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ARTICLE INFO ABSTRACT

Keywords: As a by-product of wastewater treatment, biosolids are a source of volatile emissions which can lead to com-
Was"ewate"‘ ) munity complaints due to odours and other pollution risks. Sampling methods play a significant role in collecting
Gaseous emissions gas emissions from biosolids-related sources (i.e., pure biosolids, landfilling, land application and composting of
(lgi(i;?;lrisds biosolids). Though a range of different sampling techniques (flux hood, wind tunnel, static chamber, headspace
Flux hood devices) have been explored in many published papers, the management and best practice for sampling emissions

from biosolids is unclear. This paper presents a comprehensive review of sampling methods for collecting gaseous
emissions from biosolids. To account for the inconsistent terminologies used to describe sampling devices, a
standard nomenclature by grouping sampling devices into five categories was proposed. Literature investigating
emission sampling from biosolids-related sources was reviewed. Subsequently a critical analysis of sampling
methods in terms of design, advantages, and disadvantages were compiled based on literature findings and
assumed mechanistic understanding of operation. Key operational factors such as the presence of fans, purge gas
flow rates, insertion depth, and incubation conditions were identified and their level of influence on the mea-
surement of emissions were evaluated. From the review, there are still knowledge gaps regarding sampling
methods used to collect gases from biosolids-related sources. Therefore, a framework for the management of
emission sampling methodologies based on common sampling purposes was proposed. This critical review is
expected to improve the understanding of sampling methodologies used in biosolids-related sources, by
demonstrating the potential implications and impacts due to different choices in sampling methods.

Wind tunnel

1. Introduction application on agricultural land being consolidated (Barth et al., 2010).

On average 38% of biosolids (totally 6.63 x 10° kg/year) was applied to

Due to the rapid development of urbanization and the improvement
in sanitation, the production of biosolids continues to grow worldwide
along with the increasing demand for sustainable waste control and
management. For instance, total annual dry biosolids production re-
ported in Australia has increased by about 25% from 2010 to 2019,
rising to approximately 371,000 dry tonnes a year ANZBP (2020). In this
paper, the term biosolids referred exclusively to dewatered sewage
sludge, either as a pure “cake” immediately after dewatering or at sub-
sequent stages of its management (storage, transport, or end use). The
distinction between the terms sludge and biosolids was based on the water
content, where moisture content in sludge typically ranged from 95% to
99% while that varied from 70% to 85% in biosolids after dewatering
treatments like centrifuge, filter or press (Fisher et al., 2017a; Wang
et al., 2008). The management of biosolids as resources with potential
beneficial uses have been increasingly explored, with practices such as
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agricultural soils in Western European countries during 1990s, due to
the high nutrient and water content that improve the crops and plants
growth (Chang et al., 2001). However, along with the biosolids treat-
ment, concerns such as soil or ground water contamination have been
the focus of traditional management practices. Moreover, these re-
sources can also be associated with major emission issues related to
malodorous, greenhouse gases, micropollutants, or bioaerosols. For
example, the nuisance odour emissions have been identified to limit the
potential markets for biosolids reuse by impacting local communities
(Hayes et al., 2014, 2017a, 2017b). On the other hand, the Intergov-
ernmental Panel on Climate Change (IPCC) reported that the greenhouse
gases (GHGs; e.g., methane and carbon dioxide) emissions estimated
from agricultural activities, including land application of biosolids, ac-
count for about 20% of the total human induced global warming budget
(Parry et al., 2007). The accurate measurement of gaseous emissions
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from biosolids is critical to support the assessment of environmental
impacts such as nuisance and human health as well as climate change.
From a management perspective, consistent terminology and sampling
approaches are needed to support odour and GHGs management on site
and in the biosolids supply chain, and realise benefits associated with
GHG offsets from land application.

Accordingly, there has been an increasing emphasis on measuring
emissions from the processing of the biosolids in recently decades. The
reported common analytes were complex mixtures of volatile organic
compounds (VOCs) (Bylinski et al., 2018; Fisher et al., 2017b; Glinde-
mann et al., 2006; Gruchlik et al., 2013), volatile sulfur compounds
(VSCs) (Higgins et al., 2006; Kim et al., 2002a; Rosenfeld and Henry,
2000), volatile fatty acids (VFAs) (Rosenfeld et al., 2004a), greenhouse
gases (GHGs) (Donovan et al., 2011; Rosenfeld et al., 2001a), and ni-
trogen oxides (NOx) (Chantigny et al., 2013; Roelle and Aneja, 2002b;
Tabachow et al., 2001). Moreover, the emissions control and manage-
ment from biosolids have been the focus of research initiatives inter-
nationally, particularly in USA (Glindemann et al., 2006; Higgins et al.,
2005; Kim et al., 2002a; Turkmen et al., 2004a), Australia (Fisher et al.,
2017a, 2017b, 2019; Lomonte et al., 2010; Majumder et al., 2014),
Canada (Chantigny et al.,, 2013; Visan and Parker, 2004), Poland
(Bylinski et al., 2017, 2018, 2019b) and Spain (Maulini-Duran et al.,
2013).

Emission sampling is an essential step in the entire emission assess-
ment process, where sampling methods may seek to simulate the real
emission scenario and minimize the biases (Fisher et al., 2017a).
Compared to ambient measurement, sampling devices are more flexible
as they are able to attribute to sources and remove errors from back
calculations to emission rates. According to current publications, a range
of wind tunnels (Mannheim et al., 1995; Parker et al., 2009; Sommer and
Misselbrook, 2016) and closed chambers (Fisher et al., 2016; Prata et al.,
2016b) have been used to collect emitting gases from area sources like
passive liquid surfaces (Gholson et al., 1991, Prata et al. 2016a, 2016b),
composting sites (Hudson et al., 2009; Kumar et al., 2011; Rosenfeld
et al., 2004b; Sanchez et al., 2015), agriculture soil (Rochette et al.,
1992; Roelle et al., 1999, 2001; Roelle and Aneja, 2002a), and biosolids
(Fisher et al., 2016). The use of various chambers or wind tunnels, which
in turn may be operated under different conditions, along with the
different numeric values obtained from industrial or laboratory settings
created difficulties in being able to compare and evaluate approaches
and findings. It has been recurrently discussed that different design and
operational conditions of sampling devices are likely to bias emission
measurements for various area sources, such as open-lot feed yard
(Rhoades et al., 2005), liquid surfaces (Prata et al., 2018a, 2018b),
manure (Parker et al., 2008) and land after manure application (Parker
et al., 2013a, 2013b). However, there is a lack of a systematic under-
standing of the impact of sampling methods on volatile emissions from
biosolids-related sources, which leads to the debate in terms of methods
employment. Therefore, there is a strong need to compile, collate and
compare different emission sampling approaches and to investigate how
various factors affect the emission fluxes measured from
biosolids-related sources. A former review summarized the physical
dimensions and typical operating conditions of some devices used to
collect samples of volatile emissions emitted from solid and liquid sur-
faces (Hudson and Ayoko, 2008). However, it was not clear to how and
to what extent the design and operation of sampling methods and
operating parameters will influence the measurements, especially for
biosolids. Moreover, some of the common methodologies such as
headspace devices were not included in that review, which did not have
a specific focus on biosolids.

This review provides state-of-the-art knowledge regarding the pub-
lished sampling procedures for measuring gaseous emissions from bio-
solids and associated sources. By understanding the role of sampling
methods on emissions, it enables comparison and communication of
different sampling methods and establishes a foundation to model
emission from biosolids and relevant sources. Moreover, this study
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reviewed papers that investigated factors affecting emission measure-
ments from biosolids, and proposed a framework that identified the
main parameters and suggested actions to mitigate and manage these
factors.

2. Principles for literature search, nomenclature, and
characteristics of sampling methods

2.1. Principles for literature search

To systematise the collection of published literatures and aim at
being as comprehensive as possible, the series of keywords have been
input for initially searching based on the types of biosolids, analytes and
sampling techniques. For example, various keywords related to types of
biosolids such as “biosolids”, “dewatered sludge”, “stabilized sludge”,
“aged sludge” have been utilized, then more collections about the rele-
vant citation were considered. According to these searching criteria,
around 50 biosolids-oriented publications were collected, reviewed, and
compiled, including journal papers, conference papers, theses, technical
reports and books. Considering the limitation of publications talking
about biosolids, other area surfaces (passive liquid surface, soil, landfill
site, compost surface) have been expanded and searched with totally
reaching over 150 papers.

2.2. Nomenclature and classification of sampling methods

Over past decades, a range of sampling methods have been used in
scientific research and engineering practice to estimate gas exchanges at
the porous media-atmosphere or the water-atmosphere interfaces (Gao
and Yates, 1998b; Hudson and Ayoko, 2008), hence, potentially appli-
cable for sampling emissions from biosolids can be found. However,
there has not been a consistent nomenclature to represent the different
sampling methods. For instance, a variety of terms have been used to
denote an enclosed sampling chamber without constant sweep flush
flow: “closed flux chamber” (Gollapalli and Kota, 2018; Senevirathna
et al., 2006), “closed static chamber” (Abichou et al., 2006; Majumder
et al., 2014; Szylak-Szydlowski, 2017), “passive chamber” (Gao and
Yates, 1998b), “static flux chamber” (Gaetano et al., 2011; Schroth et al.,
2012), “static hood” (Lucernoni et al., 2017b), or “non-flow-through
chamber” (Chantigny et al., 2013). On the other hand, it was also
common in the literatures that the same term was used to denote sam-
pling devices that operate with different basic mechanisms. For
example, Rosenfeld et al. (2001b) named a container-like device without
sweep flush flow as “flux chamber”; by contrast, Bylinski et al. (2019a,
2019b) adopted the same term to describe a bottom-opened apparatus
with constant sweep flush flow. Although there was no point in arguing
for “correct” terms, it became clear that the inconsistent naming can be a
source of confusion and misunderstanding. Therefore, this review
established a basis for consistent nomenclature.

In this review, two main categories of sampling methods were
established, as illustrated in Fig. 1, namely: direct sampling methods,
characterized by the use of bottom-opened devices which enclosure
parts of the emitting surface and directly sample the emissions in lab or
field; and headspace methods, which are closed containers in which the
sample is incubated, with emissions being captured in the container’s
headspace. According to the presence of sweep flow, direct sampling
methods can be further divided into static chamber (SC: without sweep
gas flow) (Chantigny et al., 2007, 2013; Majumder et al., 2014), and
dynamic devices (with sweep gas flow) which are common in the shapes
of flux hood (FH: mixed gas inside; also called “dynamic flux chambers™)
(Fisher et al., 2016; Wang et al., 2011) and wind tunnel (WT: directional
flow inside, predominantly parallel to the sampled surface) (Capelli
etal., 2009; Jiang et al., 1995). On the other hand, headspace techniques
(HS) can be classified either as dynamic headspace (dynamic HS), which
is flushed by a flow-through system capturing the entire exhaust as
sample (Kim et al., 2005b; Murthy et al., 2003; Turkmen et al., 2004b;
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Fig. 1. The characteristics of different sampling methods in this review underlying the proposed nomenclature.

Visan and Parker, 2004); or static headspace (static HS), which does not
have a sweep flush flow, with samples being taken directly from the
equilibrated headspace gas.

2.3. Characteristics and operation of sampling methods

Generally, each device should be produced from odourless and inert
materials and kept clean before sampling in order to avoid the back-
ground contamination. Based on literature findings and assumed
mechanistic understanding of operation, direct sampling methods, like
flux hoods and wind tunnels, will be inserted into solid sources (or fixed
to a float over liquid surfaces), to sample the emission flux from the
enclosed area. In contrast, for headspace methods, an entire sample
(usually small amounts) of the emitting material is placed inside the
vessel before sealing. Then, for both direct sampling methods or head-
space methods, it is necessary to ensure a good seal condition prior to
starting collection, which can minimize the losses of emitted gas flux or
unwanted influx of ambient atmosphere. During the sampling process, it
is common to wait for a “stabilisation period” before collecting real gas
sample from outlet point, to ideally achieve steady state for dynamic
devices which produce a constant sweep gas. As for static chamber and
static headspace, gas collection is done after an accumulation or incu-
bation period. When the sampling process is completed (into sampling
bags, sorbent tubes or injected directly into the analytical equipment),
the collected gas can be analysed by a range of techniques (e.g. gas
chromatography, sensory analysis, etc.), depending on the different
purposes. Operational procedures of each method based on best practice
from the published papers were summarized in Table 1.

For dynamic sampling methods with sweep flush flow, the emission
rate, Faynamic (kg/(s~m2)), is calculated as (Gao and Yates, 1998b;
Gholson et al., 1991; Hudson et al., 2009; Rolston, 1986; Smith et al.,
2007):

(€Y

=10

Fdynamic == (c¢; — ¢o)

where Q is the flush flow rate through the device (m3/s); A is the

enclosure surface area (mz); ¢; and ¢y are the target gas concentrations of
exhaust and air intake (kg/m?>), respectively. In the case of static devices
without gas flow, a diffusion-driven flux Fgqc is related to time, which
can be given as (Gao and Yates, 1998b):

V dC(r)
Fstati = —= 2
static(t) 1 )
where V is the volume of sampling devices (m3); A is the enclosed sur-
face area (mz); C (t) is the concentration in the device’s headspace (kg/
m3) at time t (s).

3. Implications of sampling devices for gas sampling from
biosolids

The reported literatures identified several common area sources that
were generally reported in terms of gas emission and odour concerns.
From Figure S1, these sources can be grouped into biosolids-related
sources and other area sources. As for other area sources, sampling
methods like flux hood have been applied to estimate emission from
organic green waste/manure composting (Hudson et al., 2009; Kumar
et al., 2011; Rosenfeld et al., 2004b; Sanchez et al., 2015), land appli-
cation of swine slurry (Lovanh et al., 2010), agriculture soil (Rochette
et al., 1992; Roelle et al., 1999, 2001; Roelle and Aneja, 2002a), landfill
surface (Lucernoni et al., 2017a; Monster et al., 2019; Park and Shin,
2001), lagoons and other passive liquid surfaces (Fu et al., 2017;
Gholson et al., 1991; Prata et al., 2016b). Emissions and trends in gas
sampling from biosolids and biosolids-related sources were discussed
and summarized in the following sections.

3.1. The development of sampling methods applied to biosolids-related
sources

Apart from other area sources showed in Figure S1, volatile emis-
sions associated with biosolids are normally related to three main source
types: dewatered and stabilized biosolids cake, sometimes aged (“pure
biosolids™); amended grass land, agricultural soil or forests with
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Table 1

Generalised procedures of each sampling method.

Static HS

Dynamic HS

Wind tunnel Static chamber

Flux hood

(1) Clean the vessel**;

(1) Clean the vessel**;

(1) Clean the chamber;

(1) Clean the wind tunnel;

(1) Clean the hood;

Prior to

(2) Place the sample into vessels with

(2) Insert the chamber into a recorded depth, or fix ~ (2) Sample is placed in headspace vessels

(2) Place the wind tunnel onto the

(2) Place the hood onto the surface

sampling

known volume or mass and sealed
with caps containing septum;
(3) Wait for a set incubation time;

with known volume or mass and

to a float; ensure a good seal condition;
(3) Wait for a set period for gas accumulation in the

surface and ensure a good seal

condition;
(3) Fix the tunnel to a float or place

and ensure a good seal condition;
(3) Insert the hood into a recorded

sealed with caps containing septum;

headspace;

depth, or fix to a float, which
depends on the source types;

into a recorded depth with

reaching good seal conditions;
(4) Induce a constant flow in the

(4) Gas samples are collected with

(3) Connect the vessel to a steady purge

(4) Gas samples are collected with syringe (or

(4) Connect the hood to a purge gas

Sampling

syringe, tubes, bags or SPME* from

the headspace;
(5) Record incubation time,

flow until equilibrium;
(4) Gas samples are collected with

pumped out with vacuum pump) from the

tunnel and continuously flush
the surface until steady state;

(5) Samples are collected from

flow and let the system

processing

headspace and stored for analysis or directly fed

into analyser;
(5) Record the factors during sampling process.

equilibrate for a set period of

time;
(5) Samples are collected from outlet

syringe, tubes, bags or SPME* from

the headspace.
(5) Record incubation time,

temperature, and metrological

outlet point into collection
vessel, or even for direct

analysis;
(6) Record metrological factors

factors during sampling process.

point;
(6) Record metrological factors

temperature, flow rate and

metrological factors during sampling

process.

during sampling process.

during sampling process.

Note: SPME*-solid phase microextraction, vessel**- The containers used to seal a quantity of sample, which are common to see as PET bottle, glass vials, Nalophan bags etc.
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biosolids (“biosolids-land application”); and composted biosolids
(“biosolids-composting™). These three types will be hereinafter collec-
tively referred as “biosolids-related sources”. Table S1 summarized the
benefits and risks associated with application of biosolids for end use.
Commonly, all the application scenarios related to utilization of bio-
solids have the concern of gas emission, which highlights the importance
of gas sampling and analysis, which may have implications for the
product usage.

As an initial product of biosolids treatment process, pure biosolids
accounted for the largest proportion in research, followed by biosolids
land application and composting. For understanding the current status
of applying sampling methods to measure emission from biosolids-
related sources, Fig. 2 showed the cumulative number of papers using
at least one of the above sampling methods to evaluate gas emissions
from biosolids-related sources. To 2020, the total quantity reached 60,
allowing comparison of the popularity of different sampling methods.
Static HS was the most popular method and has been consistently used
within biosolids projects, reportedly due to its simplicity (25 papers in
the past 20 years) (Adams and Witherspoon, 2004; Glindemann et al.,
2006; Higgins et al., 2006; Mangus et al., 2006; Novak et al., 2006;
Verma et al., 2006). It is worthy to note that Glindemann et al. (2006)
developed a sampling protocol based on static headspace to evaluate the
odour potential of stored biosolids, representing potential emissions
when piles of stored biosolids were distributed for transport from the
wastewater treatment plant. As such, static headspace sampling method
has been widely used to measure emissions from pure biosolids products
in the past decade. Furthermore, static chamber also became largely
adopted in the latest decade, which was due to the ability to measure
low concentrations of analytes like CH4, CO2. Moreover, flux hood has
also become more common in the past 5 years as it is alleged to represent
and quantify ambient emissions from the surface of biosolids and related
sources at various stages during biosolids management such as storage
and land application (Barczak et al., 2019; Bylinski et al., 2018; Fisher
etal., 2016, 2017a, 2018a, 2018b; Gonzalez et al., 2019). Primarily, flux
hood was widely used for measuring other types of non-point source
emissions (Fisher et al., 2016) and had a uniform EPA guideline to
follow (Kienbusch, 1986). In comparison, limited number of sources
reported the gas sampling from biosolids using wind tunnels.

As discussed in section 4, the choice of sampling methods must be
predominantly related to the objectives of the studies, and more clarity
and comparison between the choices of sampling methods will inform
users of the implications of sampling choices.

3.2. Analytes collected from biosolids-related sources

Fig. 3 summarized the common types of gases from biosolids-related
sources reported in the literatures, highlighting the different sampling

60

=8-Flux hood =¢=Wind tunnel —@=Static chamber

Dynamic HS —&—Static HS =#—Total

40

30

20

10

Numbers of papers related to biosolids

1 Loe—a——e—ea—0—o-o—o-—g=2TF - - -
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Year/y

Fig. 2. Cumulative number of publications using different sampling methods
for evaluating emissions from biosolids-related sources between 2000
and 2020.
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methods across the variety of analytes. A wide range of compounds have
been reported through different sampling devices, such as VSCs (Fisher
et al.,, 2017a, 2017b; Rosenfeld and Henry, 2000; Rosenfeld et al.,
2001b), CO2 (Andreés et al., 2012; Donovan et al., 2011), VOCs (Bylinski
etal., 2017, 2018; Gonzalez et al., 2019), N3O and NO (Chantigny et al.,
2013; Roelle and Aneja, 2002b). Specifically, VSCs were the focus of
most studies, probably due to their importance as nuisance odorants.
Measurement of VSCs using static HS appeared in 20 papers, more
frequent than the usage of flux hood and dynamic HS. However, it was
not concluded that static HS was suggested as the best practice for col-
lecting VSCs emission, when considering the area surface, specific
analytes and research purposes. Moreover, VOCs have also been iden-
tified throughout biosolids processing, which contributed to perceivable
odour character of emission streams; however these were not routinely
measured as they were judged less sensorially important compared to
VSCs (Fisher et al., 2017a). It was worth noting that flux hood was the
dominant method in VOC sampling, rather than static HS. This may be
due to an attempt to perform the sampling with conditions closer to the
real emission environment (Fisher et al., 2017a), which in many cases
will be exposed to some degree of sweep air flow. However, it is very
unlikely that any sampling device will be able to reproduce all the
relevant features of the mass transfer processes observed in full-scaled
scenarios (Prata et al., 2018a; Witherspoon et al., 2002; Eklund, 1992).

Furthermore, there was no published material which provided rec-
ommendations for the decision making about sampling methods selec-
tion in measuring one or several kinds of target gases. For instance, HyS
is a common gas detected in wastewater treatment systems which has a
significant odour characteristic defined as “rotten egg” (Dincer and
Muezzinoglu, 2007). Since the HyS has been collected by flux hood
(Fisher et al., 2018b; Wang et al., 2011), wind tunnel (Wang et al.,
2011), dynamic HS (Kim et al., 2005b) and static HS (Tepe et al., 2008),
the possibility that results are differentiated along with the variation of
sampling devices cannot be excluded.

Therefore, according to the above discussion on application of
sampling devices for gas sampling from biosolids-related sources, the
understanding about each sampling method needs to be deepened, in
order to reinforce the communication of various emissions result in
terms of the biosolids products and sampling devices.

4. Critical analysis of sampling devices

According to the above discussion on various of sampling methods
applied to measure volatile emissions from biosolids-related sources
(Figs. 2 and 3), there was always a question about what led to the di-
versity of sampling techniques being used. For instance, if a specific
sampling technique was selected because of its lower cost, popularity or
mechanistic advantages in being more suitable for using in biosolids-

related sources. To better clarify these motivations, 50 papers focused
on biosolids-related sources have been reviewed. Of these biosolids-
related papers, 65% did not provide a rationale for the choices of sam-
pling method. Reasons for the choice of sampling method provided by
the remaining papers can be grouped into three categories: Reason I-
mechanistical reasons, such as wind tunnels trying to simulate the wind
action; Reason II- practical reasons, like static chamber is selected
because of its simplicity and lower running cost; Reason III- mainstream
reasons, for instance, flux hood is popular and widely used because US
EPA has a guideline for its operation. Based on this classification, the
summary of sampling rationale for biosolids-related sources and other
area sources is shown in Fig. 4a and b, respectively. Clearly, mechanism
and popularity were the two most significant reasons attributed to the
choice of sampling devices for capturing gases from both biosolids-
related sources and other area surfaces.

However, differences appeared in more detail in Fig. 4c between
biosolids-related sources and other area sources. The number of papers
that gave reasons for their choice of sampling method corresponded to a
smaller proportion in biosolids-related sources, compared to other area
sources, which indicated the discussion about sampling methods applied
to biosolids-related sources was relatively less developed. Considering
the limited data from biosolids-related sources, the following section
(where various aspects of sampling methods are discussed) will also
involve other area sources (shown in Fig. 4b), to build a wider under-
standing about sampling techniques.

4.1. Advantages and limitations of sampling methods

4.1.1. Flux hood

Table 2 has summarized the benefits and limitation of every sam-
pling method as pointed out by the literature sources. Flux hoods as a
chamber-based sampling method was reported to be popular due to their
simplicity and relatively low running cost according to Rolston (1986),
Gao and Yates (1998a, 1998b) and Yates et al. (1996). They were
thought to be an economical and flexible technique (Eun et al., 2007),
known for their field portability and versatility over flat surfaces (Lin
et al., 2012). However, Sarkar and Hobbs (2003) pointed out the lack of
reliability when flux chambers were used over a relatively rough surface
such as the daily operational area of a municipal solid waste (MSW)
landfill site. Uncertainty related to the effect of roughness on emission
fluxes measured by flux hoods may also be relevant for biosolids-related
sources, which may vary from a flat to a rough surface depending on the
characteristics of sample.

One advantage often associated with flux hoods was the induction of
a constant flush flow that is trying to maintain controlled conditions
within the chamber (Eklund, 1992; Fisher et al., 2016; Gustin et al.,
1999). However, depending on the processes governing the emissions
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for certain source types, those controlled conditions may introduce a
bias in the emission measurements, since they did not reproduce the
environmental conditions outside the chamber. In passive liquid sur-
faces, for instance, turbulence and vapor-phase concentration will be
affected by the sweep flow and lead to differences between inside and
outside (Gholson et al., 1991; Prata et al., 2018c). Some of the changes
verified over liquid surfaces, such as reduced turbulent transport
(Andreao et al., 2019; Prata et al., 2018b), non-uniform shear stress
(Prata et al., 2016a) and concentration build-up (Prata et al., 2018c),
can potentially affect emission rates from solid/porous surfaces (Eklund,
1992). However, Gao and Yates (1998a, 1998b) did not observe a sig-
nificant concentration build-up of target gas when a flux hood was
placed on the soil surface. In addition, the flush flow may contribute to
an additional convective mass flow of the target analytes from the
covered soil surface, which has been verified to have effects on emission
rates (Gao and Yates, 1998a, 1998b; Gao et al., 1997). As a consequence
of convective mass flow in the chamber, the pressure gradient between
the sample gas phase and the chamber interior have changed and shear
stress over the enclosure surface was non-uniform any more (Denmead
and Raupach, 1993; Gustin et al., 1999; Kanemasu et al., 1974; Rolston,
1986). Other reported concerns were possible pressure differential from
outside the chamber (Gao and Yates, 1998b; Lucernoni et al., 2016b)
and temporary disturbance of the surface (Abichou et al., 2006; Monster
et al., 2019).

4.1.2. Static chamber

Besides the reported low operational cost, similar to the flux hood
method, static chambers were simple to set up, operate, and maintain a
high sensitivity at detecting even small fluxes (Gao and Yates, 1998b;
Monster et al., 2019; Schroth et al., 2012; Senevirathna et al., 2006;
Wang et al., 2019). Based on these advantages, static chambers were

commonly used to collect trace gases like CH4 and CO; from landfill
surface (Abichou et al., 2006; Lucernoni et al., 2017a), and N3O from
soil (Christensen et al., 1996; Pedersen et al., 2001). However, a major
concern was that the enclosed microenvironment above the area surface
became different from that outside the chamber due to the chamber
isolation, especially the pressure (Gao and Yates, 1998b). Hudson and
Ayoko (2008) argued that the increasing in pressure led to the under-
estimation of the pollutant’s emission rates, which was in line with an
existing relationship between the pressure and the source surface
emission (Frechen et al., 2004). To minimize errors caused by increased
pressure and concentration build-up inside the chamber, actual mea-
surements tried to shorten the sampling time to no more than a few
minutes (Monster et al., 2019; Rolston, 1986). Moreover, pressure dif-
ferentials can also be prevented by installing a long and small-diameter
vent tube, which equalise the pressure inside the chamber with the
surrounding air, but with little loss of the sampled gases (Lucernoni
et al., 2016a, 2017b).

In addition, the physical disturbance of the chamber collars to the
emitting surface and the possibility of leaks between the enclosure collar
and the chamber after the chamber placement, may lead to errors in the
measured fluxes (Gao and Yates, 1998b). To avoid gas leakage,
following insertion of static chamber, an incubation or stabilisation time
was used to ensure there was a good seal condition prior to sampling.
The generalised procedures of operating static chamber were summa-
rized in Table 1.

4.1.3. Wind tunnel (Gao and Yates, 1998a, 1998b)

In comparison to indirect sampling methods like microgeological
methods, wind tunnels as a direct sampling technique resulted in smaller
plots, making it possible to carry out more replicates (Pedersen et al.,
2020). However, when wind tunnels are applied to large-scale field
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Table 2
Summary of sampling methods for measurement of gas emission, as pointed out by literature sources.
Advantages Drawbacks Sources Analyte Ref.
Flux hood (FH)
The equipment with fan or vent tube can increase 1. Smaller chamber measurements may underestimate Landfill VOCs, Bihan et al. (2020)
mixing and reduce pressure. emissions if emissive areas are heterogeneous and H,S
larger than the base area of these chambers.
2. Smaller chamber will underestimate the emission level
especially for active gases of flux.
Accessing the CH,4 oxidation with combining vertical ~ Not suitable to quantify very low fluxes due to dilution of ~ Landfill CHy4 Monster et al. (2019)
soil gas concentration profiles. chamber gas with carrier gas.
Widely used in a range of meteorological or 1. Measured fluxes may suffer biases from variable Liquid Organic Lyman et al. (2018)
topographical conditions chamber flow rates and the presence of mixing fans. surface compounds
2. Changing temperatures of the surface and the air above
it due to the sun, especially if they are transparent.
N/A Use of traditional fixed flux hood may lack spatial and Ponds CO,, Fu et al. (2017)
temporal representativeness. surface CH4
Used to predict the levels of emissions expected in N/A Biosolids VSCs Fisher et al. (2016)
ambient conditions of biosolids storage sheds, or
when applied to land.
Satisfactory in recovery rate, precision and 1. In case of insufficient flow rate, the concentration of Liquid H,S Prata et al. (2016b)
repeatability target gases in the headspace may be artificially surface
increased.
2. Difficult to reproduce relevant features of the
atmospheric flow to which the water surface is exposed
in the absence of the enclosure device.
Providing a standardized method for measuring N/A Biosolids Odour, Wang et al. (2011)
emissions of industrial chemicals from area H,S
sources where wind effects are negligible
It is possible to calculate the emission rate of the It’s difficult to obtain knowledge or even control over the  Area sources Odour Frechen et al. (2004)
surface by using the sweep air volume per timeand  flow pattern inside the chamber due to the shape of the
per area, and the emission concentration. chamber and the air inlet, except for the information that
it is turbulent.
It is the most economical and flexible technique. Having tendency to underestimate emission rates. Landfill H,S Eun et al. (2007)
1. Simplicity and relatively low running cost. 1. Extra sweep gas tank is needed. Landfill CHy4 Senevirathna et al.
2. Simulating the field conditions. 2. Being sensitive to pressure changes inside the chamber (2006)
caused by induced airflow, which may create
artificially high fluxes.
N/A Lack of reliable when flux chamber is used over a MSW** Odour Sarkar and Hobbs
relatively rough surface like the daily operational areaofa  landfill (2003)
MSW landfill site.
1. They are portable and relatively inexpensive. N/A Soil Hg Gustin et al. (1999)
2. The influence of soil properties on gas fluxes is
allowed to be ascertained.
1. High possibility of maintaining conditions within ~ The introducing of an airstream through the chamber may  Soil VOCs Gao and Yates (1998b)
the chamber to represent those in the surrounding  create a pressure deficit within the chamber headspace.
field.
2. A ssignificant concentration build-up of target gas
can be avoided due to the flush flow.
Flux hood is probably one of the simplest methods 1. Covering only a small area cause the estimated flux Soil MeBr Yates et al. (1996)
for measuring emission flux. rate to be highly variable.
2. The presence of chamber can affect the temperature
and relative humidity over the sampled surface.
A nonintrusive technique and offering advantages of ~ Potential underestimation the actual emission rate. MSW** CO,, Reinhart et al. (1992)
accuracy, simplicity, and flexibility. landfill CH4
Wind tunnel (WT)
The wind tunnel provides a controlled environment  Difference of pressure in- and outside of the chamber. Waste piles Odour Szytak-Szydtowski
that can be reproduced and simulated. (2017)
Suitable to use for comparing treatments under Difference between microenvironment inside the tunnel Land NH3 Sommer and
similar environmental conditions and ambient conditions, which in turn may modify the application Misselbrook (2016)
emission rate.
Having advantage in intuitive nature, field 1. Lack of understanding on the internal flow mechanics  Soil Hg Lin et al. (2012)
portability and versatility over flat surfaces that causes the bias.
2. Using measured flux for scale-up estimate could pro-
duce significant uncertainty.
Simulate wind action on the surface (parallel flux N/A Soil VOCs Capelli et al. (2012)
without vertical mixing).
1. Possibility to make unbiased replications if 1. Overestimate ammonia emissions via modifying the Land NH3 Pedersen et al. (2020)
designed correctly measurement environment. application
2. Compared to micrometeorological method, wind 2. The design of the wind tunnels strongly affects results,
tunnels require smaller plots and is easy to have with air flow or air velocity being recognized as the
more replicates. most important factor in several studies, as higher
values result in higher measured fluxes.
Simulate the wind action on the surface (parallel flux ~ N/A Lagoon and NH;3 Zilio et al. (2020)
without vertical mixing) tanks
N/A Pure Odour, Wang et al. (2011)
biosolids H,S

(continued on next page)
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Advantages Drawbacks Sources Analyte Ref.
WT provides uniform horizontal air stream inside the

tunnel and is suitable for environments where

wind varies.

Easy to work under controlled conditions, changing N/A Land NH;3 Loubet et al. (1999)

as few as possible of the ambient environment.

Static Chamber (SC)

System is easier to use and less costly than open Build-up of pressure with time will distort the gas flow Soil COo, Healy et al. (1996)

chamber. pathways in the soil and decrease the flow into the N.O
chamber, underestimating gas fluxes.

N/A Operating an equilibrium state and not suitable for Area sources Odour Frechen et al. (2004)
producing odour emission rates, as equilibrium conditions
are not reality in real case.

Simplicity in fabrication and operation. The enclosed microenvironment above the soil surface Landfill VOCs Gao and Yates (1998b)
varies from that outside the chamber following chamber
placement.

N/A 1. Not an appropriate method for measuring convective Soil Gas Rolston (1986)

fluxes
2. Temporary disturbance of soil surface can influence
the emission

Static chamber measurement is inexpensive, simple, Influenced by the increase in pressure due to chamber Landfill VOCs Wang et al. (2019)

and highly sensitive at detecting even small fluxes  installation, leading to the underestimation of pollutant’s
emission rates.

1. Simple to deploy with low limits of detection for ~ 1. Time- intensive and laborious. Landfill CH4 Monster et al. (2019)

fluxes. 2. Not appropriate for either measuring convective fluxes

2. The only technique that can measure both the or whole-site CH4 emission quantification.

emission and the uptake of CH4 3. Temporary disturbance of surface when the chamber is
placed.

Relatively cheap, simple, and highly sensitive at N/A Landfill CH4 Lucernoni et al.

detecting even small fluxes (2017b)

N/A Different pressure insider and outsider of chamber may Waste heaps Odour Szytak-Szydtowski
lead to errors, as there is a relationship between the concentration (2017)
pressure and the surface emission.

N/A Higher height of the chamber would cause the Landfill CHy4 Lucernoni et al.
concentration profile inside the chamber to be very (2016b)
inhomogeneous along the hood height.

1. An easy and cheap technique A rise in the temperature caused by chamber may Composting GHGs Sanchez et al. (2015)

2. Versatile to adapt to a wide range of situations, influence gas diffusion rates.

and the capability to measure very low gas fluxes.

Relatively inexpensive, simple to set up and operate, = N/A Soil CH4 Schroth et al. (2012)

and highly sensitive at detecting even small fluxes

In-expensive, simple to use and integrating the flux The placement of the chamber on the soil surface may Soil CO, Rochette (2011);

over time (hours to days). disturb the soil microclimate. Rochette et al. (1992)

Much easy to use and less costly. Probable underestimation of gas fluxes due to pressure Landfill CHy4 Senevirathna et al.
build-up distorting the gas flow pathways in the soil and (2006)
decreasing the flow into the chamber.

1. Widely used for measuring various trace gases. 1. Possibility of leaks between the enclosure collar and Landfill N0 Rinne et al. (2005)

2. Relatively simple to measure gas exchange the chamber.

between the soil and the atmosphere. 2. Pressure differences between the enclosure sample and
above air can alter the fluxes measured.

Dynamic Headspace (Dynamic HS)

Easy to perform, and highly reproducible. 1. Sweep gas flows dilute the odorous compounds. Biosolids MT, DMDS, Glindemann et al.
2. Fluxing also removes the gases from contact with the DMS*** (2006)

biosolids, so less opportunity to investigate how the
microbes in biosolids transform the odorous
compounds over time.
Static Headspace (Static HS)
1. Providing reliable and accurate result by N/A Biosolids MT, DMDS, Glindemann et al.
eliminating the problems associated with flux DMS*** (2006)
chambers.
2. Representative of the storage pile interior, easier
to perform, and highly reproducible.
3. Keeping contact between headspace and
biosolids, ease of sampling, and less equipment
needs.
Relatively rapid, inexpensive, easily automated and N/A Biosolids Sulfur Gruchlik et al. (2012)
solvent-free allowing for minimal sample handling compound,
OVACs*

Methods*: FH-Flux hood; WT-Wind tunnel; SC-Static chamber; Static HS-Static headspace; Dynamic HS-Dynamic headspace; MSW** landfill: Municipal solid waste

landfill; MT, DMDS, DMS***: MT-Methanethiol; DMDS-Dimethyl disulfide, DMS-Dimethyl sulfide; OVACs

measurement they will only enclose a small area footprint (Sommer and
Misselbrook, 2016). Wind tunnels have been widely used for collecting
gas emissions from solid and liquid area surfaces (Capelli et al., 2009,
2012; Lucernoni et al., 2018). The aerodynamics of the wind tunnels
may be controlled using diffusers or a perforated baffle to adjust the

*#*#%_ Odorous volatile aromatic compounds.

wind action on the surface (Szytak-Szydtowski, 2017; Wang et al., 2011;
Zilio et al., 2020). However, wind tunnels were not able to reproduce all
the factors controlling emissions under natural condition. Hudson and
Akoyo (2008) compared the conditions within wind tunnels with
different sizes, flushing rates, velocity of wind, and exchange rates. One
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of the influencing factors was the air flow rate and the corresponding air
velocity, which was recognized as the most important factor for a wind
tunnel, as higher values resulted in higher emission fluxes (Eklund,
1992; Sommer and Misselbrook, 2016). The flow velocity was also
related to the tunnel height; Frechen et al. (2004) reported that the
lower height of tunnel, the higher sweep flow rate and consequently the
higher emission rate of target gases from a passive liquid surface.
Because the emission rate will be modified by the sweep flow, wind
tunnels may not be suitable for determining absolute emission under a
range of natural conditions (Pedersen et al., 2020). Furthermore, the
thickness and the stability of the boundary layer created by the wind
tunnel will rarely represent the respective atmospheric flow outside the
tunnel. However, the importance of these factors for the measurement of
emissions from biosolids-related sources have not yet been explored.

4.1.4. Headspace methods

Due to benefits, such as easy accessibility, flexibility in shapes, low
cost and rapid set-up, there has been broad adoption of headspace de-
vices in an attempt to represent potential emissions from sludge, bio-
solids, soil and water (Bylinski et al., 2019a; Gruchlik et al., 2012, 2013;
Psillakis et al., 2000; Zhang et al., 2020). Common applications of the
headspace methods were to represent internal portions of solid/porous
sources with limited atmospheric exchanges (e.g., the interior of a bio-
solids stockpile) (Glindemann et al., 2006). Nevertheless, one of the
concerns with headspace methods was the common use of manual in-
jections of the headspace gases into the GC inlet, which was laborious,
time-consuming, and can introduce uncertainties.

The materials of headspace devices that have been widely used were
plastic PET beverage bottles (Novak et al., 2006), glass bottles/vials
(Sekyiamah and Kim, 2009; Turkmen et al., 2004a; Verma et al., 2006),
serum bottle or vials (Chen et al., 2011; Gabriel et al., 2005; Higgins
et al., 2005, 2006), Nalophan bags (Fisher et al., 2016), Tedlar bags
(Krach et al., 2008) or Summa canisters (Kim et al., 2005a). The volume
of the incubation vessels (vials, bottles and bags) also spanned a wide
range, from 20 to 1000 mL (Glindemann et al., 2006).

Compared to static headspace, dynamic headspace could result in
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dilution of the emitted compounds by the relatively continuous sweep
flow (Fisher et al., 2016). Due to the flushing gas in the headspace, the
influence of microbes on the composition of emissions may be less
apparent, which can be related to the incubation and reaction times
(Glindemann et al., 2006). However, systematic evaluations of the sig-
nificance of sweep flow rate on emission rate in dynamic HS have not yet
been conducted.

4.2. Comparison among different sampling methods

Besides the above evaluation of each sampling technique, several
comparisons between different sampling methods have been summa-
rized in Table 3. Several comparisons between flux hood and wind
tunnel have been conducted when measuring the emission from various
area sources, including biosolids (Hudson et al., 2009; Leyris et al.,
2005; Lucernoni et al., 2017a; Navaratnasamy et al., 2009; Parker et al.,
2009; Wang et al., 2011). Wang et al. (2011) reported that no statisti-
cally significant differences were found for measuring HoS emission
rates from freshly dewatered biosolids. However, Parker et al. (2009)
reported that NHg emission rate from animal feedlots measured by a flux
hood was only 49% of what they measured with a small wind tunnel. A
similar conclusion was made by Hudson et al. (2009), who compared the
odour emission rates from compost windrows, open liquor surface and
manure pad surface, and determined that emission rates measured with
a flux chamber were consistently lower than the ones measured with a
wind tunnel, although there was no correlation between wind tunnel
and flux chamber at compost windrows. Therefore, differences between
emission fluxes measured using flux hoods and wind tunnels can vary
according to the target gases and source types.

Static chambers have also been compared against flux hoods or wind
tunnels, albeit not for biosolids-related sources. Previously, Jiang and
Kaye (1996) recommended wind tunnel as a preferred method to collect
VOCs emissions from liquid surfaces after comparing to static chamber,
because static chamber was seen to cause different degrees of underes-
timation from prepared VOCs standards. Similar underestimation driven
by static chamber was also reported by Smith et al. (2007) in the

Table 3
Studies conducting comparisons of different sampling methods for a range of sources and analytes.
Sampling Source Analyte Conclusion Ref.
Methods*
FH WT Agriculture odour Odour Odour concentrations were consistently higher in samples collected with a flux Hudson et al. (2009); Hudson
sources chamber, whereas odour emission rates were consistently larger when derived from  and Ayoko (2009)
wind tunnels.
FH WT Feedlots VOCs, Flux chamber is suitable for simulating calm condition without wind, while the wind Parker et al. (2009)
odour, NH3 tunnel would overestimate under same situation.
FH WT Prepared chemical n-butanol Flux chamber is a better sampling method for odour emission rate assessment because ~ Navaratnasamy et al. (2009)
it provides more consistent, less variable results.
FH WT Biosolids Odour, The difference between emission rates of odour and hydrogen sulphide measured Wang et al. (2011)
HoS with the two methods was not statistically significant.
FH WT Animal feeding VOC Both the EPA flux chamber and small wind tunnel underestimated the field emissions Parker et al. (2013a)
operations of VOC by using water evaporative flux ratio correction factor.
FH WT Liquid surface Diethyl Tests in the wind tunnel showed good accuracy and precision than flux chamber. Leyris et al. (2000)
sulphide
FH WT Solid and liquid Odour This study confirms the great influence of the sampling device on the final results, Guillot et al. (2014)
surface which is higher than previous report.
FH SC Soil CO, The static chamber method consistently produced lower soil respiration values than Rochette et al. (1992)
did the dynamic closed system and the difference was larger at higher CO; fluxes.
FH SC Landfill surface Odour A precise chain of actions for both the static chamber and flux hood measurements Lucernoni et al. (2017a)
needs to be determined.
WT SC Land application of NH3 Static chambers were found to underestimate NH3 emissions (by 95-99%), compared ~ Smith et al. (2007)
swine manure with the wind tunnel.
WT  SC Aerobic stabilized Odour Odour in the samples using the static chamber were consistently higher than those Szytak-Szydtowski (2017)
pile from the samples measured in the wind tunnel.
WT SC Liquid surface VOCs The static chamber caused different degrees of underestimation of the emission rate, ~ Jiang and Kaye (1996)
but the wind tunnel in suitable for sampling all VOC emissions.
FH Static Biosolids VSCs A greater variety of volatile sulfur compounds (VSCs) were observed using the Fisher et al. (2016)
HS headspace method

Methods*: FH-flux hood; WT-wind tunnel; SC-static chamber; Static HS- static headspace; Dynamic HS- dynamic headspace.
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measurement of NHg emission rate from land application of swine
manure. However, Lucernoni et al. (2017a) used a static chamber for the
determination of CHy4 from landfill surfaces due to its better performance
in representation of greenhouse gases emission, while flux hood was
used to measure odours. Intercomparisons among headspace methods
with direct sampling devices were also reported but limited. Fisher et al.
(2016) compared the emissions from biosolids by using flux hood and
static HS techniques, where greater variety of VSCs concentrations were
detected in static HS due to the accumulation of volatile compounds in
the headspace. However, it was unclear if emission rates from flux hood
or from static HS were more accurate or suitable for different scenarios.

4.3. Influencing factors of sampling methods on emissions

Differences in operational factors chosen when conducting different
emission sampling methods can also account for inconsistency and
variations. Table 4 presented the typical ranges of the commonly re-
ported factors. Outcomes of evaluations on these factors have been
summarized in Table 5 where the degree of influence was also classified
within three levels of relevance, namely, high, low and unknown. For
example: if the emission rates increased and decreased obviously in
accordance with the changes of one factor, this factor was grouped into
high relevance level; if no clear or strong relation was found, it was
belonged to low relevance. The description unknown was adopted for
the factors without existing investigation or evidence about the effect on
emission rates for a particular sampling device.

4.3.1. Sweep gas flow rate (SGFR)

The rate of sweep gas in flux hood, wind tunnel and dynamic HS
related to the inside pressure, compounds removal rate, evaporation rate
and emission rates. Due to the lack of standard sweep gas flow rate
(SGFR) for usage in dynamic measurement methods, many different
values have been adopted in the literatures (shown in Table 4). It was
worth noting that one of the most commonly adopted designs, the flux
hood commissioned by the U.S. Environmental Protection Agency
(Kienbusch, 1986; Rosenfeld et al., 2004a), entailed the use of a flushed
neutral gas flow at 5 L/min (equivalent to a volumetric exchange rate of
approximately 0.167 exchanges per minute). Following the guideline of
EPA, the same flow rate has been reported in many papers (Fisher et al.,
2017a; Hudson et al., 2009; Kumar et al., 2011; Parker et al., 2009;
Rosenfeld et al., 2004a, 2004b).

SGFR has been proven the most important operating factor for dy-
namic sampling techniques on many types of sources. From an experi-
mental perspective, the slower flow rate meant it took longer to reach
steady-state concentrations within the devices. In contrast, a higher
flow rate can reach steady state in a short time, but also resulted in a
short residence time of emitted compounds inside the devices (Lindhardt
and Christensen, 1996). A higher SGFR can contribute to over-dilution
and consequent low concentrations in the samples, which may in-
crease the uncertainty for chemical and sensorial analysis (Frechen
et al., 2004; Lucernoni et al., 2017a). Moreover, higher SGFR also can
cause lower relative humidity within the sampling device, which may
change the moisture content of the atmosphere above the enclosed
sample. Therefore, researchers can vary the SGFR to achieve the desired
analytical sensitivity.

On the aspect of mechanism, the concern was that a low SGFR was
insufficient to ensure good mixing and turbulent transport in the
headspace, which can lead to a point where gas-phase resistance arti-
ficially control the emission process (Eklund, 1992). It has been previ-
ously identified that the flux of gas-phase limited compounds increased
with the growth of airflow configurations (Parker et al., 2008, 2009).

As discussed above, both experimental evidence and mechanistic
considerations indicated that SGFR is a factor with the most relevance
for affecting emissions. However, since current studies mainly investi-
gated the changes of SGFR on emission from liquid surfaces and solid
sources like landfill sites, soils or animal feeding operations, the
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conclusions obtained for these sources may not be appropriate for
biosolids-related sources. Accordingly, future research into the effect of
SGFR variation on emission from biosolids-related sources, for various
sampling methods would help define suitable sampling conditions for
estimating meaningful emission rates. Furthermore, due to the gas-side
mass transfer being typically much lower in laboratory than under
normal conditions expected for the field, the comparison of gas mea-
surement from biosolids-related sources between lab-scale and field-
scale requires a systematic investigation.

4.3.2. Fan (impeller)

An impeller was commonly used in some sampling devices, to mix
the headspace homogeneously (AS/NZS, 2009; Das et al., 2008; Roelle
and Aneja, 2002b; Woodbury et al., 2011). This acknowledged that how
gases were mixed is equally an important factor, besides the SGFR itself.
In previous studies, the presence of a fan was shown to have a significant
effect on liquid surfaces (Eklund et al., 1987). Parker et al. (2011)
observed that the water evaporative flux (which, in their case, was
positively correlated with NH3 flux) more than doubled after installing a
small 12 V fan within the chamber. Besides, the impeller size and
rotation speed may also influence emissions. Eklund (1992) showed a
growth in emission fluxes from liquid surfaces by increasing impeller
rotation. In contrast, the same result was not obtained from land sur-
faces, where less turbulence was produced by the fan rotation speed
(Kienbusch et al., 1986); even when the speed of a motor-driven Teflon
impeller was increased from 20 to 100 revolutions per minute there was
still no significant change in NO flux (Roelle et al., 1999, 2001). The
effect that the presence of fan and its rotational speed may have on
biosolids is presently unclear and should be further explored in future
studies.

4.3.3. Incubation conditions in headspace methods

Emission measurements performed with headspace techniques can
be modulated by the incubation temperature, incubation time, and ratio
of sample to the total bottle volume. The published factors related to
incubation were summarized in Tables 4 and 5 The incubation tem-
perature was generally regarded as a critical factor, not only for ensuring
comparability of emission rates between samples but also for explaining
the spatial and seasonal variations in emissions from fields (Glindemann
et al., 2006; Kumar et al., 2011; Roelle and Aneja, 2002b). The varia-
tions of incubation temperature may affect the gaseous compound
production patterns as incubation temperature has a strong relationship
with the activity of microbial communities (Fisher et al., 2019). This is
in agreement with field observations that more odorous compounds
were released from dewatered sludge during the summer, when higher
temperature occurred (Kim et al., 2002a), as compared to those in
winter (Arispe, 2005). Apart from the difference in microbial commu-
nities led by temperature variation, this factor also influenced the
characteristics of solid sample such as texture, water-filled-pores-space
(WFPS), diffusion coefficients and nutrient mineralization (Roelle and
Aneja, 2002b); however, those correlations have not been reported
linked to biosolids-related sources.

Incubation time affected the physical and chemical parameters that
regulate gaseous transport. However, there was lack of a unified incu-
bation time in previous published papers, where a range of times have
been listed in Table 4. One reason for the dependency of gas emissions
on incubation time can be attributed to microbial activity. For instance,
the general trend of VOSCs (volatile organosulfur compounds) from
biosolids, such as methanethiol, dimethyl sulfide (DMS), and dimethyl
disulfide (DMDS), was observed to peak in the initial days then declined
to nearly undetectable levels over several days to several weeks (Fisher
et al., 2016; Novak et al., 2006). The tendency was caused by microbial
degradation of sulfur-containing amino acids or methanethiol, which
can be converted to either hydrogen sulfide from DMS or through DMDS
to DMS and hydrogen sulfide (Novak et al., 2006). However, the effect of
incubation time on odorous volatile aromatic compounds (OVACs: e.g.,
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Table 4

Summary of the typical ranges of common operational factors used in gaseous emission sampling methods from the reviewed literature Detailed parameters are shown
in Table S3 and S4.

Factor Flux hood Wind tunnel Static chamber Factor Dynamic HS Static HS
Insert depth <1 em®H™ 1cem® ™ 1cm Y Incubation ratio** 1.1/0.001"" 100,/1 Pbbs mmm, nnn_o00 /
2.5 cm™¢ 2.5 ¢cm <> 4 5cm ! 1000
5 cm" 4em™ 5-10 cm 50-80/20 17
10 cm®mn 5cm ™ 10 cm 140/0.5 "
aaa,bbb,ccc,ddd 3/207"
126/3.78>°
Fan 20-100 rpm™™P On¢eddibww Not reported Incubation 0.5 h & 0-18 days ™™™
Oonb&t Time 1-50 days >
1.5-1.6 m/s" 1h ™
~1h (24h) 000
Sweep gas flow <4 L/min 0.1-1 my/s Ehbmm.rnss, ww Not related Incubation 20 °C ¢ Tt Around 22 °C
rate 0,U,V,%,y,2 1.5 mys i temperature 91 °C PPP jjj 1L, mmm,nnn,sss,
4 L/minbm" 1-10 L/min 35 °C Kk Room temp. """
5L/ bb,dd,ee,gg,jj, l,uu,xx 30 °C 1
min®>obehent >10 L/min 7 Sweep gas flow rate 72 mL/min
5-10 L/min®" 19 m3/h "00PPag cee,fff,ggg
>10 L/min"* 1.25L/min”PP999

0.076 L/min

Noted: Incubation ratio ** = Sample mass(g)/container (L). Reference details in Table 4 are showing as follows.
2 Fisher et al. (2017a, 2017b).
b Rosenfeld et al. (2004b).
¢ Hudson et al. (2009)

4 Rosenfeld et al. (2004a).
€ Kumar et al. (2011).

f parker et al. (2013a).

& Roelle and Aneja (2002a).
" Gholson et al. (1991).

! Prata et al. (2016b).

I Parker et al. (2009).

k Roelle and Aneja (2002b).
! Gonzélez et al. (2019).

™ Roelle et al. (1999).

™ Roelle et al. (2001).

° Gholson et al. (1991).

P Lyman et al. (2018).

4 Eun et al. (2007).

T Yates et al. (1996).

® Reinhart et al. (1992).

t Bihan et al. (2020).

" Park and Shin (2001).

v Gholson et al. (1991).

" Gallego et al. (2014).

* Lucernoni et al. (2017b).
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indole and skatole) or NH3 showed no tendency, which suggests the
influence also depended on characteristics of gases (Fisher et al., 2016;
Turkmen et al., 2004a). As an additional point supporting the impor-
tance of incubation time, increasing in residence time can lead to
pressure gradient build up in static HS devices, affecting flux measure-
ments and compounds concentration in the headspace (Gholson et al.,
1991).

The ratio of sample mass to container volume in headspace methods
may also impact emission, but this factor is rarely studied. Based on
published literature, the ratios varied from 0.1 to 0.5 g/mL when eval-
uating emission rate from pure biosolids, biosolids stabilized with lime
and coal fly ash, biosolids composting and green waste composting
(Fisher et al., 2016; Kumar et al., 2011; Laor et al., 2011; Maulini-Duran
et al., 2013). Glindermann et al. (2006) sampled pure biosolids and
found that less DMDS was formed when biosolids volume occupied more
than 20% of the bottle volume. It was suggested that the microbial
degradation in the higher volume of biosolids will consume most of the
oxygen inside to form HyS or DMS, rather than DMDS (Novak et al.,
2006). The ratio variations could affect the emission fluxes by varying
the amount of oxygen retained in the vessels, which was then used in
biotic or abiotic processes. However, no further research on the influ-
ence of sample/bottle volume ratio in both static HS and dynamic HS
devices has been published.

4.3.4. Other potential influencing factors

Apart from the above common factors, efforts were also made to
analyse the influence of other parameters. For example, the insertion
depth of direct sampling devices (i.e., how much of the device’s walls is
inserted into the sample), which typically varied between 1 cm and 10
cm, would be expected to have an effect on the transport of compounds
at the surface (Gholson et al., 1991; Kumar et al., 2011; Nay et al., 1994;
Pedersen et al., 2001; Rinne et al., 2005; Roelle et al., 1999; Roelle and
Aneja, 2002b; Schroth et al., 2012). The insertion of an US EPA flux
hood into soil did have a measurable effect on the emission process,
where the increase of VOCs flux has been found to be from 80% up to
250% with more insertion (Eklund, 1992). The difference led by the
insertion depth can be explained by the changes in boundary layer
conductance, the degree of mixing, and the diffusion distance of com-
pounds in the headspace (Gholson et al., 1991).

Furthermore, the relative humidity (RH) of sweep flow was identi-
fied as capable of influencing the water evaporative flux from liquid
surfaces, as well as the flux of gas-film controlled gases like NH3 (Parker
et al. 2013a,b).

The shapes and dimensions of wind tunnels has been reviewed by
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Hudson and Ayoko (2008), which showed variations in emission rate
provide by different devices. Considering the knowledge currently
available is often based on liquid surfaces or soil, the translation to
biosolids-related sources should be critically assessed. Therefore, a
framework was proposed corresponding to gases, area sources, sampling
methods and operational factor to provide the best practice for method
application from biosolids-related sources.

5. Future work and management recommendations
5.1. Future research direction

Over past decades, various sampling methods have been employed to
measure gas emissions from area surfaces. These tended to relate to the
purpose of sampling (analytes, sources), as well as commonly used
practices. However, there were still many unsettled issues regarding the
measurement of volatile emissions from biosolids-related sources. As
discussed above, the influencing factors of sampling methods did affect
the results of measurement and their application, but future research
should focus on how to understand the influences on the biosolids-
related sources. By assessing the roles of influencing factors, the meth-
odology itself can be improved, in addition to elucidating the mecha-
nism driving the difference in emission flux, which is also a future
research prospect. Based on these works, an integrated and communi-
cated sampling methods system can be reached, explained and reported.
Then, a reliable database can be established and applied to emission
inventories or emission models.

5.2. Development of a framework for the management of sampling devices
for biosolids-related sources

In response to the current understanding of emission sampling
methods for biosolids-related sources, a detailed framework has been
developed to support decision making. In Table 6, the framework listed
the management of sampling devices in terms of investigating purposes,
analytes, practical locations, factors and limitations. Based on the tar-
gets of research, examples including the type of biosolids product and
analytes have been given. Following the provided information, the
rationale for the decision making was suggested in addition to the
sampling method. After determining the sampling technique, opera-
tional factors that have effects on measurement need to be considered, as
they may affect the interpretation of results. In addition, in order to
manage the impact of affecting factors on emissions, Fig. 5 summarized
the actions to mitigate the effect of various affecting factors, sampling
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Table 5
The summary of influencing factors of sampling methods.
Device Factors Source Analytes Flush flow Details Level Findings Reference
gas
FH Flow rate Soil Hg Air 1.5-15.6 High The chamber flushing rate appears to have a very ~ Wallschlager et al.
L/min significant impact on the measured fluxesandon ~ (1999)
the response behaviour to environmental
change.
FH Flow rate Landfill NMOC? 50% 13-18.5 High Biasing shifts from positive to negative as the Reinhart et al.
CH4+50% L/min sweep air flow rate is increased. At low flow (1992)
CO, rates, diffusion of methane is enhanced by
turbulent reduction of a laminar film boundary
above the soil.
FH Fan rate Soil NO Air 20-100 rpm  Low Varying the speed between 20 and 100 Roelle et al.
revolutions per minute (rpm) did not produce (1999); Roelle
any significant changes in the NO flux. et al. (2001)
FH Flow rate Soil, liquid VOCs Air Review High The sweep air flow rate must be high enough to  Eklund (1992)
ensure that good mixing occurs and to promote
turbulent reduction of any laminar film
boundary above the soil surface.
FH Flow rate Soil vocC Air 10-1000 High The chamber system reaches the steady state Gao and Yates
L/min more quickly at higher airflow rates. After (1998b)
reaching the steady state, higher air flow rate is
corresponding to a lower concentration.
FH Insert depth Soil, liquid VOCs Air Review High for The increase in measured emission flux due to Eklund (1992)
soil the soil disturbance from the insertion of the
chamber has been found to be 80%—-250%.
FH Insert depth Landfill NMOC? 50% 1.6-8.9 cm High Positive biasing apparently is encouraged with Reinhart et al.
CH4+50% increasing penetration depth as a result of soil (1992)
CO, disruption. Insertion depth, therefore, should be
minimized as much as possible, while still
maintaining a good seal.
FH Fan AFOP VOCs, NH;  Air Installing or High The water evaporative flux was more than Parker et al.
not doubled from disturbing the boundary layer at (2013a)
the water-air interface when the fan is existing.
FH Fan rate Soil, liquid VOCs Air Land or Low for Impeller rate has no significant effect on Eklund (1992)
liquid soil emissions from land surfaces, while has
significant effect on liquid surfaces (increased
rate resulted in increased emission fluxes).
FH Sampling Soil, liquid VOCs Air Review Un- The minimum sampling time necessary is that Eklund (1992)
time known time required to approach a steady-state
concentration within the flux chamber (3-4
residence times).
FH Air temp. Covered MeBr Air In- or High The emission of MeBr was highly correlated with ~ Yates et al. (1996)
field outside the diurnal variation in incoming solar radiation
and the diffusion through polyethylene film was
found to be strongly dependent on the
temperature.
FH, Flow rate AFOP VOCs, NH;  Air 1-20 L/min High A strong linear relationship was observed across ~ Parker et al.
WT the range of flow with the EPA flux chamber; (2013a)
however, a logarithmic relationship was
observed for the wind tunnel.
FH, WT Sweep air AFO® VOCs, NH;  Air 0-100% High Sweep air RH greatly influences the water Parker et al.
RHC evaporative flux and fluxes of gas-film controlled (2013a)
compounds like NH; and VOC.
WT Flow rate AFOP VOCs, NH3 N/A 1.1-85 High Fluxes for all eleven VOCs increased with Parker et al.
L/min increasing wind velocity (R2 = 0.7-0.99), and (2008); Parker
the linear relationship occurred for both liquid et al. (2009)
and solid samples.
WT Flow rate Livestock NH3 Air 0-3.5m/s High The NH3 emission measured with an air flow of 1~ Sommer and
manure m/s deviated significantly (P < 0.05) from the Misselbrook
emission measured using other methods, which (2016)
means air flow cause turbulent convection in the
air layers above the emitting surface.
WT Flow rate Soil CH,Cl N/A 0-140 High The flux in steady-state behaviour increases with ~ Gao and Yates
L/min the air flow rate, and high airflow rates the effect (1998a)
of the pressure deficit.
WT Flow rate Landfill Total C N/A 0.5-3.5m®/  High Odour flowrate is influenced by the wind speed Frechen et al.
h inside the wind tunnel, mass-flow rates are a (2004)
function of the velocity to the power of 0.383.
WT Flow rate Landfill VCs Ny 0.1-1.07 m/ High The emission rates of VCs increased linearly with Liu et al. (2015)
s sweeping velocity where oxygenated compounds
were dominant at low sweeping velocities (<0.5
m/s), which accounted for over 50% of the total
VCs emission.
WT Flow rate Liquid n-butanol N/A 0.1-17.6 L/ Unknown The behaviour of the wind tunnel both at high Capelli et al.
s and low air flow rates should be studied morein ~ (2009)
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Device

Factors

Source

Analytes

Flush flow
gas

Details

Level

Findings

Reference

WT

SC

SC

Static HS

Static HS

Static HS

Dynamic
HS

Static HS

Static HS

Static HS

Static HS

Static HS

Dynamic
HS

Flow rate

Dimension

Time

Ratio?

Incubation
time

Incubation
temp.

Flow rate

Incubation
time

Incubation

time

Incubation
time

Incubation
time

Incubation
time

Incubation
time

Soil and
liquid

Landfill

Soil

Dewater
sludge
Dewater
sludge

Dewater
sludge

Waste
system

Waste
system

Biosolids

Biosolids

Biosolids

Sludge
cake

Soil

Cco

CO,, CH4

VvoC

MT¢,
DMDS
MT¢, DMS

VOs

SCs

TMA,
SCs,
VFA
NH3
VSCs

OVACs

DMDS,
MT, DMS

DMDS,

MT, DMS,
HaS

NO

Air

None

N/A

None

None

None

Nz

Ny

None

None

None

None

Air

0.07-1.69
m3/min

0-100min

0-100%

1-49
Days

5,20,25
°C

0-500 mL/

min

0-4h

1-14 days

1-21days

0-16 days

1-49 days

1day, week,

month

High

High

High

High

High

High

High

High

Unknown

Low

High

High

detail, with the aim of defining the best sampling
conditions.

Gas recovery efficiencies in the tunnel were
consistently high at the higher wind speeds
indicating it will give accurate estimates of odour
emission rates.

The errors largely depend on the chamber
dimensions, including chamber height, surface
gas flux rate, and time interval over which the
data are collected.

The flux at the covered soil surface decreases
with time after the chamber is placed. But the
concentration increases faster, lead to a faster
decrease of concentration gradient across the
interface, which in turn leads to a faster decrease
of the flux.

At higher than 20% sample/bottle volume ratio,
less DMDS is formed.

No matter MT or DMS, the VOS odorants peaking
and then disappearing within 14 days of
incubation.

A decrease in the incubation temperature from
25 to 20 °C causes the necessary odour curing
time” to rise from 12 to 31 days. Low
temperature incubation at 5 °C inhibit the
biochemical formation of MT in the cake.

The detector signal for the sulfur compounds
increased 70-150% when the flow rate was
raised from O to 50 mL/min. It appears that the
influence of flow rate on adsorption is greatest
for less volatile chemicals.

The peak of VFAs appear at 2 h of incubation,
while that of the SCs and TMA is after 4 h.

VSC emissions decrease after the initial days of
storage until they were undetectable, signified by
the ammonia emissions, isn’t apparently
affected.

The production of VOSCs is due to microbial
degradation of sulfur-containing amino acids.
While the OVACs, like indole and skatole, start to
accumulate after the VOSCs have been depleted.
Averaged headspace concentrations of DMS,
DMDS, and MT can be generated with the
precursors like amino acids.

The MT, DMS followed a predictable pattern of
production, peaking between day 1 and day 7,
then declining to nearly undetectable levels over
several days to several weeks.

Hydrogen sulfide often peaks later than the
organo-sulfur compounds.

NO flux reaches the peak after 1 week incubation
and gradually decrease in the following one
month.

Sohn et al. (2005)

Senevirathna et al.
(2006)

Gao and Yates
(1998b)

Glindemann et al.
(2006)
Glindemann et al.
(2006)

Glindemann et al.
(2006)

Kim et al. (2002b)

Kim et al. (2002b)

Fisher et al. (2016)

Gruchlik et al.
(2017)

Turkmen et al.
(2004a)

Novak et al. (2006)

Cho and Peirce
(2005)

Note: NMOC?- Nonmethane organic compounds; AFOP- Animal feeding operations; Sweep air RH°- Sweep air relative humidity; Ratio%- The ration of sample mass over
the volume of containers; MT®- Methanethiol; Level® Influence level on emissions.

devices and significance levels. More details about the management of
affecting factors can be found in Table S4. Finally, the scope and limi-
tation of each technique were considered, highlighting boundaries for
the use of sampling methods.

For instance, with the purpose for calculating emission fluxes or
concentration of VSCs or VOCs from biosolids storage sheds, flux hood
was suggested since the emission measurements can be used for odour
profiling and risk assessment and, with limitation, as an input to emis-
sion modelling. For a flux hood, however, several operational parame-
ters have been identified as high influencing level, such as sweep gas
flow rate. Even though actions can be taken to mitigate the impact of gas
flow rate (shown in Fig. 5), the limitation of flux hood would still exist if
the emission process depends on the wind boundary layer over the
source, which can cause biased results. Moreover, if a sample is taken to
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laboratory for emission collection by a flux hood, the changes of mois-
ture content and oxygen content in the pores, compared to field, will
also lead to the limitation of the sampling method. In the perspective of
other sampling methods, more detailed information was discussed and
listed in Table 6.

According to the above discussion, the influencing factors play
important roles on the performance of sampling methods and the result
of measurement. Therefore, some actions were suggested to manage the
impact according to the significance level of the factors respective to
each sampling method. In an effort to avoid confusion, these measures
were summarized based on the common practice, journal publications
or guidelines. The sweep gas flow rate affected emissions significantly in
all dynamic techniques. Thus, it was recommended to maintain a proper
flow rate with the aim of avoiding over-dilution by too high flow rate or
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Table 6
Framework for the management of sampling devices based on common sampling purposes for biosolids-related source.
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Purpose Examples Sampling method and Affecting
rationale Factors***
Sample type Analytes
4@ Emission rates (or Biosolids in storage sheds or Range of odour Flux hood: SGFR; & If emission process is dependent
concentration of steady ambient conditions emissions (VSCs, VOCs),  Emission rates could be Insertion on wind boundary layer over
state) from the passive area likely to impact used for odour profiling, depth; the source, emission rates will
sources in ambient surrounding community  risk assessment or as input  Fan rate; likely be biased by the sampling

conditions.
Sampling may be in field or
in a laboratory.

Emission rates from passive
area sources in
environmental conditions.
Sampling may be in field or
in a laboratory with large

Biosolids in environmental
conditions, e.g. land
application, external
stockpiles, exposed liquid
surfaces (ponds, lagoons)

Range of odour
emissions (VSCs, VOCs),
likely to impact
surrounding community

to emission modelling

Presence of
fan

device.

@ Samples taken to the laboratory
may have other conditions
(moisture content, oxygen
content in the pores, etc.)
altered compared to the field.

samples.

Biosolids in field.
Active surfaces of landfills or
compost piles

4 Low concentration analytes
from passive or active area
sources.

4 Sampling most commonly in
field.

4@ Emissions rates and/or Odours
concentrations compared
from different materials in
controlled laboratory
conditions

4 Emission concentration in
headspace generated from
stored samples.

@ Less number of samples in
lab

Comparing different biosolids
products or treatments

Potential emission levels from
the centre of stored biosolids
piles on out loading

odorants

Low concentrations of
GHGs or VOCs emissions

VSCs emissions, key

Wind tunnel: SGFR; & If emission process is dependent

Emission rates could be Inserted on wind boundary layer over

used for odour profiling, depth; the source, emission rates will

risk assessment or as input ~ Fan rate likely be biased by the sampling

to emission modelling device.

@ Samples taken to the laboratory

may have other conditions
(moisture content, oxygen
content in the pores, etc.)
altered compared to the field.

Static Chamber: Capture Insertion 4@ Not applicable to use in

low concentrations of depth; evaluating the emission rate of

analytes emitted from Insertion volatile gases.

surfaces. time 4@ The long-term of placement for
measuring low-concentration
gases may overestimate the
concentration captured than the
real conditions.

Dynamic HS: SGFR; @ If emission process is dependent

Compare emission rates Time*; on wind boundary layer over

and/or concentrations Ratio*; the source, emission rates will

from materials Temp.* likely be biased by the sampling
device.

Static HS: Time*; 4@ Not applicable to use in

Potential emissions from a Ratio*; evaluating the emission rate of

sealed system. Temp.* volatile gases.

4@ The incubation condition may
affect the concentration
accumulated.

Note:Time, ratio, temp.*- Incubation time, incubation ratio of mass over volume, incubation temperature, respectively;
- The factors reported to influence the emissions; Limitation

Affecting Factors®
interpreation.

gas accumulation led by low flow rate. Moreover, the insertion depth
should be minimized as long as a good seal condition can be formed,
since it has been observed to have impact on changes of boundary layer
conductance, mixing and diffusion of compounds. Furthermore, the
presence of fan can ensure that the headspace is adequately mixed, so
the specifications and operation of the fan must be recorded during the
process.

Furthermore, as indicated in Fig. 5 and Table S4, the effect of incu-
bation conditions can also be mitigated by several steps. For example,
the ratio of incubated mass of sample over the volume of vessel can
highly affect the emission fluxes or concentrations. Therefore, this value
needs to be consistent during the sampling process for controlling the
bias. Additionally, an incubation ratio of less than 20% was recom-
mended according to the common practice. Besides, a series of screen
tests should be conducted, in order to find out the most suitable incu-
bation ratio and ensure an ideal sensitivity for each analysis, along with
the proper recording.

6. Conclusion

This paper has reviewed sampling methods used to measure volatile
emissions from biosolids and related sources, in order to provide a sys-
tematic understanding of the impact that sampling methods have on
emissions. Since sampling devices varied widely as reported in the
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RH**- Relative humidity of sweep gas;
s****_Limitations must be explicitated when reporting results and guide their

literatures, this paper provided a classification of sampling devices
based on common nomenclature. These uniform categories enabled the
consolidation and comparison of sampling methods for further detailed
discussions. However, large knowledge gaps still exist in interpreting
analytical influence due to limited reporting of experiment details for
biosolids-related sources. A critical analysis of advantages and draw-
backs of sampling methods and comparisons between them was con-
ducted. Influencing factors of sampling methods as well as their
significance level in relation to their likely effect on emission concen-
trations and fluxes were elucidated. Based on the analysis of sampling
methods, a framework for the management of affecting factors was
proposed to support decision making. This framework will be helpful in
deciding the best practice for sampling devices regarding the research
purpose, sample types, analytes, influencing factors and limitations of
methods, and actions for managing these influencing factors. By
addressing the potential limitations and influences of different sampling
methods on emission measurement, better practice for pollutant man-
agement and resource recovery of biosolids can be achieved.
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