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Abstract: This work aims to evaluate the non-carcinogenic health effects related to landfill odor
emissions, therefore focusing on workers involved in dynamic olfactometry. Currently, the most
common technique to quantify odor emissions is dynamic olfactometry, a sensorial analysis involving
human assessors. During the analysis, assessors are directly exposed, at increasing concentrations,
to odor samples, and thus to the hazardous pollutants contained therein. This entails the need to
estimate the associated exposure risk to guarantee examiners’ safety. Therefore, this paper evaluates
the exposure risk for olfactometric examiners to establish the minimum dilution level to be adopted
during the analysis of landfills’ odorous samples to guarantee panelists’ safety. For this purpose, an
extensive literature review regarding the pollutants emitted by landfill odor sources was conducted,
comparing compounds’ chemical concentrations and threshold limit values (TLVs) to calculate the
Hazard Index (HI) and thus establish a minimum dilution value. The data collected indicate that
a non-negligible non-carcinogenic risk exists for all landfill emissions considered. However, from
the data considered, the minimum dilution factor to be adopted is lower than the typical odor
concentration observed for these sources. Therefore, the olfactometric analysis of landfill samples
can be generally conducted in safe conditions.

Keywords: landfill; odor pollution; emission inventory; risk assessment; sensorial analysis; work-
ers’ exposure

1. Introduction

In recent decades, odor pollution related to waste treatment and disposal facilities has
become an ever-growing challenge [1–3]. Landfills are typically affected by the problem of
odorous emissions and thus are often subjected to olfactometric investigations [4]. Odorous
emissions from landfills are mainly related to the decomposition of the organic matter in the
disposed wastes [5–8]. These odor emissions often cause concerns related to their potential
effects on human health and the environment [1,2,9,10]. For these reasons, odor emissions
are currently regulated in multiple countries [11–14], and different specific techniques for
odor control and monitoring have been developed.

Among the different methods available, dynamic olfactometry is presently the ref-
erence technique for quantifying odorous emissions [15,16]. Dynamic olfactometry is a
sensorial analysis, which is standardized at the European level by the EN 13725:2003 [17].
This technique involves human examiners, called “panelists”, who are selected to judge
odor samples according to the EN [17]. During the analysis, odor samples are presented to
examiners at increasing concentration levels using a specific instrument, called “olfactome-
ter”, which dilutes the samples with neutral air [18–20]. During the analysis, examiners
are directly exposed to diluted odor samples at increasing concentrations, and thus to the
chemical compounds contained therein, including potentially hazardous ones. Therefore,
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panelists can be exposed to an undefined occupational risk during the analysis. To carry
out the olfactometric analysis while ensuring panelists’ safety, it is possible to adopt the
approach of defining a minimum dilution factor of the odor sample not to be exceeded dur-
ing the analysis. To establish this dilution value, it is necessary to evaluate the occupational
risk for these workers by considering their exposure.

It should be highlighted that the reference standard, i.e., the EN 13725:2003, despite
recommending minimizing risk during the analysis, does not define a standard procedure
for assessing the exposure risk for the panelists. For these reasons, the current revision
of the standard [21] aims to introduce a guidance on risk assessment for olfactometric
examiners, prescribing the application of current occupational exposure limits. However,
this approach may still be too generic: indeed, the absence of a reference source for the
exposure limits to be used in the toxicological evaluations may drastically affect the results
of the toxicological evaluation itself [22]. In general, to conduct a toxicological assessment, it
is necessary to analyze the species potentially present in the medium considered. Regarding
industrial odorous emissions, a large number of different molecules can be present in a
single sample. Therefore, the selection of an appropriate analytical technique becomes
crucial for the characterization of complex mixtures, such as odor samples. Currently,
among the different analytical techniques that can be adopted, one of the most useful and
diffuse is gas chromatography coupled with mass spectrometry (GC-MS) [15]. By applying
this technique, the different unknown odorous molecules present in gaseous mixtures
can be identified and—if appropriately calibrated—quantified. However, despite the
technology’s potential, GC-MS requires highly trained staff and can be a time-consuming
analysis. This is hardly applicable in practice previous to odor analysis: indeed, according
to the EN 13725, after collection, odor samples have to be analyzed by dynamic olfactometry
as soon as possible, and in any case within a maximum time interval of 30 h [21]. Therefore,
the analysis of odor samples using GC-MS before conducting an olfactometric analysis,
within the timeframe required by the standard, can sometimes be critical. To overcome this
critical issue, a preliminary evaluation of the chemicals potentially present in odor samples
analyzed by dynamic olfactometry can be conducted by researching pollutants inventories
in the scientific and technical literature, as already proposed by two previous studies
about panelists’ occupational risk [23,24]. Indeed, the information collected from the
literature available can be applied for a preliminary evaluation of the panelists’ exposure
risk prior to olfactometric analysis. This paper aims to adopt this approach, based on a
deep literature search investigating landfill emission sources and the composition of the
emitted fluxes, with the purpose of evaluating the non-carcinogenic risk for olfactometric
examiners involved in the analysis of landfill odor samples. From the data retrieved
from the scientific literature, the occupational exposure risk for examiners involved in the
olfactometric analyses of gas samples collected at the different landfill odor sources was
evaluated, with the purpose of suggesting a minimum dilution value to be adopted during
the analyses to guarantee panelists’ safety.

To obtain the minimum dilution values from the data available in the literature, the
toxicological assessment for the different sources was conducted using the maximum
concentration value of each pollutant as found in the scientific and technical literature, to
apply a conservative approach. Indeed, to evaluate the non-carcinogenic risk, the pollutants’
maximum concentrations observed in the literature were compared with the toxicological
limits (Threshold Limit Values, TLVs) available, to compute the Hazard Quotient (HQ)
for each chemical compound and then calculate the Hazard Index (HI) [25]. From the
calculation of the HI for each of the odor sources identified, the minimum dilution value to
be applied for the analysis of landfill odor samples could be evaluated.

The evaluation conducted in this study will help to categorize the toxic compounds of
landfills along with their toxicity level to implement required cautions and improve the
health of panelists that are directly exposed to the odor during olfactometric analyses.
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2. Materials and Methods
2.1. Analyzed Literature

Landfills have always been considered environmentally impactful, due to their gaseous
emissions, in terms of greenhouse gas, volatile organic compounds (VOCs), and odor [4,26–28].
Indeed, several scientific studies about gaseous pollutants emitted from landfills are avail-
able. Focusing on the aim of this study, to collect information about the nature of odorous
emissions from landfills, a complete literature review was conducted, and two main cate-
gories of studies were evaluated. The first category includes articles reporting the chemical
analysis of odorous emissions, in particular the identification and quantification of volatile
organic compounds (VOCs) from landfills, discussing the different atmospheric emission
sources [27,29–46]. The second category of papers considered includes studies focusing
on health risk assessment of odor emissions from landfills [47–49]. The papers consid-
ered are focused on, but not limited to, municipal solid waste (MSW) landfills. Indeed, a
few papers regarding mixed landfills for non-hazardous wastes or landfills for industrial
wastes [35,44,45] have been included to make the database more robust. Because of the
availability of literature studies on this topic, for the construction of the database, only
scientific papers published from 1997 to 2019 were considered, whereas older articles were
excluded from this research.

2.2. Approach Adopted for Literature Data Analysis and Classification

As previously described, gaseous emissions from landfills are well-characterized in
the scientific literature. Since the data available are therefore very detailed, it was decided
to organize the literature data according to the odor sources typically present in a landfill
plant. The chemical information retrieved from the literature was thus classified into five
different emission sources:

• Biogas emissions
• Landfill leachate emissions
• Emissions related to the disposal of fresh waste (“fresh waste emissions”)
• Emissions from the temporarily covered landfill surface
• Emissions from the permanently covered landfill surface

In the literature considered, different sampling methods have been applied to collect
samples from the above-listed sources. For biogas emissions, the samples have been
collected directly at the extraction wells or at the inlet of the landfill gas (LFG) combustion
facilities. For leachate emissions, the data available in the literature come from samples
collected in ambient air, generally very close to the source [29,35]. Therefore, the data
used in this study for leachate emissions do not refer to the gaseous emissions sampled
directly at the source (i.e., directly over the liquid surface). Regarding the emissions from
the landfill surface, two different methods are adopted in the selected literature. In some
papers (e.g., [33,35,45]), samples were collected in ambient air over the landfill surface. In
other cases (e.g., [32,36,38,44]), samples were collected employing special sampling hoods,
called flux chambers. Flux chambers are commonly used to determine emission fluxes
from landfill surfaces by introducing a known flux of neutral air inside the hood, and
then collecting a sample at the hood outlet [50]. Despite being more representative of the
emitted flux, the literature’s concentrations measured at flux chambers’ outlets are not
necessarily higher compared to concentrations measured in ambient air. Indeed, from
the literature data regarding landfill surfaces, it was not possible to highlight any trend
proving one sampling method to produce more conservative concentration values than the
other (Figure 1).
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Figure 1. Comparison of maximum concentrations (expressed in a logarithmic scale), related to fresh waste emissions,
obtained by means of flux chamber (green) vs. ambient air sampling (blue).

For this reason, to evaluate the exposure risk for panelists involved in olfactometric
measurements, it was decided to adopt a conservative approach and thus consider the
maximum concentration value as found in the literature for each compound, independently
from the sampling method used for its determination.

A schematization of the global approach adopted for data analysis and for the eval-
uation of the minimum dilution values is reported at the end of the paper in Section 3.2
(Figure 2).

2.3. Pollutants Concentrations

The chemical concentrations reported in the literature were organized in a database
according to the landfill emission sources where they were measured and the specific
sampling method adopted. As previously described, the data reported in the literature
are collected by different sampling procedures, and the concentrations can therefore be
reported in terms either of concentration or flowrate. In addition, different concentration
units are sometimes adopted in the papers. Therefore, the literature data, expressed either
in terms of concentration or of flowrate, were all converted into ppm in order to facilitate
comparison with the TLV values for the toxicological assessment. After that, in order
to adopt a precautionary approach, the maximum concentration of each compound was
extrapolated to conduct the toxicological assessment.

2.4. Threshold Limit Values (TLV)

Most of the chemical compounds emitted from landfills are characterized by non-
negligible toxicological effects on human health and the environment [51]. For evaluating
their non-carcinogenic effects on examiners involved in olfactometry, the Threshold Limit
Value concentration (TLV), specific to occupational exposure, was used in the study. In this
work, the TLV values for all compounds are derived from ACGIH (American Conference of
Governmental Industrial Hygienists) [52], according to previous papers about occupational
safety of olfactometric panellists [23,24]. Different values of toxicological threshold exist, de-
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pending on the duration of the exposure during working activities. Regarding the exposure
of olfactometric examiners, they usually work for 1 or 2 h per session, and they are exposed
to the odorous stimulus for a few seconds, according to the standard prescription [17].
However, in this study, we conservatively treat them as general workers, and to apply an
even more cautious approach [24], the TLV-TWA (Threshold Limit Value—Time-Weighted
Average) was adopted, where possible. TLV-TWA is defined as the concentration for a
conventional 8-h workday and a 40-h workweek, to which a worker may be repeatedly
exposed for an entire working lifetime without adverse effect [52]. If the TLV-TWA value
was not available, the TLV-STEL (Threshold Limit Value—Short Term Exposure Limit)
was considered in the study. TLV-STEL limits are defined as the concentration for a short
exposure (maximum 15 min) [52].

2.5. Risk Evaluation

To evaluate the non-carcinogenic risk exposure of panelists involved in the olfactomet-
ric analysis of landfill odorous samples, the Hazard Quotient (HQ) for each compound was
evaluated [53]. In general, the HQ value is the ratio between the exposure concentration
(Cexp) and the reference concentration (RfC), as reported in Equation (1):

HQ = Cexp⁄RfC (1)

RfC is, generally, the concentration that is likely to be continuously inhaled without an
appreciable risk of deleterious effects during a lifetime [54]. In this study, considering the
panelists’ exposure, the RfC adopted is the threshold limit value for work exposure (TLV),
as suggested by the ACGIH. If the HQ is higher than 1, the exposure risk correlated with a
single pollutant is not acceptable [54,55]. According to the constructed VOCs databases
and their division into sources, in this study, it was possible to evaluate the exposure risk
for olfactometric examiners correlated with the different odorous emissions by evaluating
the Hazard Index (HI) for each of the sources considered. The HI for each source was
calculated by summing up the HQs of each VOC observed for every source [56,57]. If
the HI < 1, the chemical exposure under consideration is regarded as unlikely to lead to
adverse health effects. On the other hand, if the HI > 1, adverse health effects are likely to
occur [58,59], and a minimum dilution value must be set to protect the health of examiners
involved in the analysis [22–24,60].

3. Results and Discussion
3.1. Chemical Characterization

From the literature research, different databases regarding the chemical compounds
emitted by landfills have been constructed: one for each of the emission sources identi-
fied. These databases, including the list of compounds found in the literature, together
with their TLV values and HQ, obtained according to Equation (1), are reported in the
Supplementary Materials (Tables S1–S11). The tables report the compounds and their
maximum concentrations for each source, divided according to the sampling method
used (e.g., ambient air or flux chamber). Considering the objectives of this work, i.e., the
assessment of the exposure risk related to olfactometric analyses, for the toxicological
evaluation it was decided to consider the maximum observed concentration for each source
in order to adopt a precautionary approach. Therefore, for landfill sources, the chemical
concentrations obtained by different sampling methods were considered together, and the
maximum concentration was extracted to assess the toxicological risk, independently from
the sampling method adopted. From these data, the non-carcinogenic risk associated with
landfill odorous samples was assessed by evaluating the HI for each odor source. This
value was then used to establish the minimum dilution value to be adopted when the
analysis was evaluated.
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3.1.1. Biogas Emissions

Based on the mentioned literature, the compounds associated with biogas emission
are 271 in total, and they are reported in the Supplementary Materials. Among those
271 compounds, Table 1 reports the first 20 compounds that most contribute to the overall
HI, in decreasing order, with their maximum concentration, threshold limit value, and
hazard quotient. Those 20 compounds together represent 99.994% of the overall Hazard
Index (HI), calculated by summing the HQ values of all the pollutants observed in pure
landfill gas.

Table 1. Maximum concentration, number of values observed in the literature, TLV and HQ values relevant to the most
critical compounds found in biogas.

Compound CAS Number CMAX [ppm] TLV-TWA
[ppm]

TLV-STEL
[ppm] No. of Values HQ

Hydrogen sulphide 7783-06-4 5.14E + 03 1 5 28 5140
Chloroethene 75-01-4 3.40E + 01 1 18 34
Methanethiol 74-93-1 7.12E + 00 0.5 32 14.2

Toluene 108-88-3 2.53E + 02 20 77 12.7
Benzene 71-43-2 3.72E + 00 0.5 2.5 76 7.43

Carbon disulphide 75-15-0 5.35E + 00 1 39 5.35
2,4-Dimethylheptane 2213-23-2 6.33E - 01 200 4 3.17

Trichloroethene 79-01-6 2.83E + 01 10 25 21 2.83
Styrene 100-42-5 2.28E + 01 10 20 26 2.28

Dimethyl sulphide 75-18-3 2.26E + 01 10 41 2.26
Trimethylbenzene 25551-13-7 3.80E +01 25 2 1.52
Tetrachloroethene 127-18-4 3.67E + 01 25 100 24 1.47
1,1-Dichloroethane 75-34-3 1.09E + 02 100 18 1.09

o-Xylene 95-47-6 9.83E + 01 100 150 54 0.98
P-Xylene 106-42-3 9.18E + 01 100 150 54 0.92
α- Pinene 80-56-8 1.59E + 01 20 19 0.79

Ethylbenzene 100-41-4 1.37E + 01 20 64 0.68
Tetrachloromethane 56-23-5 3.34E + 00 5 10 9 0.67
Dimethyl disulphide 624-92-0 2.77E − 01 0.5 37 0.55

Dichloromethane 75-09-2 2.45E + 01 50 23 0.49

From the data reported, it can be observed that non-negligible concentrations of po-
tentially hazardous compounds are present in biogas emissions. Regarding the associated
toxicological impact, among the compounds found in the literature relevant to biogas
emissions, the most important contribution to HI is from hydrogen sulphide, with an HQ
value equal to 5140. Although the concentration may depend on the decomposed material
involved, hydrogen sulphide is one of the most common constituents of biogas [58,59].
Apart from hydrogen sulphide, the compounds that most contribute to the HI value rele-
vant to biogas emissions are halogenated hydrocarbons, aromatic compounds, and organic
sulphur compounds (sulphides and mercaptans).

3.1.2. Landfill Leachate

Based on the mentioned literature, the compounds associated with landfill leachate
emissions are 124 in total, and they are reported in the Supplementary Materials. Among
those 124 compounds, Table 2 reports the first 20 compounds that most contribute to the
overall HI, in decreasing order, with their maximum concentration, threshold limit value,
and hazard quotient. Those 20 compounds together represent 99.5% of the overall Hazard
Index (HI), calculated by summing the HQ values of all the pollutants observed in landfill
leachate emissions.
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Table 2. Maximum concentration, number of values observed in the literature, TLV and HQ values relevant to the most
critical compounds found in landfill leachate emission.

Compound CAS Number CMAX [ppm] TLV-TWA
[ppm]

TLV-STEL
[ppm]

No. of
Values HQ

Hydrogen sulphide 7783-06-4 3.50E − 01 1 5 3 0.35
Ammonia 7664-41-7 5.77E + 00 25 35 3 0.23

Dimethyl disulphide 624-92-0 7.70E − 02 0.5 4 0.15
Acetic acid 64-19-7 1.13E + 00 10 15 5 0.113

Benzene 71-43-2 5.63E − 02 0.5 2.5 12 0.113
Formaldehyde 50-00-0 1.09E − 02 0.1 0.3 2 0.109
Ethylbenzene 100-41-4 1.45E + 00 20 12 0.073

Hexamethylcyclotrisiloxane 541-05-9 2.20E − 02 0.3 4 0.067
Decamethylcyclopentasiloxane 541-02-6 6.36E − 01 10 4 0.064

Acrolein 107-02-8 6.30E − 03 0.1 4 0.063
Octamethylcyclotetrasiloxane 556-67-2 5.75E − 01 10 15 4 0.058

α- Pinene 80-56-8 7.90E − 01 20 7 0.040
Toluene 108-88-3 6.90E − 01 20 15 0.035

1,2,4-Trimethylbenzene 95-63-6 1.83E − 01 25 1 0.0073
Styrene 100-42-5 6.58E − 02 10 20 2 0.0066

Dimethylamine 124-40-3 3.26E − 02 5 15 2 0.0065
Aniline 62-53-3 9.80E − 03 2 2 0.0049

Carbon disulphide 75-15-0 3.20E − 03 1 4 0.0032
Methanethiol 74-93-1 1.25E − 03 0.5 4 0.0025
Propionic acid 79-09-4 2.21E − 02 10 4 0.0022

Among the most critical compounds (reported in Table 2) relevant to landfill leachate
emissions, the most important contributor to the overall HI is hydrogen sulphide. Although
the maximum concentration observed in the scientific literature is lower than for other
compounds (e.g., ammonia, acetic acid or ethylbenzene), H2S has a lower toxicity threshold
for non-carcinogenic effects and is, therefore, more dangerous.

3.1.3. Surface Emissions

As previously described, to evaluate the toxicological impact related to the gaseous
emissions from landfill surfaces, the maximum concentration reported in the considered
literature was used in the toxicological assessment, regardless of the sampling method
adopted. This was done in order to adopt the most precautionary approach to assess
occupational risk for examiners involved in dynamic olfactometry. In the tables below,
the sampling method applied to obtain the observed maximum concentration value will
be reported.

Fresh Waste Emissions

Based on the mentioned literature, the compounds associated with fresh waste landfill
surface emissions are 130 in total, and they are reported, divided by the sampling method
applied, in the Supplementary Materials. Among those 130 compounds, Table 3 reports the
first 20 compounds that most contribute to the overall HI, in decreasing order, with their
maximum concentration, threshold limit value, and hazard quotient. Those 20 compounds
together represent over 90% of the overall Hazard Index (HI), calculated by summing the
HQ values of all the pollutants observed in landfill fresh waste emissions.

By looking at Table 3, it is possible to observe that the highest contribution to the
overall HI value for fresh waste emissions is again correlated with hydrogen sulphide.
In addition to this pollutant, the compounds that most contribute to the overall HI value
related to fresh waste emissions are aromatic compounds, aldehydes, sulphur compounds
(sulphides and mercaptans), halogenated organic compounds, and amines.
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Table 3. Maximum concentration, number of values observed in the literature, TLV and HQ values relevant to the most
critical compounds found in fresh waste emissions.

Compound CAS
Number

Sampling
Method CMAX [ppm] TLV-TWA

[ppm]

TLV-
STEL
[ppm]

No. of
Values HQ

Hydrogen sulphide 7783-06-4 Ambient Air 6.22E − 01 1 5 22 0.62
Ammonia 7664-41-7 Ambient Air 5.69E + 00 25 35 6 0.23
Acetic acid 64-19-7 Ambient Air 2.09E + 00 10 15 5 0.21

Formaldehyde 50-00-0 Ambient Air 1.87E − 02 0.1 0.3 2 0.19
Benzene 71-43-2 Ambient Air 6.89E − 02 0.5 2.5 34 0.14
Acrolein 107-02-8 Ambient Air 9.70E − 03 0.1 4 0.10

Methanethiol 74-93-1 Ambient Air 3.95E − 02 0.5 15 0.08
Dimethyl disulphide 624-92-0 Ambient Air 3.92E − 02 0.5 27 0.08
Hexachlorobutadiene 87-68-3 Ambient Air 9.00E − 04 0.02 2 0.05

Carbon disulphide 75-15-0 Ambient Air 3.63E − 02 1 26 0.04
Ethylbenzene 100-41-4 Ambient Air 1.43E − 01 20 33 0.0072

1,3,5-Trimethylbenzene 108-67-8 Ambient Air 1.81E − 01 25 3 0.0071
Dimethylamine 124-40-3 Ambient Air 2.80E − 02 5 15 2 0.006

Styrene 100-42-5 Ambient Air 5.05E − 02 10 20 18 0.0051
Diethyl sulphide 352-93-2 Ambient Air 4.53E − 02 10 11 0.0045

Dimethyl sulphide 75-18-3 Ambient Air 4.01E − 02 10 21 0.0040
Crotonaldehyde 4170-30-3 Flux 1.16E − 03 0.3 1 0.0039

1,4-Dichlorobenzene 106-46-7 Ambient Air 2.36E − 02 10 24 0.0024
Toluene 108-88-3 Ambient Air 3.83E − 02 20 34 0.0019

Propionic acid 79-09-4 Ambient Air 1.54E − 02 10 4 0.0015

Temporarily Covered Landfill Surface Emissions

The compounds found in the literature related to the emissions from temporarily
covered landfill surfaces are 104 in total, and they are reported in the Supplementary
Materials, according to the sampling method used. Among those 104 compounds, Table 4
reports the first 20 compounds that most contribute to the overall HI, in decreasing order,
with their maximum concentration, threshold limit value, and hazard quotient. Those
20 compounds together represent over 99% of the overall Hazard Index (HI), calculated by
summing the HQ values of all the pollutants observed in the emissions from temporarily
covered landfill surfaces.

By looking at Table 4, it can be seen that the highest contribution to the overall HI
value relevant to the emissions from temporarily covered landfill surfaces is correlated
with hydrogen sulphide. As discussed below, H2S is the compound with the highest
concentration, despite its toxicity threshold being higher than for other compounds among
those observed. In addition to this pollutant, the compounds that most contribute to the
overall HI value relevant to temporarily covered landfill surface emissions are aldehydes
and other short-chain oxygenated organic compounds (alcohols, ketones, and acids),
ammonia, aromatic compounds, halogenated organic compounds, and carbon disulphide.

Permanently Covered Landfill Surface Emissions

The compounds associated with the emissions from permanently covered landfill
surfaces are 133 in total, and they are reported in the Supplementary Materials, according
to the sampling method used. Among those 133 compounds, Table 5 reports the first
20 compounds that most contribute to the overall HI, in decreasing order, with their
maximum concentration, threshold limit value, and hazard quotient. Those 20 compounds
together represent over 99% of the overall Hazard Index (HI), calculated by summing
the HQ values of all the pollutants observed in the emissions from permanently covered
landfill surfaces.
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Table 4. Maximum concentration, number of values observed in the literature, TLV and HQ values relevant to the most
critical compounds found in temporarily covered landfill surface emission.

Compound CAS
Number

Sampling
Method CMAX [ppm] TLV-TWA

[ppm]

TLV-
STEL
[ppm]

No. of
Values HQ

Hydrogen sulphide 7783-06-4 Flux 5.74E − 01 1 5 1 0.57
Crotonaldehyde 4170-30-3 Flux 9.06E − 03 0.3 5 0.03

Ammonia 7664-41-7 Flux 4.31E − 01 25 35 1 0.02
Acrolein 107-02-8 Flux 1.16E − 03 0.1 4 0.012
Benzene 71-43-2 Flux 3.76E − 03 0.5 2.5 5 0.008

Formic acid 64-18-6 Flux 2.32E − 02 5 10 3 0.005
Furfural 98-01-1 Flux 4.53E − 04 0.2 1 0.0023

Carbon disulphide 75-15-0 Flux 1.62E − 03 1 5 0.0016
Trichloroethene 79-01-6 Flux 1.17E − 02 10 25 4 0.0012

Butanol 71-36-3 Flux 1.96E − 02 20 1 0.0010
Propanal 123-38-6 Flux 1.62E − 02 20 4 0.0008
Toluene 108-88-3 Flux 1.56E − 02 20 6 0.0008
Phenol 108-95-2 Flux 2.43E − 03 5 1 0.0005
Styrene 100-42-5 Flux 3.39E − 03 10 20 4 0.0003

Tetrachloromethane 56-23-5 Flux 1.17E − 03 5 10 1 0.00024
Acetic acid 64-19-7 Flux 2.17E − 03 10 15 3 0.00022
Propanone 67-64-1 Flux 5.34E − 02 250 500 5 0.00021

Phthalic anhydride 85-44-9 Ambient Air 1.60E − 04 1 1 0.00016
Trichloromethane 67-66-3 Flux 1.36E − 03 10 1 0.00014
Diethyl phthalate 84-66-2 Ambient Air 7.00E − 05 0.55 1 0.00013

Table 5. Comparison of maximum concentration, sampling method adopted, number of values observed in the literature,
TLV and HQ values for compounds found in permanently covered landfill surface emission.

Compound CAS
Number

Sampling
Method CMAX [ppm] TLV-TWA

[ppm]

TLV-
STEL
[ppm]

No. of
Values HQ

Toluene 108-88-3 Flux 2.47E + 01 20 34 1.2
Hydrogen sulphide 7783-06-4 Flux 5.74E − 01 1 5 2 0.6

Ammonia 7664-41-7 Ambient Air 5.43E + 00 25 35 2 0.22
Benzene 71-43-2 Ambient Air 8.45E − 02 0.5 2.5 27 0.17

Crotonaldehyde 4170-30-3 Flux 1.07E − 02 0.3 8 0.04
Acetic acid 64-19-7 Flux 3.39E − 01 10 15 17 0.03
α- Pinene 80-56-8 Ambient Air 2.63E − 01 20 9 0.013
β- Pinene 127-91-3 Ambient Air 1.59E − 01 20 9 0.0079

Ethylbenzene 100-41-4 Ambient Air 1.57E − 01 20 34 0.0078
p-Xylene 106-42-3 Ambient Air 3.39E − 01 100 150 12 0.0034
Phenol 108-95-2 Flux 1.67E − 02 5 16 0.0033

Carbon disulphide 75-15-0 Flux 2.42E − 03 1 17 0.0024
Cyclohexanone 108-94-1 Flux 2.54E − 02 20 50 17 0.0013

Butanol 71-36-3 Flux 1.70E − 02 20 1 0.00085
Tetrachloromethane 56-23-5 Flux 4.22E − 03 5 10 1 0.00084

2-Methylnaphthalene 91-57-6 Flux 3.89E − 04 0.5 15 0.00078
Ethanol 64-17-5 Ambient Air 7.24E − 01 1000 18 0.00072
Acrolein 107-02-8 Ambient Air 6.98E − 05 0.1 4 0.00070

Propanone 67-64-1 Flux 1.09E − 01 250 500 21 0.0004

By looking at Table 5, it can be seen that the highest contribution to the overall
HI value relevant to emissions from permanently covered landfill surfaces is correlated
with toluene. Indeed, based on the considered literature data, toluene is the compound
observed in the emissions from permanently covered landfill surfaces that has the highest
concentration. In addition to this pollutant, the compounds that most contribute to the
overall HI value relevant to permanently covered landfill surface emissions are short-
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chain oxygenated organic compounds (alcohols, aldehydes, ketones, and acids), ammonia,
aromatic compounds, halogenated organic compounds, and carbon disulphide.

3.2. HI Evaluation and Definition of Minimum Dilution Value

To establish a minimum dilution value to guarantee panelists’ safety during the
conduction of olfactometric analysis of landfill emissions, the HI value was evaluated
separately for each of the different odor sources considered. The HI values have been
obtained by summing the HQ values for all the pollutants observed in the literature for the
different odor sources. In Table 6, a comparison of the HI values for the different landfill
emission sources are reported, from which the minimum dilution levels to be applied for
ensuring panelists’ safety could be evaluated.

Table 6. Comparison of the HI values obtained for the different landfill odor sources.

Landfill Emission Sources HI Values

Biogas 5237
Leachate 1.51

Fresh waste 1.78
Temporarily covered landfill surface 0.66
Permanently covered landfill surface 2.31

From the HI values reported in Table 6, it is evident that a non-negligible risk, relevant
to non-carcinogenic effects, exists during the analysis of odorous samples from landfills.
Indeed, the exposure risk for panelists is negligible only for samples collected over tem-
porarily covered landfill surfaces (HI lower than 1), for which no further evaluations are
necessary. For the other sources, the overall HI values obtained are higher than 1. Therefore,
for these sources, the definition of a minimum dilution value is necessary to conduct olfac-
tometric analyses in safe conditions. Looking at the most critical sources, biogas emissions
present the highest value of HI, being equal to 5236. Therefore, to provide a safe condition
for panelists exposed to the olfactometric analysis of biogas samples collected at the extrac-
tion wells or at the inlet of the LFG combustion facilities, the minimum dilution level not
to be exceeded is 5237. However, it should be considered that the odor concentration of
a biogas sample is typically much higher than the value of the HI observed in our study,
i.e., typically ranging from 50,000–2,000,000 ouE/m3 [4,61–63]. Therefore, the olfactometric
analysis can be conducted without risk for panelists, because the odor of the sample is per-
ceived before potentially dangerous concentrations are reached. Regarding the emissions
from landfill surfaces and leachate, the values of HI obtained are slightly higher than 1
(HI < 3). In particular, for leachate emissions, the HI calculated from literature data is equal
to 1.51, and for the landfill surfaces—i.e fresh waste, temporarily and permanently covered
surfaces—the HI values are, respectively, 1.78, 0.66, and 2.31. Therefore, the dilution value
to be adopted for odor samples collected at these sources is between 0.66 and 2.31. How-
ever, it is important to note that the odor concentration of these sources is typically higher
than the HI values observed from the literature data considered [4,10,59,62,64]. In addition,
it is important to note that, in general, for commercial olfactometers, the minimum dilution
factor is 4. Therefore, the odor concentrations emitted from landfill surface emission and
landfill leachate do not need to be further diluted, since the safety condition is already met.

Table 7. OT and TLV values for hydrogen sulphide.

OT
[ppm]

TLV-TWA
[ppm]

TLV-STEL
[ppm]

0.00041 1 5
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Figure 2. Schematization of the global approach applied for data analysis and the determination of the minimum dilution
values. This study proves that the most important pollutant to be investigated for the evaluation of the non-carcinogenic
toxicological impact is hydrogen sulphide. Indeed, the HQ relevant to this compound makes a non-negligible contribution
to the overall HI for most landfill odor sources. Nonetheless, it is important to highlight that the odor threshold (OT) of this
pollutant is very low (0.00041 ppm) [65], thus making it detectable at very low concentrations. Indeed, the comparison of its
OT value (from [65]) and TLV (from ACGIH database), reported in Table 7, shows that hydrogen sulphide can be perceived
by panelists before producing any adverse effect on human health [24].

Focusing on landfill surfaces, from the results reported in Table 6, it is possible to
notice that the HI obtained for permanently covered landfill surface is higher (2.31) than
the equivalent HI values calculated for fresh waste (1.78) and temporarily covered landfill
surface (0.66). This result is apparently in contrast with the effective emission potentials of
these sources. However, this unexpected result can be explained by considering that the
literature data used for the assessment of the HI relevant to permanently covered landfill
surfaces are not the same as those used for the calculation of the HI relevant to the other
sources, since they have been retrieved from different papers describing experimental
measures carried out on different landfills located in different countries. This makes that
these data are not directly comparable, although it should be highlighted that the resulting
HI values for landfill surfaces fall within a narrow range. These differences do not affect
the validity and the significance of the considerations here presented, which are based
on the description of a more general and precautionary approach for the evaluation of
occupational exposure risk to panelists involved in olfactometric analyses of landfill odor
samples, which does not require extremely precise estimations of HI.

Figure 2 summarizes the entire data processing approach for the occupational risk
assessment adopted and the results obtained in this study.

It is important to highlight that the HI values evaluated in this study are strictly
influenced by the concentration data available in the scientific literature, which are influ-
enced by several factors (i.e., different regulations, different waste collection and disposal
procedures, different landfill management and operation procedures, and different climatic
conditions). As a result, this paper aims to provide general guidance about how to evalu-
ate the potential risk for panelists involved in the olfactometric analyses of landfill odor
samples. In this context, the HI values presented shall be considered as rough indicators
based on the concentration data reported in the literature. Therefore, the risk assessment
for real samples collected at specific landfill sites remains essential to ensure the safety of
examiners involved in dynamic olfactometry.
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4. Conclusions

Landfills represent one of the most important industrial sources of odor pollution,
and often, landfill emissions are collected to be analyzed by dynamic olfactometry. These
emissions may contain pollutants potentially dangerous for human assessors involved
in this analysis, and for this reason, it is important to investigate the exposure risk for
these workers. Therefore, this paper investigates the chemical nature, in terms of iden-
tification and quantification of pollutants, of odorous emissions collected from landfills,
and it evaluates the potential toxicological non-carcinogenic risk for panelists involved in
olfactometric analyses. To assess this risk, deep literature research was conducted to collect
detailed information about the chemical compounds emitted by landfill odor sources.
From the databases obtained by means of this investigation, the maximum concentration
values for each pollutant found in the emissions from each source were compared with the
corresponding TLV (Threshold Limit Value) to compute the Hazard Quotient (HQ) of each
compound and thus estimate the potential associated hazard risk. From these data, it was
possible to extract the specific pollutants that may cause a non-negligible effect on human
health for the different odor sources considered.

The main outcome of this study is the evaluation of the risk associated with panelists’
exposure to landfill odor samples, especially through the definition of the operational
conditions to ensure a safe working environment for them.

This was obtained by summing up all HQ values of the compounds emitted from the
different landfill sources, thus quantifying the relevant HI values.

Based on the evaluation of the HI, biogas turns out to be the landfill source entailing
the highest risk, with a HI value equal to 5236. Therefore, to provide a safe condition for
panelists exposed to biogas samples, those shall be diluted at least 5236 times to bring
their HI below one. However, since the typical odor concentration of a biogas sample is
above 50,000 ouE/m3, which is much higher than the value of HI observed in our study,
the olfactometric analysis of biogas samples can be conducted without danger for panelists.

The other landfill odor sources considered are also characterized by a non-negligible
risk correlated with non-carcinogenic effects. Indeed, the HI values associated to landfill
surfaces and leachate emissions are between 0.65 and 2.31. However, due to the technical
limitations of olfactometric analyses, such low dilution levels are never reached in practice.

Among the compounds observed in the literature, the one having the highest potential
to produce a toxicological impact on panelists’ health is hydrogen sulphide. Indeed, it
represents the molecule with the highest contribution to the overall HI calculated for the
different landfill odor sources. However, this compound is characterized by a low odor
threshold (OT = 0.00041 ppm), making it perceivable by panelists before concentrations
dangerous to human health are reached.

Based on these considerations, a toxicological problem for non-carcinogenic effects for
panelists’ exposure correlated with landfill odorous emissions does not appear. However,
the evaluation conducted in this study aims to supply information about the most critical
compounds present in landfill odor emissions in order to implement required cautions
and improve the health of panelists that are directly exposed to the odor samples during
olfactometric analyses.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/atmos12101325/s1: Table S1. Chemical compounds identified from biogas emissions reported
in scientific literature. In the table, the maximum concentration observed, the TLV and HQ values,
and the carcinogenic definition are reported, according to EU Regulation (EC) No 1272/2008. The
HQ values reported are used to establish the HI value for the odor source considered. Table S2.
Chemical compounds identified from leachate emissions reported in scientific literature. In the table,
the maximum concentration observed, the TLV and HQ values, and the carcinogenic definition are
reported, according to EU Regulation (EC) No 1272/2008. The HQ values reported are used to
establish the HI value for the odor source considered. Table S3. Chemical compounds identified from
fresh waste landfill surface emissions sampled with flux chamber reported in scientific literature. In
the table, the maximum concentration observed and the TLV values are reported. Table S4. Chemical
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compounds identified from fresh waste landfill surface emissions sampled in ambient air reported
in scientific literature. In the table, the maximum concentration observed and the TLV values are
reported. Table S5. Chemical compounds identified from fresh waste landfill surface emissions
reported in scientific literature, sampled with both methods. In the table, the maximum concentration
observed, the associated sampling method, the TLV and HQ values, and the carcinogenic definition
are reported, according to EU Regulation (EC) No 1272/2008. The HQ values reported are used to
establish the HI value for the odor source considered. Table S6. Chemical compounds identified
from temporarily covered landfill surface emissions sampled with flux chamber reported in scientific
literature. In the table, the maximum concentration observed and the TLV values are reported. Table
S7. Chemical compounds identified from temporarily covered landfill surface emissions sampled
in ambient air reported in scientific literature. In the table, the maximum concentration observed
and the TLV values are reported Table S8. Chemical compounds identified from temporarily covered
landfill surface emissions reported in scientific literature, sampled with both methods. In the table,
the maximum concentration observed, the associated sampling method, the TLV and HQ values,
and the carcinogenic definition are reported, according to EU Regulation (EC) No 1272/2008. The
HQ values reported are used to establish the HI value for the odor source considered. Table S9.
Chemical compounds identified from permanently covered landfill surface emissions sampled with
flux chamber reported in scientific literature. In the table, the maximum concentration observed
and the TLV values are reported. Table S10. Chemical compounds identified from permanently
covered landfill surface emissions sampled in ambient air reported in scientific literature. In the
table, the maximum concentration observed and the TLV values are reported, Table S11. Chemical
compounds identified from permanently covered landfill surface emissions reported in scientific
literature, sampled with both methods. In the table, the maximum concentration observed, the
associated sampling method, the TLV and HQ values, and the carcinogenic definition are reported,
according to EU Regulation (EC) No 1272/2008. The HQ values reported are used to establish the HI
value for the odor source considered.
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