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Series Preface

With remarkable vision, Prof. Otto Hutzinger initiated The Handbook of Environ-
mental Chemistry in 1980 and became the founding Editor-in-Chief. At that time,
environmental chemistry was an emerging field, aiming at a complete description
of the Earth’s environment, encompassing the physical, chemical, biological, and
geological transformations of chemical substances occurring on a local as well as a
global scale. Environmental chemistry was intended to provide an account of the
impact of man’s activities on the natural environment by describing observed
changes.

While a considerable amount of knowledge has been accumulated over the last
three decades, as reflected in the more than 70 volumes of The Handbook of
Environmental Chemistry, there are still many scientific and policy challenges
ahead due to the complexity and interdisciplinary nature of the field. The series
will therefore continue to provide compilations of current knowledge. Contribu-
tions are written by leading experts with practical experience in their fields. The
Handbook of Environmental Chemistry grows with the increases in our scientific
understanding, and provides a valuable source not only for scientists but also for
environmental managers and decision-makers. Today, the series covers a broad
range of environmental topics from a chemical perspective, including methodolog-
ical advances in environmental analytical chemistry.

In recent years, there has been a growing tendency to include subject matter of
societal relevance in the broad view of environmental chemistry. Topics include
life cycle analysis, environmental management, sustainable development, and
socio-economic, legal and even political problems, among others. While these
topics are of great importance for the development and acceptance of The Hand-
book of Environmental Chemistry, the publisher and Editors-in-Chief have decided
to keep the handbook essentially a source of information on “hard sciences” with a
particular emphasis on chemistry, but also covering biology, geology, hydrology
and engineering as applied to environmental sciences.

The volumes of the series are written at an advanced level, addressing the needs
of both researchers and graduate students, as well as of people outside the field of
“pure” chemistry, including those in industry, business, government, research
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establishments, and public interest groups. It would be very satisfying to see these
volumes used as a basis for graduate courses in environmental chemistry. With its
high standards of scientific quality and clarity, The Handbook of Environmental
Chemistry provides a solid basis from which scientists can share their knowledge on
the different aspects of environmental problems, presenting a wide spectrum of
viewpoints and approaches.

The Handbook of Environmental Chemistry is available both in print and online
via www.springerlink.com/content/110354/. Articles are published online as soon
as they have been approved for publication. Authors, Volume Editors and Editors-
in-Chief are rewarded by the broad acceptance of The Handbook of Environmental
Chemistry by the scientific community, from whom suggestions for new topics to
the Editors-in-Chief are always very welcome.

Damia Barcel6
Andrey G. Kostianoy
Editors-in-Chief



Preface

This work, which is divided into two volumes, Environment, Energy and Climate
Change I and Environment, Energy and Climate Change 11, is a consequence of the
Energy and Environment Knowledge Week (E2KW) congress that was held in
Toledo (Spain) from 20th to 22nd of November 2013 (http//www.congress.e2kw.
es). This congress represented an exceptional opportunity for presenting cutting-
edge research in the field environmental, energy and climate change and illustrating
the wide experience on several interesting topics of the contributing authors. The
two volumes aim to address some of the key issues facing the environmental
problems through interdisciplinary approaches.

Volume 1 is dedicated to the Environmental Chemistry of Pollutants and
Wastes and collects a selection of 15 chapters that review several aspects of the
environmental chemistry of air, soil and water contaminants as well as treatments
of organic wastes. The first two chapters (by G. Da et al. and by P. Chelin et al.)
provide an overview on the atmospheric monitoring of indoor (particles) and
outdoor (O3 and CO) pollutants. A revision of the daytime and night-time
atmospheric chemistry of oxygenated pollutants is presented in two following
chapters by E. Jiménez and 1. Barnes and by B. Cabaiias et al., respectively. Soil
pollution by heavy metals in mining areas is the subject matter of the chapters by
P. Higueras et al., by R.C. Rodriguez et al. and by J. Lillo et al., while the chapter
by S. del Reino et al. presents a chemical oxidation treatment of hydrocarbon
polluted soils. In the subsequent chapters, sustainable and emerging technologies
on chemical treatments of organic wastes (chapters by D. Simén et al., by
C. Gutiérrez et al.,, and by F.J. Ferndndez et al.), wastewaters (chapter by
E. Valero et al.) and animal wastes (chapter by J.M. Martin-Marroquin and
D. Hidalgo Barrio) are described. Capture and storage of CO, is one of the
most promising technologies for reducing the levels of this greenhouse gas.
The chapter by J. Rincén et al. is devoted to mitigation of the greenhouse effect
by using photocatalytic conversion methods. The use of non-conventional

xi
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methods in green chemistry synthesis is also highlighted in the last chapter
(by A. de la Hoz et al.).

We sincerely thank all authors for their involvement and efforts in preparing
their chapters.

Ciudad Real, Spain Elena Jiménez and Beatriz Cabanias
Paris, France Gilles Lefebvre
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Preventing Indoor Bioaerosol Contamination
in Food Processing Environments and HVAC
Systems: Assessment of Particle Deposition
for Hygienic Design Purposes

Guillaume Da, Evelyne Géhin, Michel Havet, Mourad Ben Othmane,
and Camille Solliec

Abstract This chapter deals with airborne particle contamination in food
processing indoor environments and particularly within heating, ventilation, and
air-conditioning (HVAC) systems in food factory buildings. The major types of
bioaerosols encountered in the food manufacturing sector as well as the bioaerosol
sampling methods are firstly introduced. Secondly, some features of air handling
systems such as zoning, cleanrooms, localized air handling systems, and HVAC
systems are presented. Besides, the study of particle deposition to duct surfaces
from turbulent airflow is reviewed and discussed. Substantially, an original work
combining industrial diagnosis and experiments at factory scale with experiments at
laboratory scale is then proposed through the case study of the CleanAirNet project.
The CleanAirNet project (Hygienic Design of Ventilation Duct Networks in Food
Factories) aimed at producing new knowledge, models, and techniques to help
control the safety of the food products through a better control of aerosol particle
transport and deposition in the ventilation networks of the food industry. The
different work packages of the project are presented relatively to the state-of-the-
art particle deposition on duct surfaces. The methodological findings and relevant
applications (e.g., a newly patented particle trapping device for air handling
systems) for food industries are exposed. The CleanAirNet project was supported
by the French National Research Agency (ANR) from 2008 to 2012; the project
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consortium was conducted by seven institutes and universities, as well as three
industries from the food sector.

Keywords Bioaerosols, Food factories, Heating ventilation and air-conditioning
systems (HVAC systems), Hygienic design, Indoor air quality, Particle deposition,
Ventilation networks
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1 Introduction

Airborne particle pollution in indoor environments has been identified to be a major
concern, and many epidemiologic evidences have emphasized the impacts of
particulate matter exposure on a range of health outcomes [1]. In the industrial
sector, there are a variety of measures and regulations that manufacturers can
follow to improve indoor air quality and therefore reducing the operators’ exposure
to indoor air pollutants. Usually, the quality of air within buildings is maintained by
the introduction of mechanical ventilation, and airborne contaminants are com-
monly removed by filtration.

In the case of food factories, specified air quality and air change rate are
required, not only for the safety of employees but also to contribute to hygienic
food manufacture. Indeed, Lopez-Gomez et al. [2] stressed that awareness of the
food industry about the importance of the hygienic design is still very low,
remarkably for air handling systems. Accordingly, contributions to the develop-
ment of the recent concept of food safety engineering and hygienic designs are
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clearly encouraged in order to ensure the manufacturing of high-quality food
products that are both safe and secure.

Despite significant advances that have been made in the last decade, little has
been published on the sources and routes of airborne pathogens toward products,
during the manufacturing process [3] or after the final lethal processing steps
[4, 5]. In order to prevent air contamination from pathogens, different air handling
strategies are used, which are zoning, localized systems, and heating, ventilation,
and air-conditioning (HVAC) systems. However, Bluyssen et al. [6] reported that
the HVAC systems can play a significant role in polluting the air passing through,
subsequently leading to a significant pollution of the indoor environment. Lopez-
Gomez et al. [2] also stressed the need to understand the pollution mechanisms and
more generally the need for a more proactive science-based approach for the
management of food safety.

This chapter firstly addresses the issue of indoor air quality and HVAC systems
in food factory buildings, with a focus on particles and bioaerosols. Secondly,
perspectives for hygienic designs of HVAC systems through the study of particle
deposition to duct surfaces from turbulent airflow are presented and discussed. This
work follows the findings of the CleanAirNet project (Hygienic Design of Venti-
lation Duct Networks in Food Factories) which was funded by the French National
Research Agency from 2008 to 2012. The project aimed at producing new knowl-
edge, models, and techniques to help control the safety of the food products through
a better control of aerosol particle transport and deposition in the ventilation
networks of the food industry.

2 Indoor Bioaerosols in Food Processing Environments

2.1 Bioaerosol Hazards

In the food processing industries, air has been established as a significant route for
bacterial contamination [3]. Therefore, air contamination is of primary importance
for products that use air for food preparation, such as dairy products [7].

Despite that the European Hygienic Engineering and Design Group (EHEDG)
emphasizes the importance to clean the air [8], the group indicated that providing
clean air will not prevent food contamination if major sources of contamination are
present in the food production environment [9]. Hence, high airborne concentrations
of particles pose a hygiene risk since particles may include infectious pathogens
(such as Salmonella, Listeria, Escherichia Coli, Yersinia, and Campylobacter),
toxigenic pathogens (such as Staphylococcus aureus and Clostridium) and spoilage
organisms (such as yeast, molds, fungi, and fungal spores, e.g., Aspergillus niger
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xZ8, g0

Fig. 1 Up: (a) dry airborne particle of fluorescein (C,oH;oNa,O) collected using an impaction
method. (b) Particles of fluorescein deposited on a galvanized-steel smooth surface. The airborne
particles of fluorescein were produced by a means of a monodispersed aerosol generator
[16]. Down: chain of A. niger spores observed in scanning electron microscopy (x 10,000
magnification). The spores were produced on Petri dish with agar, prior to aerosolization (using
a blowing technique), and ultimately collected on stubs by a means of a sedimentation method [17]

and Penicillium spp.) as reported by several authors [5, 8, 10-14]. These airborne
particles are classically referred as bioaerosols.

The term “bioaerosols” describes suspended solid airborne particles derived
from biological organisms, including microorganisms and fragments of biological
materials such as plant debris and animal dander [15]. Within the text of this
chapter, the term bioaerosols is restricted to bioaerosols that present a pathogenic-
ity. Figure 1 shows scanning electron microscopy photographs of two different
types of airborne particles: abiotic particles (fluorescein) and microbiological
particles. The latter were produced from airborne bacterial spores of A. niger
previously aerosolized from Petri dishes and subsequently deposited on surface
using a sedimentation method [17].
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2.2 Indoor Bioaerosol Contamination Levels

In food processing environments, the concentrations of airborne microorganisms
have been measured in a wide range of locations; however, it is still limited to
developed countries [18]. Interestingly, Sheehana and Giranda [19] reported a study
where bioaerosol concentrations were investigated for two operating modes in a
food processing industry: production alone versus production with concurrent
sanitation (using pressure water) of food processing equipment. Total bacterial
plate counts ranged from 150 to 325 colony-forming units per cubic meter of air
(cfu m™) for production alone and from 850 to 2,500 cfu m > for production with
concurrent sanitation. Likewise, other published data have shown that dairy prod-
ucts, chilled meals, fish, or meat-processed products were subjected to significant
quantities of airborne microorganisms that contributed to food-borne diseases
[3, 20-22]. Interestingly, the air-to-food contamination transfer levels reached in
some foodstuff (e.g., sandwiches and salads) can be similar to other transfers such
as surface-to-food by contact transfer [22]. Moreover, based on data related to aerial
concentrations as well as calculations of settling velocities for different types of
microorganisms (bacteria, yeasts, molds), Monte Carlo simulations were used to
estimate the contamination level (log cfu m ) of three example food products due
to exposure to air in food production facilities. den Aantrekker et al. [23] showed
that the type of product and processing conditions strongly influence the contam-
ination level. Lastly, new threats continue to be identified in the food sector, such as
noroviruses in particular and aerial mycotoxin spread [4, 24]. Though, the impor-
tance of proper sampling and monitoring techniques is no less relevant [25].

2.3 Bioaerosol Sampling

As far as the methods of air system monitoring are concerned, the EHEDG [8]
differentiated physical measurements (temperature, humidity, airflow, pressure,
dust, and particles) from microbiological measurements. Microbiological measure-
ments consisted in collecting bioaerosols that present sizes which can range from
hundreds nanometers such as cell fragments [26] to few hundred micrometers in
aerodynamic diameter such as pollen. As far as viruses are concerned, recent
studies showed that viral aerosol mode (which is the specific type of aerosol that
carries viruses) is for particles smaller than 5 pm in diameter [27].

Widely used bioaerosol sampling methods are based on different physical
principles such as impaction, impingement, filtration, and electrostatic precipita-
tion; the latter is known to improve collection efficiency. Interestingly, the use of
different sampling methods, reviewed by Reponen et al. [28], leads to different
estimates of airborne contamination. Subsequently, these authors indicated that the
sample analysis method should be selected as part of the sampling plan. Likewise,
traditional sampling analysis such as microscopic counting and cultivation analysis
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presents some limitations that could be partly complemented with recent biochem-
ical, immunochemical, and molecular biological assays. So far, Xu et al. [29]
pointed out that in the bioaerosol field, the new challenge is now to detect
bioaerosols in real time. For example, Qian et al. [30] and Bhangar et al. [31]
were the first to report laser-induced fluorescence techniques to characterize
bioaerosols at high time and size resolution in common-use indoor environments.

3 Controlling Indoor Air to Prevent Bioaerosol
Contamination

3.1 Zoning Concept

According to the EHEDG [8], aerosols may enter food production areas via drains,
doorways and hatches, disinfection tunnels, and compressed air supplies or may be
generated from dispersed droplets within the food production area during cleaning
and washing operations [19, 32, 33]. Furthermore, den Aantrekker et al. [7] spec-
ified that recontamination attributed to aerosols via the factory environment can
also occur during the packaging of products. As a result, in order to prevent such
diverse sources of airborne contamination, food industries used segregation of work
areas [34] and hygienic zoning [35]. Within these zones, and as far as air handling is
concerned, there are a range of system requirements such as filters, controlled
overpressures (from higher to lower risk zones), temperature and humidity control,
air changes per hour, fresh air changes per hour, and management of microbiolog-
ical monitoring (EHEDG, personal communication). Air filter recommendations
are F5-F7 secondary filters, F7—-F9 secondary filters, and up to E10/H13 efficiency/
high-efficiency particulate air filters for low-, moderate-, and high-risk zones,
respectively. The management of microbiological risks is based on the principles
of Hazard Analysis and Critical Control Points (HACCP) and on Good Manufactur-
ing Practices [4].

3.2 Cleanrooms and Localized Air Delivery Systems

The most widely used solution in food processing industries to maintain the desired
cleanliness in particle-controlled volumes of production is cleanrooms. These types
of environments correspond to the ISO 14644 classification [36, 37]. As shown on
Table 1, ISO cleanrooms are rated according to the number of particles of specific
sizes per air cubic meter.
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Table 1 Definition of clean room classes based on ISO 14644 standards [37]

Number of particle size (um) per cubic meter of air (#.m73 )

Class name 0.1 pm 0.2 pm 0.3 pm 0.5 pm 1 pm 5 pm
ISO1 10 2

1SO2 100 24 10 4

ISO3 1,000 237 102 35 8

I1SO4 10,000 2,370 1,020 352 83

ISO5 100,000 23,700 10,200 3,520 832 29
ISO6 1,000,000 237,000 102,000 35,200 8,320 293
I1SO7 352,000 83,200 2,930
ISO8 3,520,000 832,000 29,300
1SO9 35,200,000 8,320,000 293,000

The number of particle size corresponds to the concentration of airborne particles with size equal
to or larger than the size shown. For example, one cubic meter of air in an ISO7 environment will
not contain more than 352,000 particles of 0.5 pm diameter or larger.

Moreover, a critical factor in cleanroom design is controlling air change rate
(ACR in m’ hfl). This refers to the number of times each hour that filtered outside
air replaces the existing volume in a volume chamber. Published studies dealing
with removal efficiency or ACR in food processing cleanrooms have been devel-
oped [38]. Havet and Hennequin [39] showed that the usual ACRs do not always
ensure a cleanliness class 10,000 (according to the Federal Standard 209E) during
the food processing and that the machines largely contribute to the particle emis-
sion. However, the cleanliness class can be obtained with low ACRs if the process
is suited to the cleanroom and if optimal position of working areas and machines
inside the room is found. Additionally, Rouaud and Havet [40] showed that the
contaminant removal effectiveness and the mean age of air permit to optimize the
contaminant source position as well as to determine decontamination time, respec-
tively. In addition, the EHEDG [8] indicated that factors that affect the choice of
ACR are as follows: volume of the space, cooling capacity (or the capacity to
evacuate heat, like in cold storage of meat), number of people (to estimate the ACR
per person), temperature differences with adjoining work areas, humidity and odor
control, and overpressure required. Aires et al. [41] concluded that the use of
cleanroom technology is an operational alternative to be taken into consideration,
provided that the characteristics of the whole system are compatible with the high
standards of the clean air.

Alternatively, other specific equipment design systems have been proposed to
restrict airborne contamination and maintain low air temperatures. In the chilled
food sector, for example, a particular attention was paid to the development of
localized air delivery systems. The objective is to blow clean filtered air toward the
foodstuff being manufactured (local application) and ultimately to maintain a low
level of airborne particle, consistent with the sensitivity of food throughout the
duration of operations [3, 42, 43]. Designs of such equipments are based on
unidirectional flows, open troughs, and semi-closed and closed tunnels. Fully
closed systems present a significant disadvantage for conducting easily cleaned
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procedures as compared to open systems. However, they require machines specially
designed to operate in a closed sterilized environment.

4 HVAC Systems in Food Processing Environments

4.1 Airborne Contamination

In food factories, most of indoor air is taken from fresh/outdoor air (which contains
a wide range of small-size dust particles), which is eventually mixed (0-90%) with
recirculating air (air returned to the air handling unit for retreatment), prior to
passing through the HVAC systems. As previously modeled by Bluyssen et al. [6],
Lopez-Gomez et al. [2] recently indicated that the sources of indoor air pollution in
factory buildings are mainly construction materials (odors) and the HVAC-systems
components, such as heating/cooling tubes and humidifiers, filters, and ducts.
Remarkably, these authors highlighted the lack of hygienic design (which means
that equipment must allow easy and effective cleaning and disinfection) of
air-conditioning and refrigeration systems in the food manufacturing sector. There-
fore, assessing the case study of slicing and packaging of ready-to-eat meat
products, they showed the long-term benefits of using hygienic design in the
equipment and subsequently the potential for reducing maintenance and operating
costs.

Indeed, HVAC systems present fairly right physicochemical conditions (such as
temperature, high relative humidity, and source of nutrients) for growth of spores,
molds, or other biological agents; prior to these, the latter organisms might be
released in large quantities on airborne particles such as bioaerosols [44—46]. Nev-
ertheless, there is no study to evaluate bioaerosol deposition and biofilm develop-
ment onto duct surfaces of ventilation ducts [47]. Hence, an interesting approach to
describe airborne contamination in HVAC systems may be found in microbiology
of aquatic systems. den Antrekker et al. [7] described biofilm process (in liquid
phase) of industrial pipelines, in which previous and irreversible attachment of
bacteria onto the pipeline surfaces, is followed by biofilm growth, cell detachment,
and ultimately conducted to product recontamination. Therefore, most biofilm
models developed for aquatic systems consist of a set of differential equations
describing attachment, growth, and detachment of cells.

4.2 Prevention of Pathogen Growth and Duct Cleaning

Inorganic biocides such as silver and copper active ions embedded in inert matrixes
are sometimes used in the ducts and filters of HVAC systems in order to prevent the
growth of bacteria and molds, respectively. Yet, Makarian [48] stated a steady
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growth for the use of biocides. Nevertheless, because of their limited efficiency in
case of fouling, as well as health concerns for people and foodstuff, Lopez-Gomez
et al. [2] stated that their use does not match the objectives of hygienic designs for
HVAC systems.

As far as cleaning is concerned, a protocol to evaluate the impact of duct
cleaning on indoor air quality of office has been proposed recently [47, 49]. Zuraimi
[47] demonstrated that it is possible to determine harmful airborne pollutant
concentration levels attributed to duct cleaning activities while still maintaining
industrial performance standards of surface cleanliness.

So far, in the food processing environment, one unsolved aspect of the HVAC
systems is the very complex implementation of an automatic cleaning and disin-
fection system, using a sort of cleaning-in-place (CIP) system like those for liquids
in food factories [2]. To date, different techniques such as dry (mechanical) or
humid cleaning are implemented subsequent to duct inspections at specific points,
but more attention needs to be paid for improving cleaning efficiencies. Besides, the
development of new methods simultaneously to the involvement of professionals
might be very useful. The components of the HVAC systems should be designed for
service with a minimum of downtime while avoiding ducting and production area
contamination. Easy access and suitable filters should be installed and replaced
frequently to avoid fouling. Henceforward, innovative ways like hygienic designs
could occur only after a sufficient understanding of the pollution mechanisms,
starting with the ability to predict where and how fouling might occur.

4.3 Predicting Fouling Rate

Very little information is available on recognized methods for assessing dust
buildup in HVAC systems. Still, Lavoie et al. [S0] revealed that existing methods
applied for nonporous HVAC systems in nonindustrial buildings are roughly based
on experts’ judgments. Thus, these authors compared three sampling methods using
templates as recommended by the Canadian organization Institut de recherche
Robert-Sauvé en santé et en sécurité du travail (IRSST), the US organization
National Air Duct Cleaner Association (NADCA), and the French organization
Association pour la Prévention et I’Etude de la Contamination (ASPEC). Lavoie
et al. [50] demonstrated that cleaning initiation criteria under real conditions were
found to be 6.0, 2.0, and 23 mg/100 cm? using the IRSST method, the NADCA
method, and the ASPEC method, respectively. They therefore recommended using
the latter method to objectively assess dust accumulation levels in HVAC duct-
work. Accordingly, Ben Othmane et al. [51] stated that the control of indoor air
quality and the cleaning of HVAC systems in food processing environments could
be intensely related to the control of deposits of particles in the ventilation ducts. As
a result, based on ASPEC recommendation, a criteria to initiate duct cleaning in
food industries could be a dirt accumulation of 400 mg m 2. Finally, a good
understanding of the rate of particle deposition in the duct systems may help to
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design hygienic duct systems and subsequently may be used to predict dirt accu-
mulation and cleaning procedures if necessary.

5 A Case Study for Particle Deposition Assessment
in HVAC Systems

Hygienic design of ventilation ducts has been studied in the frame of the
CleanAirNet project. The project consortium was conducted by seven institutes
and universities, as well as three industries from the food sector. The main objective
was to study the dynamics of airflows in the ducts and air handling units, relatively
to the deposition mechanisms of bioaerosols onto surfaces. One of the goals was to
finally propose a technique enabling a new particle trapping stage in the air
handling systems, able to localize under control the unavoidable particle deposi-
tion, with the lowest energy expense possible.

5.1 Diagnosis of HVAC Systems Under Real Industrial
Situations

At first, the consortium conducted in situ measurements (such as airflow, temper-
ature, relative humidity, particle number concentrations, particle size and mass
distributions, duct surface samplings) and observations on four different industrial
sites. Temperature, humidity, air velocity, and flow rates were measured continu-
ously at all sites during 6 months; particle counts and particle samplings were made
daily for 1 month on each site. The sites were carefully chosen in order to meet
contrasted situations, markedly in terms of foodstuff type (e.g., dairy and seafood),
production environment parameters (e.g., temperature, relative humidity), HVAC-
systems designs, and characteristics of HVAC component materials. Finally, work-
package participants of the project consortium reported the significant and quanti-
tative analysis as well as key findings from this diagnosis undertaken on factories
[51-53].

Figure 2 shows schematic diagram of three different ventilation systems that
were studied throughout the project. As far as physical parameters were concerned,
the obtained results show that ducts were characterized as follows: large diameter
(0.3-0.8 m), high Reynolds number (1.7-6.0 x 105) and air speed (5-12 m s,
temperature difference (1-20°C), relative humidity (20-80%), and roughness
height (5-60 pm) [55].

Likewise, the diagnosis has produced practical knowledge on the specific con-
ditions peculiar to aerosols and particle deposition in the ventilation networks of the
food industry. For example, the concentration of particulate matter of aerodynamic
diameters in the size range 0.3—20 pm varied from 0.2 to 1.7 pg.m . Markedly, one
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Fig. 2 Schematic diagram of three different industrial ventilation systems (a—c) studied in the
CleanAirNet project. Adapted from Ben Othmane et al. [54]

of the relevant conclusions was the significance of the 2—7 pm particle size for
airborne contamination of ventilation ducts with non-fully developed regime
[54]. Previous studies have reported comparable observations with these particle
sizes but for nonindustrial HVAC systems [47, 56-58].

5.2 Particle Deposition: Definitions and Modeling

There are a wide range of mechanisms (such as gravitational settling, Brownian
diffusion, inertial and turbulent diffusion, turbophoresis, and thermophoresis)
affecting the transport and deposition of coarse particles in different geometries
[58, 59].
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The deposition velocity, V4 (m s_l), of a particle to a duct surface is defined as

J
Cave

Vg = (1)

where J is the time-averaged mass flux toward the surface (pg m2s” 1) and Cyye
(ug m ) is the time-averaged airborne particle concentration in the air passing
through the duct.

The dimensionless deposition velocity, V, is defined as

Vg Vy
yi=2d_ T 2
T/ ) (2)

where u* is the friction velocity of a turbulent duct flow, U,,. is the average air
speed in the duct (m s~ "), and f is the Fanning friction factor [60]. For spherical
particles in the Stokes regime, a dimensionless particle relaxation time, 7, is given

by

p dZM*Z

+_ P

= 3
p 18pv (3)

where p, is the particle density, d, is the particle diameter, y is the dynamic
viscosity of air, and v is the kinematic viscosity of air.

Modeling and computer simulation dynamics have been used to apprehend the
fates of airborne particles in ventilation ducts with turbulent flow [56, 58, 61-63]. In
the frame of the CleanAirNet project and based on the knowledge acquired under
real situations, Ben Othmane et al. [54] have proposed improvements to existing
Eulerian models that predict particle deposition velocity with turbulent flow in
common-used ventilation ducts. Applying this model to typical mechanical venti-
lation systems cited above, these authors quantified the effects of various factors
specific to food industries (nature of the product, thermophoresis, surface rough-
ness) that may contribute to the particle deposition flux to duct surfaces (mg m >
per year). Nevertheless, experimental data were dramatically scarce to validate
these models [64, 65]. Thus, for the purpose of studying particle deposition,
knowledge on roughness structure, temperature gradient, and flow characteristics
is needed for further investigation in the laboratory.

5.3 Experimental Approaches for Particle Deposition

Until 2002, most published data related to particle deposition from turbulent flow
were collected from tubes or ducts with hydraulic diameters much smaller than
ducts in typical HVAC systems. Sippola and Nazaroff [56, 57] substantially
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Fig. 3 (a) The MIDAS experimental setup to investigate particle deposition velocity for fully
developed turbulent flow in a large circular ventilation duct. (b) The experimental device (called
MECAD) for aeraulic characterization and particle deposition on surfaces with non-fully devel-
oped turbulent flow (Reynolds number of 5.3 x 10%)

reviewed these data and pointed out widely scattered results. Thus, Sippola and
Nazaroff [65, 66] conducted new experiments with steel and internally insulated
rectangular ducts at air speeds typically found in ventilation ducts, 2-9 m s~ .
Behaviors of monodisperse particles with diameters in the size range 1-16 pm were
investigated. These authors showed that deposition rates measured to a given
surface (floor, wall, and ceiling) in straight ducts increased with an increase in
particle size or air speed. Therefore, measured deposition rates were higher than
predicted by published models. Fan and Hua [61] corroborated these assumptions
(models underestimate the deposition rates) and encouraged the development of
more experiments, as proposed by the CleanAirNet project in the case of large
ventilation ducts with turbulent flow.

In the frame of the CleanAirNet project, two experimental setups were devel-
oped to investigate particle deposition velocity to duct surface with turbulent flow
(Fig. 3). Aerosol particles used in the deposition experiments were monodispersed,
residues of fluorescein (Fig. 1a, b), the latter being used as a fluorescent tracer for
quantitative analysis of the deposited particles [16]. In order to validate this original
experimental approach, the MIDAS setup was designed for fully developed turbu-
lent flow (Fig. 3a). The technique offers a significant advantage to discriminate
different orientations for horizontal section of large circular duct. For 2-6 pm
particles, deposition rates to floors were 1-2 orders of magnitude higher than
rates to the ceiling and greater than rates to the wall. For 1 pm particles, the effect
of surface orientation to particle deposition was not apparent. It should be indicated
that other experimental studies used similar monodispersed aerosols to describe the
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wall deposition rate in mixing conditions [67]. Nevertheless, Cheng produced data
for fine particles (in the size range 5 nm to 2 pm). Thus, an interesting work recently
published by You et al. [68] and based on Zhao and Wu’s model [58] was used to
compare the deposition velocity relatively to the particle size and the surface
inclinations. This method may be useful for quick particle deposition data compar-
isons in ventilation ducts.

The second work package of the CleanAirNet project also proposed the devel-
opment of a setup called MECAD (Fig. 3b). MECAD was design to mimic
industrials ducts by using HVAC materials and non-fully developed turbulent
flow in large circular ventilation duct. Measurements obtained with MECAD
confirmed the great heterogeneity in deposition velocities according to the surface
orientation but also showed that particle deposition velocity increases when the
flow is not fully developed [55, 69]. Deposition velocities were 2 cm s~ for larger
particles (5.82 pm) and less than 0.5 mm s~ for smaller particles (0.95 um). Ben
Othmane also showed that particles tend to migrate toward the wall in the direction
of decreasing turbulence level. Remarkably, they revealed high deposition zones
due to the flow structure [55]. The effect of temperature on particle deposition was
also studied: preliminary experiments conducted on MIDAS and results issued
using the modeling approach confirmed that temperature may affect the particle
deposition—small particles tend to migrate toward the cold surface [69].

5.4 Recommendations and Innovative Applications
for Hygienic Designs

Taking into account the contributions of the deposition mechanisms such as
turbophoresis, the experimental approach cited above was completed with a model-
ing approach. Models might be useful to quantify the total deposited mass flux in
real ventilation systems of industrial ventilation networks [55].

An innovative principle of particle trapping was designed and tested in the frame
of the CleanAirNet project [70]. The new technique was based on the principle of
local turbulence generation used to accelerate the particle deposition on specific
collection surfaces. A hygienically designed prototype called PEPITE was devel-
oped at lab scale and finally tested on one of the industrial sites selected for the
project (Fig. 4). Noticeably, the prototype also contributes to improve the energy
consumption efficiency as required for HVAC systems [72]. Finally, the prototype
for low-pressure-drop particle trapping was validated in industrial conditions and
patented [71].
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Fig. 4 The CleanAirNet prototype called PEPITE developed in the frame of the CleanAirNet
project. PEPITE consisted of a low-pressure-drop particle trapping [71]. The setup was firstly
developed at lab scale (a), prior to testing and validation at industrial scale (b)

6 Conclusion

The prevention to airborne particle pollution in indoor food processing environ-
ments has been clearly addressed in this chapter. The main bioaerosol types
encountered in the food manufacturing sector, as well as the methodological issues
of bioaerosol sampling, have been indicated. It has been highlighted that more work
is necessary (at factory scale and at laboratory scale) in order to prevent bioaerosol
contamination within HVAC systems, preferably with hygienic design systems.
Hence, it is crucial to have a good understanding of the mechanisms of particle
deposition (and the subsequent fouling rate) in ventilation ducts in order to achieve
these goals in the case of the food factories.

The 4-year project called CleanAirNet, which conducted substantial industrial
trials under real conditions and original laboratory experiments (for particle depo-
sition to duct surfaces with developed and undeveloped turbulent airflow) and prior
to practical proposals, has been presented as a case study for hygienic design of air
handling systems in the food sector. A relevant finding of the project was to propose
a low-pressure-drop particle trapping prototype as well as an improvement of
energy consumption efficiency. Finally, the prototype was validated in industrial
conditions and patented. The CleanAirNet project eventually contributes to sup-
plement information to HVAC systems in nonindustrial or common-used buildings.
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Abstract Ground-based Fourier-transform infrared (FTIR) solar absorption spec-
troscopy has led to a number of significant advances in our understanding of the
atmosphere by providing information on the vertical distribution of various trace
gases. Previously used to analyse solar absorption spectra measured at high-
resolution in unpolluted sites, the retrieval code PROFFIT has been adapted to
deal with spectra recorded at medium spectral resolution with a Bruker Optics
Vertex 80 FTIR spectrometer. As one of the major instruments of the experimental
observatory named OASIS (Observations of the Atmosphere by Solar Infrared
Spectroscopy), this instrument is dedicated to the study of air composition in the
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suburbs of Paris. Accurate measurements of the most important atmospheric pol-
lutants are indeed essential to improve the understanding and modelling of urban air
pollution processes. Located in an urban region, OASIS enables to monitor key
pollutants such as NOx, O3, CO and VOC:s. In this chapter, 5 years intercomparison
study with on-ground and satellite measurements for O3 and CO is reported,
demonstrating the performances of a medium-resolution ground-based instrument

and especially confirming its capability for tropospheric ozone monitoring.

Keywords Air quality in megacity, Carbon monoxide, IR spectroscopy, Ozone,

Remote sensing, Solar occultation
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NASA National Aeronautics and Space Administration
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1 Introduction

Ozone (O3) plays an important role in the Earth’s atmosphere. In the stratosphere,
its presence is vital for life on Earth because it absorbs harmful ultraviolet radiation
[1]; in the troposphere, it is involved in photochemical processes, a key parameter
for both air quality and climate issues [2]. In the boundary-layer, O3 is harmful to
humans [3], animals and vegetation [4]. In the upper troposphere, O; impacts
radiative forcing [5—7]. O3 also controls the oxidizing capacity of the atmosphere
[8]. In addition to O3, carbon monoxide (CO) is also involved in tropospheric
photochemical processes: in fact Oz production takes place when CO and hydro-
carbons are photo-oxidized in the presence of nitrogen oxides (NOx). Also CO is an
excellent tropospheric air-mass tracer due to its rather long lifetime of 2 months on
average.

In the international Network for the Detection of Atmospheric Composition
Change (NDACC), around 20 high-quality, remote-sensing IR research stations
employ ground-based Fourier-transform infrared (FTIR) solar absorption spectros-
copy to observe and to analyse the physical and chemical states of the stratosphere
and upper troposphere and to assess the impact of stratospheric changes on the
underlying troposphere and on global climate. These high spectral resolution FTIR
stations are preferentially operated at remote sites far away from sources of air
pollution and often are located at high altitudes (e.g. Izafa, Jungfraujoch,
Zugspitze, Table Mountain, etc.) so that measurements of tropospheric ozone are
obviously limited at these stations. Hence, in order to perform air quality research in
large megacities, we have assessed the capability of a medium-resolution FTIR
solar absorption spectrometer for monitoring pollutants, especially O3 and CO. We
have demonstrated that such an observatory, named OASIS (Observations of the
Atmosphere by Solar Infrared Spectroscopy) installed in Créteil near Paris (France)
since 2008, is able to continuously monitor tropospheric ozone over Créteil with
good accuracy as documented by a first analysis of information content in OASIS
ozone retrievals [9].
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The purpose of the present study is to confirm and expand this preliminary result
by incorporating time series of total and tropospheric ozone during 5 years of
measurements from February 2009 to July 2013 and by intercomparing satellite
observations and in situ measurements. Another new aspect is to complement the
O3 observations with CO total columns (and its seasonal cycle) that are measured
simultaneously with O3 by taking advantage of the wide spectral range covered by
the OASIS instrument.

This chapter firstly describes in detail the OASIS instrumentation (Sect. 2) and
outlines the radiative transfer equation and the radiative transfer model and retrieval
code applied (Sect. 3). In this latter section, a discussion on the separation of
tropospheric and stratospheric columns of ozone based on the information content
analysis is included. The overall results derived from the OASIS measurements are
presented in Sect. 4 for the total columns of O3 and CO and for the tropospheric
ozone column. Also columns derived from OASIS measurements are compared
with correlative satellite and ground-based observations. Finally, Sect. 5 is devoted
to the conclusions.

2  OASIS Instrumentation

The OASIS observatory (48.79° N, 2.44° E, 56 m above sea level) was established
in 2008 with the installation of a medium-resolution, Vertex model Fourier-
transform infrared spectrometer manufactured by Bruker Optics (Ettlingen,
Germany). This instrument collects infrared atmospheric absorption spectra using
the sun as light source (Fig. 1) and monitors continuously the concentrations of
important atmospheric constituents, such as H,O, CO,, CHy, N,O, O,, NH3, OCS,
O3 and CO. The observatory comprises an automatized cupola (Sirius 3.5 “School
Model” observatory, 3.25 m high and 3.5 m in diameter) in which the upper part,
the dome, equipped with a mobile aperture, rotates in order to be aligned with the
solar tracker and the sun. The drive engine of the dome is fed by a battery recharged
by two solar panels.

2.1 Sun Tracker

The alt-azimutal solar tracker in OASIS is the A547N model manufactured by
Bruker Optics. To reach a tracking precision of +2 min of arc, the solar tracker uses
a quadrant diode to register deviations from the precalculated pointing direction of
the tracking system. The diode signal is then fed into the control loop of the tracker
under cloudless blue sky conditions. In case of overcast sky, the diode signal drops
down, and if it is under a minimal value, the sun tracker sustains tracking according
to astronomic calculation.
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Fig. 1 Interior view of the OASIS observatory showing the FTIR spectrometer and the sun tracker

The solar light that is analysed by the quadrant diode is decoupled from the
parallel beam a few cm in front of the entrance aperture by a small planar mirror, so
that only a small subsection of the full beam diameter is used. Both tracker mirrors
are coated with protected aluminium to cover the entire spectral range from 700 to
40,000 cm” However, we experienced corrosion problems with the Al mirrors.
Visible damage appeared on the mirror’s surface like white coatings after several
months of use. Likely these problems are due to high humidity levels and large
temperature excursions inside the cupola and maybe also to the presence of
corrosive pollutants in the urban area. In the near future, the replacement of the
current Al mirrors by bare gold-coated mirrors which cover the spectral range from
10 to 15,800 cm ™! will be tested. Moreover, two heaters have been installed to
generate a less hostile environment during the cold season: one heater diminishes
the overall humidity inside the cupola, the other one circulates dry air around the
two mirrors. Indeed, relative global humidity dropped from 80 to 30%.
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Fig. 2 Ground-based atmospheric solar spectrum recorded with an entrance aperture diameter of
1.5 mm and a maximum nominal spectral resolution of 0.075 em™!

A software provided by Bruker controls the sun tracker from the OASIS com-
puter. The latter is also controlled by internet connection which permits the remote
control of all the instruments from any computer in the university LAN.

2.2 Fourier-Transform Infrared Spectrometer

As one of the major instruments of the OASIS observatory, the Fourier-transform
spectrometer is dedicated to the measurement of atmospheric spectra in solar
occultation geometry using the infrared spectral region in order to investigate the
air composition in the suburbs of Paris. The optical key element of the OASIS
spectrometer is a linear Michelson interferometer that records single-sided inter-
ferograms with a maximum optical path difference of 12 cm. Infrared solar absorp-
tion spectra are nominally recorded on a DTGS (deuterate