ecological population, except for luminous bacteria in AIRcel 
“Essen”, for which a second dilution was necessary. The wastewater from both samples resulted, therefore, 
perfectly compliant with discharge regulations (Directive 2000/60/EC). 
  

PARAMETER UNIT AIRCEL85 
ESSEN 

AIRCEL85 
LEVERKUSEN 

METHODOLOGY 

TOXICITY FOR LUMINOUS 
BACTERIA 

GL-value 2 1 DIN EN ISO 11348-2 (L 52) 

TOXICITY FOR FISH EMBRYO GE-value 1 1 DIN EN ISO 15088 (T6) 
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TOXICITY FOR DAPHNIA GD-value 1 1 DIN 38 412-L 30 
TOXICITY FOR ALGA GA-value 1 1 DIN 38412 L33 

 
Table 4.5. Toxicity values for process water of the two AIRcel devices. 
 
Additional tests were performed to identify bacteria possibly collected and survived from installation into 
hospital laundry. As reported in the following Figure 4.13, micro-organism-spectrum resulted in normal 
environmental bacteria, non-human-pathogenic (Bacillus cereus, for example, can be commonly found in soil 
and food), even though possible endotoxin-releasing germs. Results obtained on endotoxins release are, 
therefore, most important in confirming the specific non-harmfulness of the technology. 
  

 
Figure 4.13. Micro-organism-spectrum from wastewater or AIRcel85 “Leverkusen” (Synlab). 
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4.2. Emissivity test during first 24 hours 
On the basis of results obtained from the previous runs of risk assessment tests performed by Synlab in Essen 
laboratory and certified by BZH and issue remaining open from tests results and possible applications, further 
runs for technology test have been planned and recently performed. 
Since the first trial period has been dedicated to verifying the possible emission of airborne contamination 
generated o re-emitted by the AIRcel, the prosecution of test activities has been devoted to identity and, 
possibly, quantify the risk of volatilization of microbial contaminants coming from supply water recirculating 
into the AIRcel. The aim of the test phase is to detect possible release of specific pathogens, i.e. infectious 
agents of high interest in hospital environments for immunocompromised patients, during the early hours of 
AIRcel application, in presence of feed water contaminated with different bacteria concentrations (drinkable 
or not-drinkable water). Therefore, the main focus of the test is on air monitoring, with the very same 
methodology applied during the previous tests. 
 

 
Figure 4.14. Set-up of the test chamber. 



- Testing, validation and dissemination of an innovative biotechnology for clean-up of air and water -
  

47 
 

 
Figure 4.15. AIRcel into the test chamber. 

 
This has been accomplished by dosing contamination into process water, and sampling the water itself in 
different timing. In particular: 

 different sampling time were required to describe the evolution of U-ox activity and contamination 
into process water, 

 running the test was regarded as an opportunity to understand the role of the bacterial consortium 
in water contamination management, 

 two different microbial contaminants representing a typical thread for hospital environment were 
initially considered, i.e. Pseudomonas aeruginosa and Legionella pneumoniae, which are infectious 
agents of high interest in hospital environments for immunocompromised patients. 

 different microbial concentrations were proposed to be administrated to the device, in order to allow 
the identification of possible threshold limit value for technology management of contaminated 
water.  

Concentration of bacteria spiked into AIRcel process water was defined to correspond to typical 
contamination conditions detected into tap water system. As reported by Mena and Gerba (2009) 
concentrations of Pseudomonas aeruginosa up to 2,300 mL (-1) (Allen and Geldreich 1975) or, more often, 
at 3-4 CFU/mL can be regarded as typical and, therefore, has been initially proposed for the test. In particular, 
4 CFU/mL and 8 CFU/mL could be considered as representative concentration of bacteria for average tap 
water. On the basis of WHO report on Legionella, a threshold value of 1000 CFU/L is applied for Germany, 
therefore the test has focused on this order of magnitude of concentration, to be confirmed by a preliminary 
laboratory phase. 
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This preliminary activity was oriented to develop a method to univocally identify Pseudomonas aeruginosa 
and Legionella pneumoniae in a suspension of water and U-ox, in the same concentration as into the AIRcel. 
This allowed following AIRcel process water test in different times after the bacteria addition, which would 
be useful to understand behavior of the microbial population in time. Since the same growing medium is to 
be applied both for water suspension and air samples, results of the pre-test are crucial for the test-chamber 
phase too. 
The first run of pre-test returned unclear results: in fact, applying the standard method for Pseudomonas 
aeruginosa detection, with Cetrimid as growing medium, as prescribed by DIN EN 16266 Water quality - 
Detection and enumeration of Pseudomonas aeruginosa -, bacteria grew poorly (when diluted in water) or 
by no means (when mixed with U-ox and water). Test has been repeated with different strains, returning 
reasonable results, both in water and in U-ox and water suspension. This proved that previous test was 
reasonably affected by the weakness of the strain used. 
Pseudomonas test concentration is set to 2000 CFU/100ml, as proposed by Mr. Oldenburg (Synlab), based 
on his experience of high concentrations reasonably occurring in drinking water pipelines. 
 
A preliminary test proposal was defined (Table 4.6) and modified in accordance with the research team. In 
particular: 
- samples were taken every 2 hours during the first 2 days (7 am-7 pm); 
- in the following days, just 2 samples were taken to define a trend in contamination, if present.  
The same test chamber set up for the first test phase has been used. 
Air monitoring focused on Pseudomonas aeruginosa only, due to lack of standard method for Legionella 
detection in air.  
Pseudomonas test in the air must be performed on large volumes, to ensure more reliable results. For this 
reason, each sample was taken over 500 L of air, with threefold repetition. The following picture (Fig. 4.15) 
shows the sampling device implemented into the outlet pipe of the test chamber.  
Each air sampling required 5 minutes. At the end of each monitoring series, the AIRcel was taken out of the 
test chamber and process water was sampled as well. 
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Figure 4.15. Air sampler mounted on the outlet pipe of the test chamber. 

 
In order to simulate real environmental conditions, temperature of air inflow has been tuned with the 
implementation of a small heating system at the inlet, as shown in Fig. 4.16. 

 

 
Figure 4.16. Heating system installed at the air inlet. 

 
Final results were not available at the time of release of the present document, therefore, they will be 
object of further elaborations. 
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Table 4.6. Summary of test proposal for Emissivity test over the first 24 hours. 
 

SUMMARY OF TEST PROPOSAL  
AIM VERIFY THE POSSIBILITY OF VOLATILIZATION FROM THE AIRCEL WITH THE PRESENCE OF U-OX, IN ORDER TO 

SIMULATE 
TYPICAL STARTING CONDITIONS OF THE TECHNOLOGY 
ADAPTATION OF PATHOGENS POSSIBLY COMING IN FROM SUPPLY WATER INTO AIRCEL AT NORMAL 
CONDITIONS 

PHASE AIRCEL U-OX WATER CONTAMINANT TEST TEST TIMING N. OF SAMPLES PER EACH SAMPLING 
LOCATION 

1 Unit 1 Supplied 
at the 
beginning 
of each 
test 

Tap water, 
supplied at 
the 
beginning 
of each 
test and 
spiked with  

Pseudomonas 
aeruginosa, 4 
CFU/mL 

Pseudomonas 
concentration 
in AIRcel 
water tested: 

every 3 hours during the first day (from t0 to t24) 9 (=27 with threefold repetition) 

every 6 hours during the following 24 hours (from 
t24 to t48) 

4 (=12 with threefold repetition) 

Pseudomonas 
aeruginosa, 8 
CFU/mL 

Pseudomonas 
concentration 
in AIRcel 
water tested: 

every 3 hours during the first day (from t0 to t24) 9 (=27 with threefold repetition) 

every 6 hours during the following 24 hours (from 
t24 to t48) 

4 (=12 with threefold repetition) 

 
Total 

2 days 36 (=108 with threefold repetition) 

2 Unit 2 Supplied 
at the 
beginning 
of each 
test 

Tap water, 
supplied at 
the 
beginning 
of each 
test and 
spiked with  

Pseudomonas 
aeruginosa, 4 
CFU/mL 

Pseudomonas 
concentration 
in AIRcel 
water tested: 

every 2 hours during the first day (from t0 to t24) 13 (=39 with threefold repetition) 

every 6 hours during the following 24 hours (from 
t24 to t48) 

4 (=12 with threefold repetition) 

Pseudomonas 
aeruginosa, 8 
CFU/mL 

Pseudomonas 
concentration 
in AIRcel 
water tested: 

every 3 hours during the first day (from t0 to t24) 9 (=27 with threefold repetition) 

every 6 hours during the following 24 hours (from 
t24 to t48) 

4 (=12 with threefold repetition) 

Total 2 days 36 (=108 with threefold repetition) 

3 Unit 1 Supplied 
at the 
beginning 

Tap water, 
supplied at 
the 
beginning 

Legionella 
pneumophila, 
103 CFU/mL 

Legionella 
concentration 
in AIRcel 
water tested: 

every 3 hours during the first day (from t0 to t24) 9 (=27 with threefold repetition) 
every 6 hours during the following 24 hours (from 
t24 to t48) 

4 (=12 with threefold repetition) 
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SUMMARY OF TEST PROPOSAL  
AIM VERIFY THE POSSIBILITY OF VOLATILIZATION FROM THE AIRCEL WITH THE PRESENCE OF U-OX, IN ORDER TO 

SIMULATE 
TYPICAL STARTING CONDITIONS OF THE TECHNOLOGY 
ADAPTATION OF PATHOGENS POSSIBLY COMING IN FROM SUPPLY WATER INTO AIRCEL AT NORMAL 
CONDITIONS 

PHASE AIRCEL U-OX WATER CONTAMINANT TEST TEST TIMING N. OF SAMPLES PER EACH SAMPLING 
LOCATION 

of each 
test 

of each 
test and 
spiked with  

Total 2 days 13 (=39 with threefold repetition) 
 

4 Unit 2 Supplied 
at the 
beginning 
of each 
test 

Tap water, 
supplied at 
the 
beginning 
of each 
test and 
spiked with  

Legionella 
pneumophila, 
103 CFU/mL 

Legionella 
concentration 
in AIRcel 
water tested: 

every 3 hours during the first day (from t0 to t24) 9 (=27 with threefold repetition) 
every 6 hours during the following 24 hours (from 
t24 to t48) 

4 (=12 with threefold repetition) 

Total 2 days 13 (=39 with threefold repetition) 

 
 

 
 

TOTAL NUMBER OF SAMPLES 98 (=294 with threefold repetition) 

TOTAL TIME 8 days (=24 with three repetition per each 
test) 
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Chapter 5 – Sustainability assessment 
 

5.1. Introduction 
The main function of the technology under study is, as presented in Chapter 2, air treatment. In addition to 
this, a new opportunity, albeit with minor development and documented applications, is represented by 
wastewater treatment. In both cases, decontamination may be regarded as an environmental benefit, 
focusing on the local scale. Nevertheless, in a global perspective, the overall eco-efficiency of the system 
must be evaluated. 
The eco-efficiency concept was defined by World Business Council for Development (WBCSD, 2000) and it “is 
reached by the delivery of competitively priced goods and services that satisfy human needs and bring quality 
of life, while progressively reducing ecological impact and resource intensity throughout the life cycle, to a 
level at least in line with the earth’s estimated carrying capacity”.          
In this sense, environmental impact indicators, such as Carbon Footprint (CF) and Life Cycle Assessment (LCA) 
represent powerful decision supporting tools.  
LCA, in particular, results a comprehensive assessment of environmental performances. Society of 
Environmental Toxicology and Chemistry provided with a definition of LCA in 1993: “Life Cycle Assessment is 
a process to evaluate the environmental burdens associated with a product or process by identifying and 
quantifying energy and materials used and wastes released to the environment”. Developed in compliance 
with UNI EN ISO 14040:2006 and UNI EN ISO 14040:2006, it is generally applied for the assessment of eco-
efficiency and environmental impact of product and processes, allowing the quantification of environmental 
impacts generated throughout the whole life cycle, already during the design phase.  
In the eco-design perspective, the implementation of LCA tool enables to tackle the 80% of the overall 
environmental impact of a product/process. LCA has been only recently used to evaluate innovative 
remediation solutions for contaminated groundwater and contaminated sites (Bonoli et al. 2013, Antonozzi 
2014), due to difficulties, on one hand, in adaptation of software tools developed to evaluate product, rather 
than process (such as SimaPro and Gabi), and, on the other hand, in quantification of environmental benefit 
granted by the clean-up intervention. Timing to meet the remediation goals and lifespan of the technique 
applied are also critical elements, strongly affecting the tuning of the model.  
Within this framework, a screening LCA has been developed to evaluate the biotechnology under study. 
SimaPro software, version 7.3.3., by Pré Sustainability (2006), has been applied, as compliant with ISO 14040-
14044 standard and assessment procedure proposed by JRC (2007) in International Reference Life Cycle Data 
System (ILCD) Handbook e General Guide for Life Cycle Assessment and Detailed Guidance. 
The goal of the present study is to outline an assessment of environmental performance of the biotechnology 
proposed and, in particular, of the device applied in the major pilot application that will be presented in the 
following chapters, i.e. AIRcel85. For the scope of the study, a single AIRcel85 unit was defined as functional 
unit, over supposed 5 years of activity. Due to the lack of specific information and pilot stage of applications 
followed, end-of-life phase was not taken into account and it will be subject of further iterations and 
refinements of the assessment. Considering the longer expected life-span of the technology, the choice of 
recyclable materials from the supply chain (plastic and metals) and the modular design, this assumption 
appeared reasonable, at a screening phase. Moreover, no benefit, i.e. positive impact, has been accounted 
for environmental remediation. 
Where no primary data were available from the manufacturer, literature data has been implemented. In 
order to improve consistency of data, only one database has been used, among different provided by SimaPro 
software, i.e. Ecoinvent. 
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Two different calculation methods have been applied, in order to obtain, on one hand, an overall impact 
assessment, considering different impact categories and, therefore, effects on the environment, provided by 
IMPACT 2002+, and on the other hand, a single-issue evaluation, focusing on carbon dioxide, both directly 
and indirectly, and global warming, with Green House Gases Protocol method. 
As screening LCA, significant issues have been identified, in terms of impact categories affected by AIRcel 
technology production and use and key processes, triggering the most relevant contributions to 
environmental impact. In the eco-design perspective, results have been shared with the manufacturing 
company, in order to implement conclusions from the present study into production activity. 
 

5.2. Inventory 
Compiling Life Cycle Inventory (LCI) represents a major effort, in terms of data collection, processes 
evaluation, material and energy flows identification and quantification, details definition and simplification 
decision. Inventory compilation and analysis, in fact, require an extensive data collection and accurate 
calculations to quantify relevant inputs and outputs of a product system, related to specific functional unit 
and system boundaries.  
During this study, both primary data (i.e. collected in the production site or provided by the manufacturing 
company) and secondary data (i.e. collected from manuals, databases and technical specs of similar product 
currently on the market) have been used. 
In order to work on data from literature as coherent and significant as possible, Ecoinvent has been used as 
only source of database information. As declared by Swiss Centre for Life Cycle Inventory (Frischknecht et al 
2007), Ecoinvent is aimed to provide a set of generic and unified data, all relevant, reliable and transparent. 
This to allow easier Life Cycle Assessment, providing public with credible and widely acceptable results. 
Life Cycle Inventory was compiled, for the present study and within the framework of a screening LCA, as 
reported in the following. Several assumption and cut-off decision were necessary in this phase and they will 
be subject to revision in future iterations of the analysis.  
In particular, the process representing the functional unit, i.e. one AIRcel 85 (Fig. 5.1.), has been built up on 
10 sub-processes: 
 
 

1. AIRcel85_tank  
2. AIRcel 85_head 
3. AIRcel85_biostack 
4. AIRcel85_fan 
5. AIRcel85_pump 
6. AIRcel85_electronics 
7. AIRcel85_packaging 
8. AIRcel85_transport 
9. AIRcel85_energy consumption 
10. U-ox monodose 

 
 
 

                                                                                                         

    Fig. 5.1.: AIRcel 85 exploded graphics (U-Earth Biotechnologies s.r.l.). 
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As a matter of fact, it proved to be impossible to model all the components with Ecoinvent processes directly. 
Therefore, Tables 5.1 to 5.10 report assumption and modeling choices made during the simulation, for each 
sub-process. Further details on the processes selected are reported into Annex I. 
     

SUB-PROCESS 1: 
AIRCEL85_TANK 

RELEVANT DATA, CALCULATIONS AND ASSUMPTIONS 

MATERIALS HDPE – structural PVC - coating 
MODEL EQUIVALENT polyethylene, HDPE, granulate polyvinylchloride 
QUANTITY Surface area= 1.0675 m2 

Thickness= 0.5 cm 
Volume= 5.337 dm3 
Weight (based on average HDPE density of 0.93 kg/dm3) = 
4.964 kg 

50 g - estimation 

PROCESSING Thermoforming, with calendaring. 
Specific efficiency= 0.977 
Consequently, the amount of HDPE required for the process is 
5.081 kg. 

Cut-off 

ELABORATION 5.081 kg of HDPE, subject to thermoforming  0.05 kg of PVC 
Tab. 5.1.: Sub-process 1, relevant data, calculations and assumptions 

 

The AIRcel tank is made of granular HDPE, thermoformed in a cylindrical shape, open at the top. The tank 
is, then, varnished with a PVC layer as decalcomania. Since no specific primary data was available, a rough 
estimation was performed (Tab. 5.1.), to be elaborated during further iteration of LCA procedure. 
  

SUB-PROCESS 2: 
AIRCEL85_HEAD 

RELEVANT DATA, CALCULATIONS AND ASSUMPTIONS 

MATERIALS Steel 
MODEL EQUIVALENT Steel, low-alloyed 
QUANTITY Primary data from manufacturer 

Weight= 4.5 kg 
PROCESSING Deep-drawing  

Weight= 4.5 kg 
Powder coating 
Surface area= 0.48 m2 

ELABORATION 4.5 kg of Steel, subject to deep-drawing and powder coating over 0.48 m2 

Tab. 5.2.: Sub-process 2, relevant data, calculations and assumptions 

 

The “head” part of the AIRcel has been modeled as a top cover, of cylindrical shape, of steel, manufactured 
by deep-drawing and finished with powder coating (Table 5.2). Materials and processes are taken from 
Ecoinvent database and data are calculated on the basis of manufacturer primary data. 

 

SUB-PROCESS 3: 
AIRCEL85_BIOSTACK 

RELEVANT DATA, CALCULATIONS AND ASSUMPTIONS 

MATERIALS HDPE – structural polyurethane 
MODEL EQUIVALENT polyethylene, HDPE, granulate Polyurethane, rigid foam 
QUANTITY Primary data from manufacturer 

Weight= 2 kg 
Primary data from manufacturer 
Weight= 0.25 kg 

PROCESSING Extrusion 
Specific efficiency= 0.996 
Consequently, the amount of HDPE required for the 
process is 2.008 kg 

Injection moulding 
Specificic efficiency= 0.994 
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Consequently, the amount of 
PUR required for the process is 
0.2515 kg 

ELABORATION 2.008 kg of HDPE, subject to thermoforming  0.2515 kg of PUR subject to 
injection moulding 

Tab. 5.3.: Sub-process 3, relevant data, calculations and assumptions 

 

The inner structure, called “biostack”, has two primary functions, with different parts and materials involved 
(Table 5.3.): 

1. support for biomass growth, by two cylinders of HDPE with different diameter and holes,  
2. water circulation, by top plate of polyurethane, with different holes to allow water trickling down on 

vertical surfaces, and pump outlet.  
The mechanical parts of AIRcel devices are fan (Table 5.4.) and pump (Table 5.5.), providing air and water 
circulation, respectively. They have been modeled by assimilation with processes already implemented into 
Ecoinvent, referring to average products available on the market. 
Focusing on the time-span of the study, i.e.5 years, maintenance occurrences are expectable and, therefore, 
n.2 fans and n.5 pumps have been included into the inventory. 
 

SUB-PROCESS 4: 
AIRCEL85_FAN 

RELEVANT DATA, CALCULATIONS AND ASSUMPTIONS 

MATERIALS mixed 
MODEL EQUIVALENT fan, used in a power supply unit of a Desktop PC 
QUANTITY Primary data from manufacturer 

Weight= 0.218 kg 
PROCESSING - 
ELABORATION Fan of 0.218 kg 

Tab. 5.4.: Sub-process 4, relevant data, calculations and assumptions 

 

SUB-PROCESS 5: 
AIRCEL85_PUMP 

RELEVANT DATA, CALCULATIONS AND ASSUMPTIONS 

MATERIALS mixed Polyvinylidenchloride - pipe 
MODEL EQUIVALENT pump 40W Polyvinylchloride, granulate 
QUANTITY 1 pump Primary data from manufacturer 

Weight= 0.07 kg 
PROCESSING  extrusion, plastic pipes, with a specific process 

efficiency of 0.996 
ELABORATION 1 pump, 40 W 0.0703 kg of PVC 

Tab. 5.5.: Sub-process 5, relevant data, calculations and assumptions 

For AIRcel electronics simulation, several assumptions were necessary: 
1. Touchscreen was simulated as a LCD screen of equivalent size, since no specific process is present on 

Ecoinvent version 2.2 (Table 5.6A); 
2. Wiring board was modeled on the basis of size and average weight data (Table 5.6A); 
3. The power adapter implemented is a laptop power adapter, since it is a multifunctional device (Table 

5.6B); 
4. Supplementary electronics are simulated as electric cable and clamp connector (Tab. 5.6B); 
5. The stick water level sensor has no direct equivalent into Ecoinvent database, therefore a model was 

built up over a potentiometer and electric steel sticks (Tab. 5.6C). 
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SUB-PROCESS 6.A: 
AIRCEL85_ELECTRONICS 

RELEVANT DATA, CALCULATIONS AND ASSUMPTIONS 

 Touchscreen Wiring board 
MATERIALS mixed mixed 
MODEL EQUIVALENT LCD module Printed wiring board 
QUANTITY Primary data from manufacturer 

Weight= 0.065 kg 
Primary data from manufacturer 
Size= 13.5 cm X 7 cm 
Assumption: Printed circuit standard board, 
multilayer and Aluminium PCBS 
Weight= 0.037 kg 

PROCESSING  - 
ELABORATION 0.065 kg of LCD screen 0.037 kg of printed wiring board 

Tab. 5.6A.: Sub-process 6, relevant data, calculations and assumptions 

 

SUB-PROCESS 6.B: 
AIRCEL85_ELECTRONICS 

RELEVANT DATA, CALCULATIONS AND ASSUMPTIONS  

 Power adapter and 
plug 

Connectors for cables Cable connection among 
components 

MATERIALS mixed mixed mixed 
MODEL EQUIVALENT power adapter, for 

laptop 
connector, clamp connection cable, connector for 

computer, without plug 
(synonym: Electric cable) 

QUANTITY 1 adapter Primary data from manufacturer 
n. of connectors= 16 
Assumption: similar shape and 
size 
The dataset is based on an 
average weight of 9 gram/unit 
Weight= 0.144 kg 

Assumption 
Length= 1 m 
The dataset is based on 
an average weight of 
0.065 kg/m  

PROCESSING - - - 
ELABORATION 1 power adapter 0.144 kg of connectors, clamp 

connection 
0.065 kg of electric cable 

Tab. 5.6B.: Sub-process 6, relevant data, calculations and assumptions 

 

SUB-PROCESS 6.C: 
AIRCEL85_ELECTRONICS 

RELEVANT DATA, CALCULATIONS AND ASSUMPTIONS 

 Water level sensor – core Water level sensor, sticks 
MATERIALS mixed steel 
MODEL EQUIVALENT Potentiometer (assumption, since no 

specific process is present) 
Steel, electric, chromium steel 
(assumption, since no specific process is 
present) 

QUANTITY n.3 potentiometers are included 
The dataset is based on an average weight 
6.1 gram/unit. 
Weight= 0.183 kg  

Estimated volume= 6.359 cm3 
Average steel density= 7.85 kg/dm3 
Weight= 0.050 kg 

PROCESSING - Cut off 
ELABORATION Potentiometer, 0.061 kg 0.050 kg of electric chromium steel 

Tab. 5.6C.: Sub-process 6, relevant data, calculations and assumptions 
 
The AIRcel packaging has been modeled on corrugated cardboard box, shockproof material and plastic film. 
Due to lack of primary data, several estimations were necessary; moreover, since quantities derived were 
negligible and it is currently a hand-made operation, a cut-off was applied on packaging process.  
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SUB-PROCESS 7: 
AIRCEL85_PACKAGING 

RELEVANT DATA, CALCULATIONS AND ASSUMPTIONS  

 Box Shockproof 
packaging 

Packaging film 

MATERIALS corrugated board polyurethane LDPE 
MODEL EQUIVALENT packaging, corrugated board, mixed fibre, 

single wal 
polyurethane, 
flexible foam 

packaging film, 
LDPE 

QUANTITY Primary data 
Box total surface area= 2.205 m2 
Corrugated board average density= 0.5 kg/m2 
Weight= 1.103 kg 

Estimated 
weight= 0.1 kg 

Estimated= 0.05 kg 

PROCESSING - Cut off: forming Cut off: wrapping 
(hand-made) 

ELABORATION 1.103 kg of corrugated board 0.1 kg of 
polyurethane 
flexible foam 

0.05 kg of plastic 
film 

 

Tab. 5.7.: Sub-process 7, relevant data, calculations and assumptions 

Since no specific data on each single part supply chain was available, and being the manufacturing company 
still in a start-up phase, with consequent work-in-progress approach to production, a generic transport 
process has been outlined, considering the overall weight of AIRcel (Tab. 5.8), as declared on shipping 
documents, as transported for average distance normally considered for European Union (i.e. 200 km). 
 

SUB-PROCESS 8: 
AIRCEL85_TRANSPORT 

RELEVANT DATA, CALCULATIONS AND ASSUMPTIONS 

MATERIALS mixed 
MODEL EQUIVALENT transport, lorry >28t, fleet average 
QUANTITY Assumption 

10 kg of materials transported for 200 km (average EU)= 2 tkm 
PROCESSING - 
ELABORATION 2 tkm 

Tab. 5.8.: Sub-process 8, relevant data, calculations and assumptions 

 
The energy consumption of the AIRcel has been taken into account for the entire use phase expected, i.e. 5 
years (as defined, conservatively, as time-span of the project). The energy production mix implemented is 
considered as Italian (since first application of the technology were mainly set in Italy) (Tab. 5.9). This proved 
to be a conservative assumption, compared with the average European mix. Further iteration could focus to 
specific application and geographical framework. 
 

SUB-PROCESS 9: 
AIRCEL85_ENERGY 
CONSUMPTION 

RELEVANT DATA, CALCULATIONS AND ASSUMPTIONS 

MATERIALS mixed 
MODEL EQUIVALENT Electricity, low voltage, at grid 
QUANTITY Primary data from manufacturer 

Energy consumption= 0.71 kWh/day 
Energy consumption (time span of the technology: 5 years) = 1295.75 kWh 

PROCESSING - 
ELABORATION 1295.75 kWh of Electricity, low voltage 

Tab. 5.9.: Sub-process 9, relevant data, calculations and assumptions 
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The biomass fed to the AIRcel system (i.e. U-ox) is a proprietary recipe, therefore only partial information 
was available to be included into the present study (Tab. 5.10): 

1. the biomass is strictly of natural origins; 
2. no GMO (i.e. Genetically-Modified Organism) is included within the bacterial consortium; 
3. no chemical is added; 
4. water is the main constituent of the suspension; 
5. production site is located in New Mexico, US. This allowing to estimate air transport in about 9000 

km. 
In addition to this, it must be considered that the amount of U-ox added to the system is typically 1.2 l per 
year, except for the first year, when two additional mono-dose are necessary for the start-up. Considering 
the time-span proposed for the study, it corresponds to 6.2 l, i.e. In this perspective, and, in comparison with 
air transport, a cut-off of the elaboration process is acceptable.  

 
SUB-PROCESS 10:  
U-OX_MONODOSE 

RELEVANT DATA, CALCULATIONS AND 
ASSUMPTIONS 

 

 Road transport from 
manufacturer to airport and 
from airport to headquarter 

Packaging (bottle) Air cargo (US- EU) 

MATERIALS mixed PET mixed 
MODEL 
EQUIVALENT 

Transport, lorry >28t, fleet 
average/CH U 

Polyethylene terephthalate, 
granulate, bottle grade, at 
plant/RER U 

Transport, aircraft, freight, 
Europe/RER U 

QUANTITY n. of U-Ox monodose 
necessary over the life-span 
of the technology (5 years) = 
62. 
Assumption: Weight (U-ox 
monodose) = 7.5 kg 
7.5 kg transported over 200 
km (average) = 1.5 tkm 
  

Estimated weight= 0.02 kg 
per each bottle 
n.62 monodose for the time-
span=  

n. of U-Ox monodose 
necessary over the life-span 
of the technology (5 years) = 
62. 
Assumption: Weight (U-ox 
monodose*5 years) = 7.5 
7.5 kg transported over 9000 
km (average) = 67.5 tkm 
 

PROCESSING - Cut off  
ELABORATION Road transport, 1.5 tkm 1.24 kg of PET bottle Air transport, 67.5 tkm 

 

Tab. 5.10.: Sub-process 10, relevant data, calculations and assumptions 

 

5.3. Impact assessment 
As required by ISO 14040 and ISO 14044, comprehensive Life Cycle Impact Assessment shall include several 
mandatory elements, such as the selection of impact categories and characterization models, the assignment 
of results obtained with LCI to the specific impact categories (i.e. Classification phase) and consequent 
quantification of category indicators (i.e. Characterization). For the present study, additional elaborations 
have been performed, by the application of Normalization and Weighting, in order to obtain results easier to 
communicate and share with manufacturer, to promote design effort to improve environmental efficiency 
of the AIRcel system. 
Two calculation methods have been used: a single-issue calculation method (Greenhous Gases Protocol 
v.1.01) and a typical impact assessment method (IMPACT 2002+). 
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5.3.1. Greenhouse Gas Protocol 
The Greenhouse Gas Protocol (GHG Protocol) method was developed by the World Resources Institute (WRI) 
in cooperation with the World Business Council for Sustainable Development (WBCSD). This method is based 
on the draft report on Product Life Cycle Accounting and Reporting Standard (WRI 2009, Frischknecht et al. 
2007). It may be assimilated to the Carbon Footprint, defined as the sum of GHG emissions and removals, 
expressed as net impact on global warming in terms of CO2 equivalent (JRC 2007, Proietti et al. 2016). 
The time horizon of the calculation method is 100 years. Global Warming Potential (GWP) is, therefore, 
related to 100-year IPCC and it takes into account time-integrated radiative characteristics of well mixed 
greenhouse gases over the specific period. Carbon dioxide equivalents (CO2eq) of non-CO2 gases (CH4, N2O, 
SF6, HFCs, CFCs) are calculated and attributed to four impact categories: 

1. GHG emissions from fossil sources 
2. Biogenic carbon emissions 
3. Emissions from land transformation (optional) 
4. Carbon uptake (optional). 

Results of the impact assessment are reported in the following Figures 5.2 and 5.3 for Characterization and 
Weighting, respectively. It is immediately evident how energy consumption in the use phase is responsible 
for the major impact. In fact, about 82% of the total kg CO2 equivalent are attributable to energy 
consumption, affecting in particular the emission from fossil fuel.  

 

 

Fig. 5.2.: Impact assessment results, GHG Protocol, Characterization. 
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Fig. 5.3.: Impact assessment results, GHG Protocol, Weighting. 
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CHARACTERIZATION WEIGHTING 
IMPACT CATEGORY Fossil CO2 eq Biogenic CO2 

eq 
CO2 eq from 
land 
transformation 

CO2 uptake Total Fossil CO2 eq Biogenic CO2 
eq 

CO2 eq from 
land 
transformatio
n 

CO2 uptake 

UNIT kg CO2 eq kg CO2 eq kg CO2 eq kg CO2 eq kg kg kg kg kg 

TOTAL 968,3169 14,14716 0,007549 14,36436 968,1073 968,3169 14,14716 0,007549 -14,3644 

AIRCEL85_TANK 13,99533 0,55506 0,000348 0,972098 13,57864 13,99533 0,55506 0,000348 -0,9721 

AIRCEL 85_HEAD 11,41595 0,621346 0,000198 0,163009 11,87449 11,41595 0,621346 0,000198 -0,16301 

AIRCEL85_BIOSTACK 6,015079 0,075552 6,04E-05 0,141388 5,949303 6,015079 0,075552 6,04E-05 -0,14139 

AIRCEL85_FAN 2,537156 0,06331 0,000333 0,069171 2,531627 2,537156 0,06331 0,000333 -0,06917 

AIRCEL85_PUMP 7,324993 0,109177 0,000139 0,12431 7,31 7,324993 0,109177 0,000139 -0,12431 

AIRCEL85_ELECTRONICS 19,08679 0,630135 0,003013 0,637639 19,0823 19,08679 0,630135 0,003013 -0,63764 

AIRCEL_PACKAGING 1,866576 0,783271 0,000616 1,145126 1,505336 1,866576 0,783271 0,000616 -1,14513 

AIRCEL_TRANSPORT 0,273272 0,000767 2,87E-06 0,000862 0,273179 0,273272 0,000767 2,87E-06 -0,00086 

AIRCEL85_ENERGY 
CONSUMPTION 

830,0772 11,18372 0,002435 10,99074 830,2726 830,0772 11,18372 0,002435 -10,9907 

U-OX MONODOSE 75,72464 0,124826 0,000404 0,120016 75,72986 75,72464 0,124826 0,000404 -0,12002 

 

Tab. 5.11.: Impact assessment results, GHG Protocol, Characterization and Weighting. 
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5.3.2. IMPACT 2002+ 
The IMPACT 2002+ (IMPact Assessment of Chemical Toxics) calculation method has been developed by Swiss 
Federal Institute of Technology - Lausanne (EPFL, now Ecointesys-life cycle systems). Its most distinctive 
feature is the implementation of a combined midpoint/damage approach, relating LCI results (i.e. elementary 
flows) to 4 main damage categories through 14 midpoints indicators (Fig. 5.4).  
 

 
Fig. 5.4.: Impact categories (Jolliet et al. 2003) 

 
Typically, during Characterization phase, LCI results are converted, by the application of specific factors, to a 
common unit and aggregated for impact categories.  
Applying SimaPro software, a modified methodology is used: characterization factors for human toxicity and 
aquatic and terrestrial ecotoxicity, in fact, are taken from directly IMPACT 2002+, while factors for other 
categories are adapted from other methods (i.e. Eco-indicator 99, CML 2001, IPCC and Cumulative Energy 
Demand) and human toxicity is split up in ‘Carcinogens’ and ‘Non-carcinogens’. 
Normalization phase is focused on defining the relative magnitude for each indicator result of the product 
system: each categories’ results is, therefore, referred to a reference information, making them 
dimensionless and, consequently, allowing comparisons.  
The Weighting phase involves numerical factors to be attributed to each category on the basis of choice-
value. 
The following Figures 5.5 and 5.6 report impact assessment results for Characterization and Normalization, 
listed in Table 5.12. 
As evidently displayed by graphics, Global Warming and Non-renewable energy utilization, together with 
respiratory inorganics category account for more than 90% of the overall impact and the process describing 
the energy consumption during the use phase is directly responsible for the most part of them (about 80%). 
These results are confirmed by Weighting phase and consequent attribution to each single process (i.e. Single 
Score, Fig. 5.7). 
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Fig. 5.5.: Impact assessment results, IMPACT2002+, Characterization. 

 

Fig. 5.6.: Impact assessment results, IMPACT2002+, Normalization. 
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IMPACT 
CATEGORY 

UNIT TOTAL AIRCEL85_
TANK 

AIRCEL 85_ 
HEAD 

AIRCEL85_
BIOSTACK 

AIRCEL85_ 
FAN 

AIRCEL85_
PUMP 

AIRCEL85_ 
ELECTRONICS 

AIRCEL_ 
PACKAGI
NG 

AIRCEL_ 
TRANSPORT 

AIRCEL85_ 
ENERGY 
CONSUMPT
ION 

U-OX 
MONODOS
E 

CARCINOGENS kg 
C2H3Cl 
eq 

8,40352 1,57847905
2 

0,62870349
6 

0,65934242
4 

0,08831700
7 

0,7764259
36 

0,310004406 0,0433362
92 

0,00217766
9 

2,59552355
2 

1,72121 

NON-
CARCINOGENS 

kg 
C2H3Cl 
eq 

7,932215 0,07546528
6 

0,52711360
8 

0,02668501
3 

0,11533411
8 

1,4954649
06 

1,465516471 0,0302491
05 

0,00271364
8 

3,99883415
6 

0,194839 

RESPIRATORY 
INORGANICS 

kg 
PM2.5 
eq 

0,665263 0,00739890
9 

0,01243773
8 

0,00334069
5 

0,00247686
4 

0,0194547
56 

0,023627291 0,0014094
19 

0,00038491
6 

0,54090571
4 

0,053827 

IONIZING 
RADIATION 

Bq C-14 
eq 

17667,69 236,278150
9 

217,589680
3 

68,5982789
9 

113,255292
7 

152,60064
83 

759,1363296 28,172027
24 

2,48354596
7 

15791,4112
2 

298,166 

OZONE LAYER 
DEPLETION 

kg CFC-
11 eq 

8,57E-05 2,17137E-
07 

8,28285E-
07 

2,42429E-
07 

2,80876E-
07 

3,5688E-
07 

1,48549E-06 1,32354E-
07 

4,53217E-
08 

7,28792E-
05 

9,25E-06 

RESPIRATORY 
ORGANICS 

kg 
C2H4 
eq 

0,229418 0,01499832
7 

0,00362293
3 

0,00642176
4 

0,00305428 0,0026308
42 

0,007503598 0,0008140
59 

0,00024942
7 

0,16042599
6 

0,029697 

AQUATIC 
ECOTOXICITY 

kg TEG 
water 

73330,14 285,744772
6 

1453,52395
3 

128,639421
1 

770,140296
3 

2254,4641
56 

8460,015074 120,76300
75 

15,6563907
3 

56807,4176
7 

3033,775 

TERRESTRIAL 
ECOTOXICITY 

kg TEG 
soil 

24275,24 43,8894839
4 

436,712780
9 

14,7757804
4 

151,268893
6 

1178,0783
11 

1303,190846 49,991222
57 

9,28016596
4 

20377,9518
3 

710,0983 

TERRESTRIAL 
ACID/NUTRI 

kg SO2 
eq 

15,14972 0,16614414
6 

0,15436286 0,07255943
4 

0,04659842
2 

0,1836690
2 

0,426306394 0,0313968
88 

0,01223058 12,2109070
1 

1,845544 

LAND 
OCCUPATION 

m2org.
arable 

2,502185 0,22062032
8 

0,14872219
8 

0,02849365
1 

0,01705266
7 

0,1043292
43 

0,212659053 0,3866155
84 

0,00197115
6 

1,25228748
5 

0,129434 

AQUATIC 
ACIDIFICATION 

kg SO2 
eq 

4,658435 0,04990753 0,06218014
5 

0,02196889 0,01478649
3 

0,0646309
69 

0,136101792 0,0071077
98 

0,00181926
6 

3,96553299
9 

0,334399 

AQUATIC 
EUTROPHICATI
ON 

kg PO4 
P-lim 

0,226344 0,00113634
1 

0,00272902
8 

0,00049331
5 

0,00466387
6 

0,0168369
05 

0,05195599 0,0004935
97 

2,89498E-
05 

0,13972363
8 

0,008283 

GLOBAL 
WARMING 

kg CO2 
eq 

944,9109 12,9138260
4 

11,1312195
3 

5,49661189 2,44176348
3 

7,1212789
34 

18,55177765 1,7694341
88 

0,26805946
4 

810,254551
7 

74,96234 

NON-
RENEWABLE 
ENERGY 

MJ 
primary 

15620,14 481,292043
3 

178,552038
8 

202,422959
2 

51,7323804
1 

112,12206
1 

302,571818 34,976029
02 

4,68443220
2 

13074,3544
8 

1177,429 

MINERAL 
EXTRACTION 

MJ 
surplus 

21,91092 0,04429321
8 

4,02349183
3 

0,02455156
3 

1,36873731
2 

9,2939715
26 

3,75961634 0,0288122
13 

0,00278252
8 

3,21155894
9 

0,153103 

Table 5.12.: Impact assessment results, IMPACT 2002+, Characterization. 
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IMPACT 
CATEGORY 

TOTAL AIRCEL85_T
ANK 

AIRCEL 
85_HEAD 

AIRCEL85_BI
OSTACK 

AIRCEL85_F
AN 

AIRCEL85_P
UMP 

AIRCEL85_E
LECTRONICS 

AIRCEL_PAC
KAGING 

AIRCEL_TRA
NSPORT 

AIRCEL85_E
NERGY 
CONSUMPTI
ON 

U-OX 
MONODOSE 

CARCINOGENS 0,003318 0,00062318
4 

0,000248212 0,00026030
8 

3,48676E-05 0,00030653
3 

0,00012239 1,71092E-05 8,59744E-07 0,00102471
3 

0,00068 

NON-
CARCINOGENS 

0,003132 2,97937E-05 0,000208104 1,05352E-05 4,55339E-05 0,00059041 0,00057858
6 

1,19423E-05 1,07135E-06 0,00157874 7,69E-05 

RESPIRATORY 
INORGANICS 

0,065661 0,00073027
2 

0,001227605 0,00032972
7 

0,00024446
6 

0,00192018
4 

0,00233201
4 

0,00013911 3,79912E-05 0,05338739
4 

0,005313 

IONIZING 
RADIATION 

0,000523 6,9962E-06 6,44283E-06 2,0312E-06 3,35349E-06 4,51851E-06 2,2478E-05 8,34174E-07 7,35378E-08 0,00046758
4 

8,83E-06 

OZONE LAYER 
DEPLETION 

1,27E-05 3,21472E-08 1,22628E-07 3,58917E-08 4,15837E-08 5,28361E-08 2,19927E-07 1,9595E-08 6,70988E-09 1,07898E-05 1,37E-06 

RESPIRATORY 
ORGANICS 

6,89E-05 4,50445E-06 1,08808E-06 1,92865E-06 9,17292E-07 7,90121E-07 2,25356E-06 2,44486E-07 7,49104E-08 4,81807E-05 8,92E-06 

AQUATIC 
ECOTOXICITY 

0,000269 1,04714E-06 5,32658E-06 4,71412E-07 2,82226E-06 8,26171E-06 3,10026E-05 4,42548E-07 5,73744E-08 0,00020817
6 

1,11E-05 

TERRESTRIAL 
ECOTOXICITY 

0,014017 2,53431E-05 0,000252171 8,53198E-06 8,73472E-05 0,00068025
8 

0,00075250
1 

2,88664E-05 5,35865E-06 0,01176684
1 

0,00041 

TERRESTRIAL 
ACID/NUTRI 

0,00115 1,26137E-05 1,17192E-05 5,50871E-06 3,53775E-06 1,39442E-05 3,23652E-05 2,38365E-06 9,28546E-07 0,00092705
2 

0,00014 

LAND 
OCCUPATION 

0,000199 1,75548E-05 1,18338E-05 2,26724E-06 1,35688E-06 8,30148E-06 1,69213E-05 3,0763E-05 1,56845E-07 9,96445E-05 1,03E-05 

AQUATIC 
ACIDIFICATION 

- - - - - - - - - - - 

AQUATIC 
EUTROPHICATIO
N 

- - - - - - - - - - - 

GLOBAL 
WARMING 

0,095436 0,00130429
6 

0,001124253 0,00055515
8 

0,00024661
8 

0,00071924
9 

0,00187373 0,00017871
3 

2,7074E-05 0,08183571 0,007571 

NON-
RENEWABLE 
ENERGY 

0,102781 0,00316690
2 

0,001174872 0,00133194
3 

0,00034039
9 

0,00073776
3 

0,00199092
3 

0,00023014
2 

3,08236E-05 0,08602925
2 

0,007747 

MINERAL 
EXTRACTION 

0,000144 2,91449E-07 2,64746E-05 1,61549E-07 9,00629E-06 6,11543E-05 2,47383E-05 1,89584E-07 1,8309E-08 2,11321E-05 1,01E-06 

Table 5.13.: Impact assessment results, IMPACT 2002+, Normalization. 
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Fig. 5.7.: Impact assessment results, IMPACT2002+, Weighting, Single Score. 

 

5.4. Interpretation of results 
The present study focused on production and use phase of the AIRcel85, constituting only the first screening 
LCA on the specific technology, without taking into account end of life of components and materials. This 
aspect would be subject to further elaboration, but, at present, it is considered as counterbalanced by not 
considering the environmental benefit derived by the air treatment performed by the system. 
Results obtained into the Impact Assessment phase showed a significant contribution of energy consumption 
process to the overall impact, in general, and on Global Warming Potential, emission from fossil fuels and 
respiratory contaminants, in particular.  
This is evidently related to the specific energy production mix and could change with different county of 
application of the technology. Based on evidences provided by model’s results, about 80% of the 
environmental impact generated by AIRcel85 could be tackled and reduced by coupling the air treatment 
system with renewable energy supply system, already in place or to be implemented. Thus, promoting an 
improvement of the overall sustainability of the company/facility installing the AIRcel. 
The second process promoting the environmental impact of the technology resulted the biomass, i.e. U-ox, 
which is produced in the US and imported in Italy by the manufacturing company. As expected, 
intercontinental transport via aircraft impacts remarkably on the overall environmental performance, as 
shown in Fig. 5.8. As already stated, information on biomass production could not be included in the study, 
since proprietary recipe covers the item, therefore a cut-off was necessary on the issue.  
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Fig. 5.8.: Impact assessment results for U-ox monodose process, IMPACT2002+, Weighting, Single Score. 

 

Focusing on the CO2 equivalent impact, results of the two methodologies applied identified AIRcel 
contribution in about 1 ton of CO2 equivalent over the 5-year time-span accounted to the technology. 
In order to try and assess the environmental burden actually posed by the AIRcel implementation, at present 
(i.e. with energy consumption affecting the overall performance by 80%), the benefit deriving from air 
treatment performed should be considered.  
Based on information provided by the manufacturer, each AIRcel85 can capture up to 3.5 kg of airborne 
contaminants per day. Considering a theoretical scenario, with air pollution represented only by VOC, it could 
be assessed that a single AIRcel unit should be able to treat up to 3.5 kg of VOCs per day. With a rough 
estimation, i.e. attributing to the VOCs an average Global Warming Potential related to CO2 equal to 1 (which 
is a rather conservative assumption, as reported by IPCC 2007), the AIRcel should be able to sequestrate up 
to 1277.5 kg CO2 equivalent per year. 
This result, compared with the impact calculated, i.e. 193.6 kg CO2 equivalent per year, returns a net CO2 
equivalent uptake of about 1083.9 kg per year, which can be regarded as quite a remarkable result, even 
considering limitations of the present study.  
An additional comparative evaluation may support the definition of the overall environmental performance, 
i.e. comparison of the estimated CO2 equivalent uptake of AIRcel with trees, as typical carbon sinks. In fact, 
as clearly defined by several studies, they are able to absorb carbon dioxide from the atmosphere, releasing 
it only partially through night respiration and storing the rest in various organic compounds. Based on most 
recent results presented by Proietti et al. (2016), trees may store from 4.048 (e.g. oak) to 25.391 (e.g. walnut, 
poplar) kg CO2 per year per plant, over the a 14-year time-span, considering both standing and accumulated 
biomass.  
These data, compared with results obtained for the AIRcel allow to compare the biotechnological system 
performance with a number of trees ranging from 43 (42.68), in case of high growth rate species (e.g. walnut, 
poplar), to 268 (267.76) in case of low growth rate trees (e.g. oaks). 
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Considering an average tree density spanning from 230 to 455, as proposed by Khan and Chaudhry (2007) 
(Tab. 5.14), it could be assessed that the CO2 net uptake of 1 hectar of properly spaced (i.e. about 300 
trees/ha) trees is equivalent to:  

- n. 1 AIRcel 85, in case of low growth rate species,  
- n. 7 AIRcel 85, if high growth rate species are involved.   

 
TREES DENSITY/HA HIGH GROWTH RATE SPECIES 

(WALNUT, POPLAR) 
LOW GROWTH RATE SPECIES 
(OAK) 

230 (3.7X12.2 M) 5.4 AIRcel 70 0.9 AIRcel 70 
455 (3.7X6.1 M) 10.7 AIRcel 70 1.7 AIRcel 70 

   
Tab. 5.14.: AIRcel70/trees equivalence.  
 
 

5.5. Conclusion 
A screening LCA was accomplished considering production and use phase of a single AIRcel 85 unit. The 
assessment, even with several assumptions, simplifications and cut-off, returned interesting results, both in 
terms of impact categories affected and processes triggering the major environmental impacts. 
In particular, energy consumption of the device during the use phase proved to develop the major 
environmental burden (around 80% of the total), confirmed by GHG Protocol and IMPACT 2002+ method. 
Therefore, the energy production mix used in the specific context of application, is crucial to define the 
overall impact and measures could be taken accordingly, as to obtain a remarkable reduction.  
At the same time, biomass transport from the production site, located in New Mexico, US, heavily affects the 
global warming effect, as well as respiratory contaminants release, suggesting that a modifyied logistic would 
ensure a better environmental performance at the production stage.  
In an attempt to properly interpret results obtained in the perspective of a remediation technology, i.e. 
considering the environmental benefit provided by its application, a rough comparison has been performed 
between net impact, i.e. combining negative and positive impacts, in terms of CO2 equivalent, provided by 
AIRcel unit and typical carbon sinks, i.e. trees with different growth rate. Results obtained suggest that a 
single AIRcel unit could act as carbon sink equivalent to a number of trees ranging from 43, in case of high 
growth rate species (e.g. walnut, poplar), to 268, in case of low growth rate trees (e.g. oaks).  
 
 

  



- Testing, validation and dissemination of an innovative biotechnology for clean-up of air and water -
  

69 
 

5.6. Annex I – LCI: Ecoinvent processes documentation 

AIRCEL 85_TANK    
PROCESS NAME polyethylene, HDPE, 

granulate, at plant/kg/RER 
thermoforming, with 
calendering/kg/RER 
 

polyvinylchloride, emulsion 
polymerised, at 
plant/kg/RER 

TRANSLATED NAME  Polyethylen-Granulat, 
HDPE, ab Werk 

 Tiefziehen, mit 
Kalandrieren 

 Polyvinylchlorid, Emulsions-
Polyvinylchlorid, ab Werk 

INCLUDED PROCESSES Aggregated data for all 
processes from raw material 
extraction until delivery at 
plant. CAS number 009002-
88-4. Synonims HDPE, PE, 
HD-PE. 

 This process contains the 
auxillaries and energy 
demand for the 
mentioned convertion 
process of plastics. The 
converted amount of 
plastics is NOT included 
into the dataset. 

 Aggregated data for all 
processes from raw material 
extraction until delivery at 
plant. 
CAS number 009002-86-2. 
Synonyms: PVC 

REMARKS  Data are from the Eco-
profiles of the European 
plastics industry 
(PlasticsEurope).  

1 kg of this process equals 
0.977 kg of 
thermoformed, 
calendered plastic sheets. 

 Data are from the Eco-
profiles of the European 
plastics industry 
(PlasticsEurope). Not 
included are data for 
recyclable wastes, amount 
of air / N2 / O2 consumed, 
unspecified metal emission 
to air and to water, 
mercaptan emission to air, 
unspecified CFC/HCFC 
emission to air, dioxin to 
water. The amount of 
"sulphur (bonded)" is 
assumed to be included into 
the amount of raw oil. 
Waste data are taken from 
the respective report from 
1998 - due to a lack of a 
similar table in the 2006 
report of PlasticEurope. 

GEOGRAPHY 24 European production 
sites 

information from different 
European and Swiss 
converting companies 

10 European plants 
 

TECHNOLOGY  polymerization out of 
ethylene under normal 
pressure and temperature 

 present technologies  production by emulsion 
polymerization of 
vinylchloride 

TIME PERIOD  time to which data refer  time to which data refer  time to which data refer 
VERSION  2.2  2.2  2.2 
ENERGY VALUE  Undefined  Undefined  Undefined 
PRODUCTION VOLUME  4.31 Mt (1999)  unknown  530 kt (1998) 
LOCAL CATEGORY  Kunststoffe  Kunststoffe  Kunststoffe 
LOCAL SUBCATEGORY  Polymere (Granulate)  Verarbeitung  Polymere (Granulate) 
SOURCE FILE  01829.XML  01856.XML 01842.XML 
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AIRCEL 85_HEAD    
PROCESS NAME steel, low-alloyed, at 

plant/kg/RER 
deep drawing, steel, 650 
kN press, single stroke 
operation/kg/RER 

powder coating, 
steel/m2/RER 

TRANSLATED NAME  Stahl, niedriglegiert, ab 
Werk 

 Tiefziehen, Stahl, 650 kN 
Presse, Einzelhub-Betrieb 

 Pulverbeschichten, Stahl 

INCLUDED PROCESSES  Mix of differently produced 
steels and hot rolling 

 This dataset encompasses 
the process of deep 
drawing a part 

 Phosphating of the steel 
sheet, powder coating and 
heat curing. No transports 
of the steel sheet to the 
coating plant or back are 
inventoried. 

REMARKS  represents Average of 
World and European 
production mix. This is 
assumed to correspond to 
the consumption mix in 
Europe 

 The reference for deep 
drawing is 1 kg of metal 
formed by deep drawing. 
As there is a large 
variation from factory to 
factory with regard to the 
LCI, it is advised that in 
case this dataset becomes 
important in the results, it 
has to be investigated 
further if the rough 
estimations made are 
applicable or not.  

 The powder inventoried is 
mainly used in exterior 
architectural applications. 
The coating thickness is 80 
m. The heat consumption 
is calculated for a sheet of 2 
mm thickness. 

GEOGRAPHY Data relate to plants in the 
EU 

Geographical coverage 
encompasses the 
industrialised countries. 

Swiss waste treatment 
assumed 
 

TECHNOLOGY  technology mix  Average technology Phosphating, coating and 
heat curing. Treatment of 
the waste water is assumed. 

TIME PERIOD unknown  unknown unknown 
VERSION  2.2  2.2  2.2 
ENERGY VALUE  Undefined  Undefined  Undefined 
PRODUCTION VOLUME  unknown  0.0  Unknown 
LOCAL CATEGORY  Metalle  unknown  Metalle 
LOCAL SUBCATEGORY  Gewinnung  Metalle  Verarbeitung 
SOURCE FILE  01154.XML  Spanlose Bearbeitung  01167.XML 
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AIRCEL 
85_BIOSTACK 

    

PROCESS NAME polyethylene, HDPE, 
granulate, at 
plant/kg/RER 

thermoforming, with 
calendering/kg/RER 
 

polyurethane, 
rigid foam, at 
plant/kg/RER 

injection moulding 

TRANSLATED 
NAME 

 Polyethylen-
Granulat, HDPE, ab 
Werk 

 Tiefziehen, mit 
Kalandrieren 

Polyurethan, 
Schaum fest, ab 
Werk 

Spritzgiessen 

INCLUDED 
PROCESSES 

Aggregated data for 
all processes from 
raw material 
extraction until 
delivery at plant. 
CAS number 
009002-88-4. 
Synonims HDPE, PE, 
HD-PE. 

 This process contains 
the auxillaries and 
energy demand for the 
mentioned convertion 
process of plastics. The 
converted amount of 
plastics is NOT 
included into the 
dataset. 

This dataset 
contains the 
transports of the 
monomers as 
well as the 
production 
(energy, air 
emissions) of the 
PUR foam. CAS 
number 009009-
54-5 

This process contains 
the auxillaries and 
energy demand for the 
mentioned convertion 
process of plastics. The 
converted amount of 
plastics is NOT included 
into the dataset. 

REMARKS  Data are from the 
Eco-profiles of the 
European plastics 
industry 
(PlasticsEurope).  

1 kg of this process 
equals 0.977 kg of 
thermoformed, 
calendered plastic 
sheets. 

 Dataset 
represents just 
one possible 
composition for a 
rigid PUR foam. 

1 kg of this process 
equals 0.994 kg of 
injection moulded 
plastics. 

GEOGRAPHY 24 European 
production sites 

information from 
different European and 
Swiss converting 
companies 

typical 
composition for 
European 
conditions 

information from 
different European and 
Swiss converting 
companies 

TECHNOLOGY  polymerization out 
of ethylene under 
normal pressure and 
temperature 

 present technologies  Present 
technology used 
in Europe. 
Transport and 
infrastructure - 
average values 
added. 

present technologies 

TIME PERIOD  time to which data 
refer 

 time to which data 
refer 

 date of 
publication 

 time to which data 
refer 

VERSION  2.2  2.2 2.2  2.2 
ENERGY VALUE  Undefined  Undefined  Undefined  Undefined 
PRODUCTION 
VOLUME 

 4.31 Mt (1999)  unknown  5 Mt (Total PUR 
consumption 
1990) 

unknown 

LOCAL CATEGORY  Kunststoffe  Kunststoffe  Kunststoffe  Kunststoffe 
LOCAL 
SUBCATEGORY 

 Polymere 
(Granulate) 

 Verarbeitung  Polymere 
(Granulate)  Verarbeitung 

SOURCE FILE  01829.XML  01856.XML  01839.XML  01853.XML 
 

  



Sara Zanni 2017 5. Sustainability Assessment 

 
72 

AIRCEL 85_FAN  
PROCESS NAME fan, at plant/kg/GLO 
TRANSLATED NAME  Ventilator, ab Werk 
INCLUDED PROCESSES  This dataset contains the material inputs that build up all together a fan, used 

in a power supply unit of a Desktop PC. Requirements and emissions of the 
assembly process (energy, emissions, waste) are not included. 

REMARKS  This dataset is a rough estimation of the material composition of a fan used in 
a PSU that can be found in a desktop PC. 

GEOGRAPHY Data used has no specific geographical origin (see Sampling Procedure). 
TECHNOLOGY  The dataset represents the material composition of a fan, as used in PSU. 
TIME PERIOD unknown 
VERSION  2.2 
ENERGY VALUE  Undefined 
PRODUCTION VOLUME unknown 
LOCAL CATEGORY  Elektronik 
LOCAL SUBCATEGORY  Modul 
SOURCE FILE  10806.XML 
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AIRCEL 85_PUMP    
PROCESS NAME pump 40W, at 

plant/p/CH/I 
 

polyvinylidenchloride, 
granulate, at plant/kg/RER 

extrusion, plastic 
pipes/kg/RER 
 

TRANSLATED NAME Umwälzpumpe 40W, ab 
Werk 

Polyvinylidenchlorid-
Granulat, ab Werk 

Extrudieren, 
Kunststoffrohre 

INCLUDED PROCESSES  Production and disposal of 
a water pump. Including 
materials. Not including 
energy use of production 
and infrastructure for 
factory. 

 Aggregated data for all 
processes from raw material 
extraction until delivery at 
plant.  
CAS number 009002-85-1. 

 This process contains 
the auxillaries and 
energy demand for the 
mentioned convertion 
process of plastics. The 
converted amount of 
plastics is NOT 
included into the 
dataset. 

REMARKS  Water pump Grundfos UP 
15-35x20 with a capacity of 
40W for use in solar 
collector systems. 

 Data are from the Eco-
profiles of the European 
plastics industry 
(PlasticsEurope). Not included 
are the values reported for 
recyclable wastes, amount of 
air / N2 / O2 consumed, 
unspecified metal emission to 
air and to water, mercaptan 
emission to air, unspecified 
CFC/HCFC emission to air, 
dioxin to water. The amount 
of "sulphur (bonded)" is 
assumed to be included into 
the amount of raw oil. 

 1 kg of this process 
equals 0.996 kg of 
extruded plastic pipes. 

GEOGRAPHY Pump produced in CH. 4 European producers information from 
different European and 
Swiss converting 
companies 

TECHNOLOGY  Circulating pump for heat 
exchange fluid in solar 
collector systems for a one 
family dwelling. 

 production out of 
vinylidenchloride 

 present technologies 

TIME PERIOD  Time of weighting the 
different parts of the 
pump. 

 time to which data refer  time to which data 
refer 

VERSION  2.2  2.2  2.2 
ENERGY VALUE  Undefined  Undefined  Undefined 
PRODUCTION VOLUME  Not known  unknown  unknown 
LOCAL CATEGORY  Sonnenkollektoranlagen  Kunststoffe  Kunststoffe 
LOCAL SUBCATEGORY  Herstellung Komponenten  Polymere (Granulate)  Verarbeitung 
SOURCE FILE  01865.XML  01844.XML  01851.XML 
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AIRCEL 
85_ELECTR
ONICS 

       

PROCESS 
NAME 

potentiometer, 
unspecified, at 
plant/kg/GLO 
 

steel, electric, 
chromium steel 
18/8, at 
plant/kg/RER 

connector, clamp 
connection, at 
plant/kg/GLO 

power adapter, 
for laptop, at 
plant/p/GLO 
 

LCD module, at 
plant/kg/GLO 
 

Printed wiring 
board, mounted, 
LAPTOP PC 
mainboard, at 
plant/GLO 

cable, connector 
for computer, 
without plug 

TRANSLAT
ED NAME 

 Potentiometer, 
unspezifisch, ab 
Werk 

 Elektrostahl, 
Chromstahl 18/8, 
ab Werk 

 Anschluss, 
Klemmverbindung
, ab Werk 

 Netzteil, für 
Laptop, ab Werk 

 LCD Modul, ab 
Werk 

Leiterplatte, 
bestückt, Laptop 
PC Mainboard, ab 
Werk 

Kabel, Stromkabel 
für Computer, 
ohne Stecker 

INCLUDED 
PROCESSES 

 This dataset 
covers raw 
material input and 
production efforts 
for the production 
of potentiometers 
(the variable 
resistor type). 

 Transports of 
scrap metal and 
other input 
materials to 
electric arc 
furnace, steel 
making process 
and casting. 

 This dataset 
covers raw 
material input, 
energy 
consumption, 
infrastructure and 
transport efforts 
for the production 
of clamp type 
connectors. 

 Describes the 
production of a 
typical power 
adapter for a 
laptop computer. 
Calculated per 1 
unit of power 
adapter, as most 
of them are 
equally long and 
of similar shape. 
Included are the 
materials steel, 
copper, HIPS and 
PVC with their 
respective 
manufacturing 
processes. The 
infrastructure is 
calculated via the 
proxy "electronic 
component 

 This module 
includes the 
various parts of 
the complete LCD 
module. All 
further efforts 
(auxiliaries, 
energy, emissions, 
waste, …) are 
included in a 
separate module 
– that is linked to 
this module here.  

This dataset 
represents a mix 
of Pb-containing 
and Pb-free 
soldered laptop 
PC mainboards. It 
includes processes 
of components 
mounting using 
lead and lead free 
solder technology. 

Describes the 
production of a 
typical electric 
cable (connector) 
for a desktop 
computer. 
Calculated per 1 
m of connector. 
Included are the 
materials copper, 
TPE (elastomere) 
and PVC with their 
respective 
manufacturing 
processes. The 
infrastructure is 
calculated via the 
proxy "electronic 
component 
production plant". 
Further 
inventoried are 
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AIRCEL 
85_ELECTR
ONICS 

       

PROCESS 
NAME 

potentiometer, 
unspecified, at 
plant/kg/GLO 
 

steel, electric, 
chromium steel 
18/8, at 
plant/kg/RER 

connector, clamp 
connection, at 
plant/kg/GLO 

power adapter, 
for laptop, at 
plant/p/GLO 
 

LCD module, at 
plant/kg/GLO 
 

Printed wiring 
board, mounted, 
LAPTOP PC 
mainboard, at 
plant/GLO 

cable, connector 
for computer, 
without plug 

factory". The 
electricity for the 
assembly of the 
power adaptor is 
considered to be 
25% of the one for 
the computer 
mouse. The road 
and rail 
transportation for 
input materials 
from the regional 
storage to the 
production site 
plus the disposal 
of the power 
adapter are part 
of the dataset. 

the electricity for 
the assembly of 
the connector, the 
fuel oil, propane 
and water input, 
the disposal of 
plastic and rubber 
parts, the VOC 
and methanol 
emissions created 
during the 
processing, plus 
the road and rail 
transportation for 
input materials 
from the regional 
storage to the 
production site. 
The accumulated 
hazardous waste 
is also reported. 

REMARKS  The data 
represent a 
typical 
potentiometer, 
used in the 
information and 

 This process 
produces 
secondary steel. 
Only scrap is used 
as iron bearing 
input. 

 The data 
represent a 
current clamp 
type connector 
for three wires 
used in the 

 This dataset can 
be applied to 
describe the 
production of a 
typical power 
adapter for 

 Data are based 
on information in 
a US-EPA study 
about computer 
screens. The data 
represent a 

Data are based on 
own assumption - 
assuming that in 
2005 70% of all 
laptop PC 
mainboards are 

This dataset can 
be applied to 
describe the 
production of a 
typical power 
cord/connector 
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AIRCEL 
85_ELECTR
ONICS 

       

PROCESS 
NAME 

potentiometer, 
unspecified, at 
plant/kg/GLO 
 

steel, electric, 
chromium steel 
18/8, at 
plant/kg/RER 

connector, clamp 
connection, at 
plant/kg/GLO 

power adapter, 
for laptop, at 
plant/p/GLO 
 

LCD module, at 
plant/kg/GLO 
 

Printed wiring 
board, mounted, 
LAPTOP PC 
mainboard, at 
plant/GLO 

cable, connector 
for computer, 
without plug 

communication 
technology. 
Material data are 
taken from the 
literature. 
Infrastructure and 
production efforts 
are based on own 
assumptions. The 
dataset 
represents 1 kg of 
potentiometers 
with a weight of 
6.1 gram/unit. 

electronics 
industry in 
general. Material 
data are taken 
from product 
sheets of a 
producer. The 
energy demand 
for the production 
is from literature. 
Infrastructure and 
transport efforts 
rough 
estimations. The 
dataset 
represents 1 kg of 
clamp type 
connectors with a 
weight of 9 
gram/unit 

laptops. The total 
weight of the 
power adapter is 
0.357 kg (without 
the belonging 
cables, which 
weigh an 
additional 0.174 
kg). The 
information for 
this dataset is 
based on a study 
carried out with a 
leading laptop 
producer.   

current 15-inch 
LCD computer 
screen at the end 
of the 90s. 

produced, using 
Pb-free solder 
materials. 

for computers. 
The total weight 
of 1 m of 
connector is 0.065 
kg (without the 
belonging plugs). 
The information 
for this dataset is 
based on 
weighing, 
measurements 
and analysis at 
EMPA 
Laboratories.   

GEOGRAP
HY 

Data represent a 
global valuable 
composition of 
potentiometers. 

Data relate to 
plants in the EU 
 

Data represent a 
global valuable 
composition of 3-
wired clamp type 
connectors. 
 

The data 
describes a typical 
power adapter for 
a laptop in 2003. 
The kind of laptop 
power adapter is 
produced by a 
leading 

Data from 
literature – used 
as data for the 
global 
composition 
average 
 

Own estimation - 
used for the 
global average 

The data 
describes a typical 
computer cable in 
2006. The kind of 
cable is produced 
by international 
manufacturers 
and available all 
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AIRCEL 
85_ELECTR
ONICS 

       

PROCESS 
NAME 

potentiometer, 
unspecified, at 
plant/kg/GLO 
 

steel, electric, 
chromium steel 
18/8, at 
plant/kg/RER 

connector, clamp 
connection, at 
plant/kg/GLO 

power adapter, 
for laptop, at 
plant/p/GLO 
 

LCD module, at 
plant/kg/GLO 
 

Printed wiring 
board, mounted, 
LAPTOP PC 
mainboard, at 
plant/GLO 

cable, connector 
for computer, 
without plug 

international 
computer 
manufacturer and 
available all over 
the world. 
Therefore a global 
dataset is 
justifiable. 

over the world. 
Therefore a global 
dataset is 
justifiable. 
 

TECHNOLO
GY 

Average 
technology for the 
production of 
resistors and 
potentiometers - 
comprising 
termination 
printing, resistive 
body printing, 
glass coat 
printing, laser 
trimming, 
substrate 
stripping (SMT) 
resp. ceramic 
rods, deposition 
processes, ageing, 
capping (THT) 
resp. printing, 

 EU technology 
mix (mainly 
furnace with 4th 
hole, partly with 
additional 
evacuation of 
building 
atmosphere). An 
average for 
different alloys is 
represented. 

 average 
connector 
production 
technology, based 
on literature and 
assumptions 

The 
manufacturing 
process is 
inventoried 
through plastic 
extrusion (for 
HIPS and PVC), 
rolling of steel 
into plates, and 
wire drawing for 
copper. 

a-Si TFT LCD 
module 
 

Dataset 
represents the 
mix of lead and 
lead-free 
mounting of 
motherboards. 

The 
manufacturing 
process is 
inventoried 
through wire 
drawing and 
extrusion of 
insulation and 
jacket (TPE, PVC) 
around wire. 
Synonims: Power 
cord, Mains cable, 
Power cable, 
Mains lead, Flex, 
Electric cable, 
Line, String, Wire, 
Strand 
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AIRCEL 
85_ELECTR
ONICS 

       

PROCESS 
NAME 

potentiometer, 
unspecified, at 
plant/kg/GLO 
 

steel, electric, 
chromium steel 
18/8, at 
plant/kg/RER 

connector, clamp 
connection, at 
plant/kg/GLO 

power adapter, 
for laptop, at 
plant/p/GLO 
 

LCD module, at 
plant/kg/GLO 
 

Printed wiring 
board, mounted, 
LAPTOP PC 
mainboard, at 
plant/GLO 

cable, connector 
for computer, 
without plug 

curing, punching, 
revetting, molding 
(potentiom.) 

TIME 
PERIOD 

unknown unknown unknown unknown unknown unknown unknown 

VERSION 2.2  2.2  2.2  2.2  2.2  2.2 2.2 
ENERGY 
VALUE 

 Undefined  Undefined  Undefined  Undefined Undefined 
 

Undefined 
 

 Undefined 

PRODUCTI
ON 
VOLUME 

unknown  unknown unknown  unknown unknown unknown  unknown 

LOCAL 
CATEGORY 

 Elektronik  Metalle  Elektronik  Elektronik  Elektronik  Elektronik  Elektronik 

LOCAL 
SUBCATEG
ORY 

 Bauteile  Gewinnung  Bauteile  Bauteile  Modul  Modul  Bauteile 

SOURCE 
FILE 

 07071.XML  01152.XML  07082.XML  07117.XML  07000.XML  07103.XML  07017.XML 



- Testing, validation and dissemination of an innovative biotechnology for clean-up of air and water -
  

79 
 

AIRCEL 85_PACKAGING    
PROCESS NAME packaging, corrugated 

board, mixed fibre, single 
wall, at plant/kg/RER 

polyurethane, flexible foam, 
at plant/kg/RER 

packaging film, LDPE, at 
plant/kg/RER 

TRANSLATED NAME  Wellkartonverpackung, 
gemischte Fasern, einwellig, 
ab Werk 

 Polyurethan, Schaum 
flexibel, ab Werk 

 Verpackungsfolie, 
LDPE, ab Werk 

INCLUDED PROCESSES  This module includes the 
production of boxes out of 
corrugated board. It 
contains the steps of 
cutting, folding and printing. 
Besides the input of 
corrugated board, inks and 
glues are considered as well 
as the electricity 
consumption. 

 This dataset contains the 
transports of the monomers 
as well as the production 
(energy, air emissions) of 
the PUR foam (CAS number 
009009-54-5) 

 This process contains 
the plastic amount and 
the transport of the 
plastic from the 
production site to the 
converting site as well 
as the dataset 
"extrusion, plastic film" 

REMARKS  This is an example for the 
production of boxes out of 
corrugated board. The user 
can establish himself 
further boxes based on the 
information in this step. 

Dataset represents just one 
possible composition for a 
flexible PUR foam. 

 Example process for 
the utilization of the 
different converting 
modules in the 
database. 

GEOGRAPHY Estimation based on 
average data from 
European producers, 
collected from FEFCO. 

Typical composition for 
European conditions 

 

TECHNOLOGY  Average of present used 
technology 

Present technology used in 
Europe. Transport and 
infrastructure - average 
values added. 

 Average of present 
used technology 

TIME PERIOD unknown date of publication  time to which data 
refer 

VERSION  2.2 2.2  2.2 
ENERGY VALUE  Undefined  Undefined  Undefined 
PRODUCTION VOLUME unknown  5 Mt (Total PUR 

consumption 1990) 
 unknown 

LOCAL CATEGORY  Papiere & Karton  Kunststoffe  Kunststoffe 
LOCAL SUBCATEGORY  Karton und Wellkarton  Polymere (Granulate)  Verarbeitung 
SOURCE FILE  01698.XML  01838.XML  01854.XML 
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AIRCEL 85_TRANSPORT  
PROCESS NAME transport, lorry >28t, fleet average/tkm/CH 
TRANSLATED NAME  Transport, Lkw >28t, Flottendurchschnitt 
INCLUDED PROCESSES  operation of vehicle 
REMARKS Inventory refers to the entire transport life cycle. For road infrastructure, 

expenditures and environmental interventions due to construction, renewal and 
disposal of roads have been allocated based on the Gross tonne kilometre 
performance.  Expenditures due to operation of the road infrastructure, as well 
as land use have been allocated based on the yearly vehicle kilometre 
performance. For the attribution of vehicle share to the transport performance a 
vehicle life time performance of 2.39E05 pkm/vehicle has been assumed. 

GEOGRAPHY The data for vehicle operation and road infrastructure reflect Swiss conditions. 
Data for vehicle manufacturing and maintenance represents generic European 
data. Data for the vehicle disposal reflect the Swiss situation. 

TECHNOLOGY  Petrol, various emission treatment standards 
TIME PERIOD unknown 
VERSION  2.2 
ENERGY VALUE  Undefined 
PERCENTAGE 
REPRESENTATIVENESS 100.0 
PRODUCTION VOLUME  not known 
LOCAL CATEGORY  Transportsysteme 
LOCAL SUBCATEGORY  Strasse 
SOURCE FILE 01944.XML 

  

AIRCEL 85_ENERGY 
CONSUMPTION 

 

PROCESS NAME Electricity, low voltage, at grid/IT U 
TRANSLATED NAME STROM, NIEDERSPANNUNG, AB NETZ 
INCLUDED PROCESSES Included are the electricity production in Italy and from imports, the transmission 

network as well as direct SF6-emissions to air. Electricity losses during low-
voltage transmission and transformation from medium-voltage are accounted 
for. 

REMARKS This dataset describes the transformation from medium to low voltage as well as 
the distribution of electricity at low voltage. 

GEOGRAPHY Data apply to public and self-producers. Geographical classification according to 
IEA. Assumptions for transmission network, losses and emissions are based on 
Swiss data. 

TECHNOLOGY Average technology used to distribute electricity. Includes underground and 
overhead lines, as well as air- and SF6-insulated medium-to-low voltage 
switching stations. Electricity production according to related datasets 

TIME PERIOD Time of publications. 
VERSION  2.2 
ENERGY VALUE  Undefined 
PERCENTAGE 
REPRESENTATIVENESS 100.0 
PRODUCTION VOLUME  183 TWh 
LOCAL CATEGORY  Elektrizität 
LOCAL SUBCATEGORY  Versorgungsmix 
SOURCE FILE  00757.XML 
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U-OX_MONODOSE    
PROCESS NAME transport, aircraft, 

fright, europe/rer 
transport, lorry >28t, fleet 
average/tkm/CH 

polyethylene 
terephthalate, 
granulate, bottle grade, 
at plant/RER U 

TRANSLATED NAME Transport, Luftfracht, 
Intercontinental 

 Transport, Lkw >28t, 
Flottendurchschnitt 

Polyethylenterephthalat-
Granulat, Flaschengrad, ab 
Werk 

INCLUDED 
PROCESSES 

The module calls the 
modules addressing: 
operation of aircraft; 
production of aircraft; 
construction and land use 
of airport; operation, 
maintenance and disposal 
of airport. 

 operation of vehicle Average data for the 
production of bottle grade 
PET out of ethylene glycol, 
PTA and amorphous PET. 
The data include material 
and energy input, waste as 
well as air and water 
emissions. Missing sum 
parameters to water (DOC, 
TOC, COD), transport and 
infrastructure are 
estimated. 
CAS number 025038-59-9 

REMARKS Inventory refers to the 
entire transport life cycle. 
Airport infrastructure 
expenditures and 
environmental 
interventions are 
accounted for using the 
yearly transport 
performance at 
uniqueairport in Zurich 
(2'020'000'000  tkm/a). 
Aircraft manufacturing is 
allocated based on the 
total life span of an aircraft 
(5.59E+10) and its 
transport performance 
(25t/unit). 

Inventory refers to the entire 
transport life cycle. For road 
infrastructure, expenditures 
and environmental 
interventions due to 
construction, renewal and 
disposal of roads have been 
allocated based on the Gross 
tonne kilometre performance.  
Expenditures due to operation 
of the road infrastructure, as 
well as land use have been 
allocated based on the yearly 
vehicle kilometre 
performance. For the 
attribution of vehicle share to 
the transport performance a 
vehicle life time performance 
of 2.39E05 pkm/vehicle has 
been assumed. 

Data are based on the 
average unit process from 
the Eco-profiles of the 
European plastics industry 

GEOGRAPHY Data from Switzerland is 
employed as a first 
estimate for Europe. 

The data for vehicle operation 
and road infrastructure reflect 
Swiss conditions. Data for 
vehicle manufacturing and 
maintenance represents 
generic European data. Data 
for the vehicle disposal reflect 
the Swiss situation. 

Data from several 
European production sites 

TECHNOLOGY For aircraft operation 
merley passenger jets are 
included in the average 
data. For the 
manufacturing of aircrafts 

The data for vehicle operation 
and road infrastructure reflect 
Swiss conditions. Data for 
vehicle manufacturing and 
maintenance represents 

PET production out of PTA 
and ethylene gylcol 
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U-OX_MONODOSE    
PROCESS NAME transport, aircraft, 

fright, europe/rer 
transport, lorry >28t, fleet 
average/tkm/CH 

polyethylene 
terephthalate, 
granulate, bottle grade, 
at plant/RER U 

modern production 
technologies are taken 
into account. 

generic European data. Data 
for the vehicle disposal reflect 
the Swiss situation. 

TIME PERIOD unknown  Petrol, various emission 
treatment standards 

Date of publication 

VERSION  2.2 unknown 2.2 
ENERGY VALUE  Undefined  2.2 Undefined 
PRODUCTION 
VOLUME 

- 
 Undefined 

933 kt (2000) 

LOCAL CATEGORY  Transportsysteme 100.0  Kunststoffe 
LOCAL 
SUBCATEGORY  Luft  not known  Polymere (Granulate) 
SOURCE FILE  01894.XML  Transportsysteme  01828.XML 
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PART III: Applications 

Chapter 6 – Air Treatment Applications 
 

6.1. Healthcare 
Indoor Air Quality (IAQ) may be regarded as a critical factor, in particular, in healthcare facilities, due to the 
multiplicity of areas, services and activities involved, as well as the high number and diversity of occupants, 
on which the presence of various pollutants may cause adverse effects (Fekadu et al. 2015, Leung et al. 2006). 
In order to optimize the IAQ management in healthcare facilities, a multidisciplinary approach (from the 
scientific, technical and political point of view) would be necessary for the identification, prevention and 
correction of possible issues. This approach is critical to ensure an IAQ that minimizes potential adverse 
effects on occupant health, provides comfort, well-being, favorable conditions both for patient recovery and 
health professionals’ productivity, together with cost optimization (Piteira 2007, Berton et al. 2012, Helmis 
et al. 2008, Salonen et al.2013). 
The market currently offers a set of technological solutions focused on reducing indoor air pollution in 
healthcare facilities. These technologies have proven to be effective at the experimental level, with positive 
results in real scale application, both in improving IAQ and in protecting occupants (Leung et al. 2006, Otter 
et al. 2011, Wan et al. 2011). 
Healthcare units’ environment, as mentioned above, present several factors influencing IAQ. Given the high 
daily number of occupants in each dialysis unit, its structural characteristics, the type of activities performed 
(e.g. chemicals used in the disinfection of hemodialysis machines and anesthetic gases) and technological 
solutions for indoor air purification currently available in the market, the need to evaluate and characterize 
the IAQ and to test the evolution of the same after the installation of a technological system for indoor air 
purification was identified. For this reason, different potentially critical environments were selected for the 
implementation of the air treatment bioreactors’ system, in cooperation with Fresenius Medical Care.  
Fresenius Medical Care is the world’s leading provider of products and services for people with chronic kidney 
failure. FMC cares for nearly 300,000 patients in a global network of more than 3,400 dialysis clinics. At the 
same time, FMC operates 40 production sites on all continents, to provide dialysis products such as dialysis 
machines, dialyzers and related disposables. The Company strategy is geared toward sustainable growth, 
aimed to continuously improve the quality of life of patients with kidney disease by offering innovative 
products and treatment concepts of the highest quality. 
The applicative research effort focused, in particular, on: 

1. Hemodialysis Unit 
2. Operating Theatre 
3. Intensive Care Unit 
4. Pathology Laboratory. 

 

6.1.1. Case studies 
 
6.1.1.1. Hemodialysis unit 
The present study has been elaborated together with Ana Cristina Duarte de Resende, Rui Lucena (Fresenius 
Medical Care) and Professor Doutor António de Sousa Uva (Universidade Nova de Lisboa, Escola Nacional de 
Saúde Pública). It has been submitted for publication. 
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Abstract 
Several technical solutions, supported by scientific research work, have been proposed for Indoor Air Quality 
(IAQ) management in healthcare facilities, aimed to minimize potential health risk carried by different 
pollutants, chemical and microbiological, both for patients and staff. The IAQ has a significant impact on the 
welfare, health, behavior and productivity of occupants. 
The objective of present study was the evaluation of an IAQ management system consisting in a 
biotechnology (bioreactors) for indoor air treatment. The study was conducted in a dialysis unit located in 
Lisbon, and, in particular, on four dialysis rooms. 
The research methodology applied involved IAQ characterization through the monitoring of several physical, 
chemical and microbiological parameters before and after installation of the bioreactors, as to assess their 
possible impact on IAQ. 
The initial characterization showed that IAQ of the dialysis unit was affected by the presence of certain 
chemical pollutants, such as formaldehyde (CH2O) and total volatile organic compounds (total VOCs), 
typically associated to the frequent use of disinfectants related to the specific medical practice. As major 
outcome of the installation of the bioreactors, a decrease in the average concentration of about 90% for 
CH2O, 80% for bacteria and 70% for filamentous fungi and yeasts was detected. At the same time an increase 
of relative humidity (RH) and suspended particles concentration (PM10) was registered. 
Given the results of this study, the biotechnological system may be considered as a potential solution, 
complementing HVAC systems, to improve IAQ in the dialysis unit. 
 
Keywords: Air pollutants; Indoor air quality; Healthcare; Air purification 

 

Introduction 
In this context, a case study was developed in a dialysis unit in Lisbon, with the application of a 
biotechnological system (bioreactors) for air treatment. 
The system installed is modular and based on stand-alone bio-oxidizers, providing internal air-mixing within 
the hospital and capturing airborne pollutants thanks to convection and diffusion (Bonoli et al. 2014a, 2014b). 
The objective of the present study is to assess the impact of the biotechnological system implemented in the 
dialysis unit, through the characterization of indoor air, before and after its installation.  
For this study, the most relevant environmental parameters for IAQ have been identified in: 
physical, such as temperature (T) and relative humidity (RH); 
chemical, such as formaldehyde (CH2O), total volatile organic compounds (total VOCs), carbon monoxide 
(CO), carbon dioxide (CO2), ozone (O3), suspended particles – 10 microns (PM10); 
microbiological, such as total bacteria at 36 °C, filamentous fungi and yeasts. 
In particular, T and RH play an important role both in the thermal comfort of the occupants and on the growth 
of microorganisms, as well as on the durability of the building and its materials and the energy consumption 
(APA 2010). In indoor environments, building and decoration materials, together with the use of 
disinfectants, are regarded as the main sources of CH2O emission (Martinez et al 2006, Dales et al. 2008, APA 
2015). The concentration of total VOCs in indoor spaces is associated with the use of detergents and 
disinfectants, anesthetic gases, computers, building materials and decoration, among others (APA 2010, 
Martinez et al. 2006). According to Martínez and Callejo (Martinez et al. 2006), the concentration of VOCs in 
indoor air can be up to ten times higher than in outdoor air. In order to deal with this situation, Proença and 
Cano (Proença et al. 2010) propose two strategies: to promote the ventilation of spaces and to control 
emission sources. The presence of CO is typically related to tobacco smoke, burning of fossil fuels (e.g. oil, 
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coal, wood, gas) and emissions from vehicles (e.g. garages, or outdoor air) (WHO 2010, APA 2010), while CO2 
in indoor environments is mainly due to human presence (respiration) and the burning of fossil fuels (APA 
2010). The standard indoor sources of O3 are, among others: electric motors, electrostatic air purifiers, 
exterior air (Martinez et al. 2006). PM may infiltrate indoor through HVAC systems or through natural 
ventilation. Their presence in these spaces is also due to specific emission sources, such as building and 
decoration materials (e.g. furniture, carpeting, coating and insulation materials), tobacco smoke and 
occupants’ activities (APA 2010, Martinez et al. 2006). In indoor environments, the development of biological 
agents is attributed to poor ventilation and excess humidity. These microorganisms, such as bacteria and 
fungi, are responsible for the emission of spores, cells, fragments and VOCs (APA 2010). 
Due to the application of this biotechnological system, a decrease in concentration of indoor air pollution 
was expected into the dialysis unit selected for the study and it has been achieved for several key parameters. 
 

Materials and methods 
Case study 
The experiment has been carried out into a running dialysis unit in Lisbon. A dialysis unit is a healthcare 
facility, primarily dedicated to the outpatient treatment for chronic renal failure (Miguel et al. 2012).  
Patients on chronic dialysis usually have three dialysis sessions per week, with each treatment lasting four to 
five hours (Miguel et al. 2012, Grassmann et al. 2000). The average dialysis unit performs two shifts a day 
and it operates six days a week, as each patient is treated three times a week (Monday-Wednesday-Friday 
or Tuesday-Thursday-Saturday). 
The pilot application and indoor air quality monitoring were carried out over 10 months. 
In order to meet to the goal of the study, i.e. impact assessment of an air treatment biotechnology into a 
dialysis unit, it has been organized in two distinct phases: 
pre-installation of the bioreactors, for the characterization of the initial conditions; 
post-installation of the bioreactors, to evaluate the impact of the technology on IAQ. 
The pilot areas are located at ground floor and they are constituted of four dialysis rooms, where renal 
replacement therapy is performed. They have been selected because they present a higher occupancy rate 
compared to the other spaces of the dialysis unit and they are regarded as critical areas for infection control. 

 The dialysis room A (DRA) has an area of approximately 211 m2, with 25 dialysis stations. 
 The dialysis room B (DRB) has an area of approximately 222 m2, with 29 dialysis stations. 
 The dialysis room C (DRC) consists of 7 dialysis stations and an area of approximately 60 m2. 
 The HBV dialysis room (DRHBV) has the capacity to treat 7 patients simultaneously and occupies an 

area of 56 m2. 
The biotechnological system for indoor air purification under study takes advantage of a natural mechanism 
to treat the air, i.e. biological oxidation or biodegradation. In general terms, this trigger the digestion of 
airborne pollutants, performed by microorganisms and enzymes (Bonoli et al. 2014a, 2014b). 
This technology is constituted of two main components: 
Bioreactors: portable equipment, whose operation consists of three phases in close contact: solid phase (the 
bioreactor itself), liquid phase (water) and gas phase (air to be treated); 
Biomass: an additive that is introduced into bioreactors, composed of selected, non-pathogenic, non-
genetically modified microorganisms and enzymes (Bonoli et al. 2014a, 2014b).  
The bioreactors system set up has been defined accordingly to manufacturer’s indications and experience on 
the number and size of units and their positioning (Figure 1). Architecture of the dialysis unit, dimensions of 
the rooms, location of Heating, Ventilation and Air Conditioning (HVAC) system, doors and windows and 
location of supply of water and electricity have been taken into consideration. 
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In DRA, as well as in DRB, two mid-size bioreactors have been placed, while in DRC and DRHBV two small-size 
bioreactors have been installed per each.    
The biotechnological system was installed four days after initial characterization of IAQ and it operated in 
continuous mode. During the testing period, it run 24 hours a day, except for occasional malfunctions and 
bioreactors complete cleaning, carried out after four months from the installation, in order to ensure the 
proper functioning of the system.  
The replacement of the biomass, responsible for the biological oxidation of indoor air pollutants, was carried 
out following a planned schedule: 

 1st refill: at the start-up of the bioreactors; 
 2nd refill: 15 days after the 1st refill; 
 3rd refill: 15 days after 2nd refill; 
 Following refill: 30 days after the previous one. 

A daily check of the water level inside the bioreactors proved to be necessary and occasional replenishment 
has been performed. 
 
Sampling and analytical methodology 
At the methodological and operational level, measurements and samplings of indoor air were carried out, 
considering several environmental parameters. 
Both the sampling process and the laboratory analysis has been performed by an independent laboratory, 
i.e. Laboratory of Analyzes of the Instituto Superior Técnico (LAIST). 
The sampling points have been selected according to the APA technical guide (APA 2010) considering the 
following aspects: 

 architecture of the dialysis unit; 
 1 to 2 m distance from corners, windows, HVAC system, partitions and other vertical surfaces (e.g. 

cabinets); 
 1.5 ± 0.5 m above ground level (APA 2010). 

The minimum number of sampling points in each pilot area was defined according to the APA technical guide 
(APA 2010), based on the following expression: 
Ni = 0,15 x   Ai 
Ni: number of sampling points in zone i 
Ai: area of zone i in m2 
As reported in Figure 6.1, two sampling points per each dialysis room have been identified. 
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Figure 6.1: Bioreactors and sampling point positioning. 

 
Air sampling were performed at different times: 

• t0: before the installation of the bioreactors (for the characterization of the initial conditions); 
• t1: 15 days after t0; 
• t2: 30 days after t1; 
• t3: 90 days after t2; 
• t4: 90 days after t3; 
• t5: 75 days after t4. 

The various samplings were carried out on the same day of the week, i.e. on Sunday, due to the dialysis unit 
working schedule, which is organized over 6 days a week, excluding Sunday. In this way, indoor air sampling 
was not directly subject to interference and fluctuations of external factors related to dialysis unit activities 
(e.g. use of chemicals for hemodialysis machines disinfection or anesthetics, opening/closing of doors), which 
could add confusing variables to the analysis. 
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During sampling, the HVAC system was working at same conditions as in operating time of the dialysis unit 
and the occupation of the rooms was of three people. 
For air monitoring, standards methods have been applied and the following sampling instruments have been 
used: 

• For T, RH, CO2 and CO: probe, testo 435 (Testo AG); 
• For CH2O: electrochemical, Formaldemeter™ htV (PPM Technology); 
• For VOCs: photoionizer, PHocHeck +® (Ion Science); 
• For O3: electrochemical, Series 200 (Aeroqual); 
• For PM10: optical dispersion, DustTrak™ 8520 (TSI Inc.); 
• For bacteria, filamentous fungi and yeasts: M.M. 9.6 (2011-05-30; LAIST standard), MAS-100® 

(Merck Millipore). 
The physical and chemicals parameters were determined locally, during the sampling, with no need for 
further elaboration. Short-term measurements of approximately 15 minutes were performed using direct 
reading equipment. 
For the determination of the microbiological parameters, samples of 0.5 m3 of air were collected on a Petri 
dish with the appropriate semi-solid culture medium (i.e. Tryptic Soy Agar for bacteria; Malt Extract Agar for 
filamentous fungi and yeasts). After the sampling, the Petri dishes have been incubated at appropriate 
temperature (i.e. 36°C for bacteria and 27°C for filamentous fungi and yeasts) for different periods (i.e. 2 days 
for bacteria and 7 days for filamentous fungi and yeasts) and colonies have been counted for analysis. 
 
Statistical analysis 
After completing the sampling process and validating the results, a statistical analysis has been performed in 
order to assess the effect of the biotechnology on the IAQ. In this way, t0 values have been compared to t5 
ones, using the t-Student parametric test for paired samples. Statistical tests were performed with SPSS 
Statistics software (v.22, IBM SPSS, Chicago, IL). 
To optimize the analysis of results, the arithmetic mean of the values obtained at the two sampling points in 
each dialysis room has been calculated and used for the assessment. 
 

Results 
The different parameters tested (physical, chemical and microbiological) are presented as evolution of the 
mean values obtained in each dialysis room (DRA, DRB, DRC and DRHBV) over the different sampling times 
(t0, t1, t2, t3, t4 and t5). 
Figure 6.2 shows the mean temperature (in ºC) and relative humidity (in %) values recorded in the pilot areas. 
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Figure 6.2: Average T and RH values for the pilot areas at the different sampling times. 

 
At t0 (pre-installation of the bioreactors), the average temperature value was 22.23ºC and at time t5 (post-
installation of the bioreactors), the average temperature value was 20,91ºC (difference of 1,313ºC between 
t0 and t5). The observed difference between the mean values of temperature (ºC) in the two sampling times 
is not statistically significant (p = 0.053).  
In the dialysis rooms, at t0, the mean value of HR was 44.18% and at time t5 it was 65.08%, with an increase 
of 20.90% between t0 and t5. The difference observed between the mean HR values at the two sampling times 
is statistically significant (p <0.05). 
Figure 6.3 shows the mean concentration of total CH2O and total VOCs (both in μg/m3) registered in the pilot 
areas. 

 




