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Conventional particle emission measurement technology only takes into account the total emission and does not offer

spatial resolution. Extensive troubleshooting is required in order to identify potential emission hotspots (e.g., small leaks)

that contribute strongly to dust emissions. A network of inexpensive low-cost PM-sensors was used in a small-scale bag-

house filter for spatial online particle emission monitoring. Different types of emission hotspots were investigated. Spatial

PM monitoring enabled the reliable identification of the position of the hotspot as well as estimation of leak size.
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1 Introduction

Modern filter media applied for particle separation in
industrial pulse-jet cleaned filters (baghouse filters) can pro-
vide very low particle emission levels and enable sufficient
protection of the environment and downstream unit opera-
tions from dust emissions [1]. During filter operation, dust is
separated at the surface of the filter medium what leads to
the formation of a dust cake with high separation efficiency.
The dust cake is periodically removed (e.g., via jet pulse) in
order to lower the differential pressure between raw-gas side
and clean gas side to grant economic long-term operation
[2, 3]. After jet-pulse cleaning, a particle emission peak can
be detected on the clean gas side (or locally at the corre-
sponding filter element), as particles can briefly penetrate the
unprotected previously regenerated filter medium [4]. Pene-
tration mechanisms through filter media other than direct
penetration (e.g., seepage) have also been proposed in the
past [5] but play a subsidiary role. Dependent on the age and
the surface properties of the filter medium as well as the raw
gas-concentration and other operating parameters, the parti-
cle emission peak only occurs over several minutes or even
seconds and rapidly decreases to a zero level [6]. Baghouse
filters remain one of the state-of-the-art methods for
industrial dust removal, but the operation and maintenance
of the filters is not without individual challenges depending
on process parameters, type of dust and gas composition [7].

Problems regarding stable filter operation occur, if the
cycle time between individual cleaning events approaches

zero (Dp-controlled operation) or the differential pressure
vastly exceeds the desired operation window (Dt-controlled
operation) [8, 9]. These effects can be caused by an increase
of residual pressure drop over the course of long-term filter
operation. Especially nanoparticles can lead to clogging and
significant aging of the filter medium, so that e.g., filtration
of a pre-coat consisting of coarser particles may be neces-
sary [10–12].

In the industrial application, the ideal emission behavior
(emission peak after filter regeneration only) is seldom the
case. Here, leaks of the filter bag (e.g., due to mechanical
stress on the bag after many years of operation, pinhole
leaks caused by sparks, abrasive dusts, particle penetration
through the seams etc.) or the plenum plate (incorrectly
installed filter elements, missing or damaged screws, etc.)
can greatly contribute to the over-all dust emission [13–15].
Bach and Schmidt [16] investigated the contribution of
small pinhole leaks in a filter test rig and Kurtz et al. [17]
investigated the contribution of leaks in a small-scale bag-
house filter. Both studies showed the dominating role of
even small leaks (several ppm of installed filter area) on the
total dust emission. Exceeding emission limits is one of the
main reasons for shutdown of the plant or individual filter
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houses. The reliable detection of leaks is one of the most
important challenges of the filtration industry [18].

Conventional monitoring systems for dust emissions are,
e.g., gravimetrical measurement or triboelectric sensors
[19]. Gravimetrical measurement requires averaging inter-
vals in order to determine the total mass-based dust emis-
sion, offering no online information on the current emis-
sion. Triboelectric sensors offer a temporally resolved
emission signal for the total dust emission on the clean gas
side. However, even if a high continuous emission, hinting
at a leak, is detected the origin of the emission hotspot
remains unknown. In order to identify the position of a
leak, a common method is the application of fluorescent
dust, so that regions of increased particle penetration may
be visually identified during a plant shutdown.

A cost-efficient and spatially applicable online monitoring
tool could greatly help plant operators to identify local emis-
sion hotspots within the filter house. Li et al. employed an
optical sensor, which could reliably detect a highly damaged
filter bag (several cm2 leak area) [20]. As previously stated,
the range of potential damage on a filter bag is wide, as even
small defects can cause a high emission contribution.

In previous studies, the potential of cheap, scattered-
light-based low-cost PM-sensors has been investigated
regarding their ability to correctly monitor the emission
behavior of pulse-jet cleaned filters [6, 21, 22]. The sensors
could reliably detect the PM-emission peak at the corre-
sponding, previously regenerated, filter bag and showed
qualitative agreement with a highly developed laboratory
optical particle counter. Different (spatial) emission levels
based on different filter media were investigated in a filter
test rig and in a small-scale baghouse filter.

In this study, the suitability of the identification and locali-
zation of particle emission hotspots via low-cost PM-sensors
is performed in a small-scale baghouse filter. On the one
hand, spatial identification of a filter bag with open seams
(whereby the seams enable high particle penetration during
the initial filtration cycles) is investigated. Additionally, the
impact of an increasing number of small leaks of several mm
in diameter in a single filter bag on the measurement and de-
tection capabilities of low-cost PM-sensors is shown.

2 Material and Methods

2.1 Objective of the Investigations

Previous investigations regarding spatial particle emission
monitoring for pulse-jet cleaned filters mainly dealt with
the overall characterization of the (spatial) emission behav-
ior and validating the suitability of the low-cost PM-sensors
for filtration applications. The characteristic emission be-
havior and distinct particle emission levels based on particle
penetration through different filter media were identified in
a filter test rig under defined conditions [21]. Additional
investigations were performed in a small-scale baghouse fil-

ter with 9 filter bags under more praxis-relevant operation
conditions. Ideal emission behavior (detection of a particle
emission peak after filter regeneration of the corresponding
filter bag only) was correctly detected by spatially deployed
low-cost PM-sensors for membrane filter bags with sealed
seams (low emission level, no emission contribution of the
seams, etc.) [22]. The emission behavior for regular bags is
different especially during the initial filtration cycles and for
higher tank pressures for filter regeneration, as particles can
penetrate the seams of the filter medium [6]. Clogging of
the seams causes a decrease in particle emission and spatial
particle emission peaks are detected at the corresponding
filter bag after jet-pulse cleaning. Different particle emission
levels could also be distinguished in the small-scale bag-
house filter due to the measurement with low-cost PM-sen-
sors. The local and total qualitative emission behavior cor-
responded well to reference measurements employing a
highly developed laboratory optical particle counter.

One of the most prominent potential applications for
spatial particle emission monitoring is the detection and
identification of emission hotspots, as leaks may contribute
greatly to the dust emission of pulse-jet cleaned filters, even
exceeding the emission contribution of all installed filter
elements that are in sound conditions [17, 18]. The objec-
tive of the presented measurements was the local identifica-
tion and evaluation of the emission contribution of spatial
particle emission hotspots. Different application scenarios
were investigated according to Fig. 1.

In the first measurement campaign (scenario 1), all filter
bags were made from medium A and the seams of all but one
factory-new filter bag were sealed applying a sealing paste.
This creates an emission dynamic, whereby one filter bag
with the regular non-sealed seams contributes greatly to the
overall dust emission, as particles can easily penetrate the
seams of the filter bag during the initial filtration cycles
[6, 14]. After several cycles, the seams are (mostly) clogged
and the emission behavior approaches ideal behavior (detec-
tion of particle emission peak after filter regeneration only).
This case represents a moderate fluctuating temporal emis-
sion hotspot. The position of the corresponding bag with
non-sealed seams was varied in order to investigate the po-
tential of the sensors to localize the particle emission hotspot
within the baghouse filter. A similar experiment was shown
in a previous publication for one filter position only [22].

In the second measurement campaign (scenario 2), filter
bags made from medium B were installed. After previous
measurement campaigns, consisting of approx. 400 filtra-
tion cycles, the emission behavior was close to ideal opera-
tion due to filter aging and clogging of the seams. After-
wards, the central filter bag (bag number 5) was pierced
with a hot cannula of 3 mm diameter, creating a small leak.
After 30 Dt-controlled overall filtration cycles for each filter
bag, an additional hole was added (repetition of procedure
up to six small leaks; exception for the case of four holes,
where two additional holes were added). This scenario en-
ables the detection of a strong spatial emission hotspot.
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In addition to the implementation of leaks in the filter
medium, a screw with a defined leak diameter of 4.2 mm
was installed in the plenum plate without direct measure-
ment in order to check, if a spatial emission hotspot further
away from the sampling ducts of the spatially deployed low-
cost PM-sensors could be identified (scenario 3, Supporting
Information, SI).

2.2 Small-Scale Baghouse Filter

In Fig. 2, a schematic overview of the testing facility includ-
ing the employed operating parameters is displayed. A radi-
al blower creates a circulating air flow through the testing
facility. Dust is dispersed into the raw gas at two separate
points. Dust from a silo enables a steady supply of new dust
and separated dust is recirculated back into the system in

Chem. Ing. Tech. 2023, 95, No. 1–2, 1–12 ª 2022 The Authors. Chemie Ingenieur Technik published by Wiley-VCH GmbH www.cit-journal.com

Figure 1. Overview of the different application scenarios for the detection of a spatial emission hotspot (scenario 3 in the ap-
pendix).

Figure 2. Schematic overview of the experimental facility including the small-scale baghouse filter (figure
modified from [6, 22, 23]).
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order to grant economic long-term operation. The raw-gas
concentration is monitored at an extinction measurement,
which has been calibrated to a mass-based raw-gas concen-
tration of approx. 5 g m–3.

The central element of the experimental facility is a
small-scale baghouse with a total of nine filter bags
(installed filter area of 4.14 m2). The differential pressure
between raw-gas side and clean-gas side is monitored and
each filter bag can be regenerated individually by a jet pulse
from the clean-gas side. During regeneration, the dust cake
is detached from the filter surface and drops into the hop-
per. The employed cleaning strategy was a bag-by-bag
cleaning algorithm. The cycle time between the individual
filter regenerations varies between experiments and was
kept above 30 s to grant stable operating conditions. The
exact cycle time for the corresponding experiment is anno-
tated in the figure.

Particle emission monitoring is performed locally via the
application of low-cost PM-sensors (spatial PM monitor-
ing) and further down the line at the outlet of the filter
house in order to monitor the total emission both with a
low-cost PM-sensor and a highly developed laboratory
aerosol spectrometer (cf. Sect. 2.2).

The employed test dust was Pural SB�. It is a free-flowing
test dust with a mass median diameter of approx. 45 mm.
Nonetheless, there are significant amounts of submicron
particles within the test dust [23]. Due to its non-agglomer-
ating behavior, the dust tends to cause high emissions in fil-
ter tests [24].

2.3 Aerosol Measurement Technology

Emission measurements were performed employing two
different types of optical particle counter. On the one hand,

low-cost PM-sensors of the model OPC-N3 by the manu-
facturer Alphasense were mounted at the blast pipe of each
individual filter bag. Each sensor is equipped with a sam-
pling hose in order to measure the emission close to the
source at the outlet of the filter bag. Another low-cost PM-
sensor was placed at the outlet of the filter house in order to
monitor the total dust emission (Fig. 3).

As reference, a highly developed laboratory aerosol spec-
trometer (Promo� 2000 with welas�2100 sensor) of the
manufacturer Palas� was also installed on the clean gas side
(cf. Fig. 1). Several key specifications of the two different
devices are summarized in Tab. 1.

The low-cost sensors were not calibrated against the refer-
ence. The index of refraction of the test dust was not consid-
ered in the configuration of the measurement devices (stan-
dard setting). The density of the test dust was adjusted in the
configuration of the Palas� system and via adjustment of the
‘‘bin weighting index’’ of the Alphasense sensor. While the
Palas� system has an implemented coincidence correction
and takes into account border-zone errors, there is no infor-
mation available whether or not the Alphasense sensor inter-
nally corrects potential measurement errors [27].

www.cit-journal.com ª 2022 The Authors. Chemie Ingenieur Technik published by Wiley-VCH GmbH Chem. Ing. Tech. 2023, 95, No. 1–2, 1–12

Figure 3. Photograph of the positioning of low-cost PM-sensors
at the individual filter bag and for monitoring of the total dust
emission on the clean gas side.

Table 1. Overview of sensor specifications [25, 26].

Device OPC-N3 Promo�2000 with Welas�2100

Manufacturer Alphasense Palas�

Measurements Mass-based concentration: PM1, PM2.5, PM10; Count rate
and size resolved particle counts

Mass and number based total concentration, size distri-
butions, size resolved PMx conversion

Maximum concentration 2000 mg m–3; coincidence probability of 0.84 at
1000 # cm–3

500 000 # cm–3

Detectable size range 0.35–40 mm 0.2–10 mm; 0.3–17 mm; 0.6–40 mm (user selectable)

Size categorization 24 bins 64 bins per decade

Approximate cost (including
required cables & connectors)

» 400 € > 30 000 €

Length x Width x Height 75 mm ·45 mm ·63.5 mm 245 mm ·100 mm ·80 mm (Welas� sensor only)

Response time » 1 s » 1 s

Volume flow 5.5 L min–1; 280 mL min–1 (sample) 5 L min–1

Configuration rparticle = 2800 kg m–3; naerosol = 1.5; spherical particles rparticle = 2800 kg m–3; naerosol = 1.59; spherical particles
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2.4 Filter Media and Methodology for the Detec-
tion of Particle Emission Hotspots

Tab. 2 lists the employed filter media. Note that the emis-
sion contribution of the filter media plays a subordinate role
when compared to the investigated emission hotspots in the
different test scenarios.

Filter medium A (scenario 1) is a membrane filter medi-
um (high separation efficiency). Sealing the seams of the fil-
ter bag enables test conditions with ideal emission behavior.
A filter bag without sealed seams shows increased continu-
ous particle emissions during the initial filtration cycles, as
particles can penetrate the seams of the filter bag. For the
investigations (Fig. 1), the seams of all but one filter bag
were sealed. The filter bag without sealed seams was a fac-
tory-new bag for each run and filter position. The bags with
sealed seams have not been aged prior to the investigations.
Due to the high separation efficiency of the membrane, sig-
nificant filter aging effects due to agglomeration of particles
within the filter matrix are not expected over the course of
the experiments.

Filter medium B (scenario 2 & 3) is a typical
polyester needle-felt. The filter bags have been
aged prior to the investigation (400+ filtration
cycles each). Since the experiments in scenario 2
and 3 focus on leak detection, the emission con-
tribution of the intact bags is negligible com-
pared to the strong emission hotspots and fur-
ther filter aging does not impact the results.

3 Results

The following section presents the experimental
results from scenario 1 and scenario 2 (see Fig. 1).
Note that scenario 3 can be found in the SI.

3.1 Localization of a Temporal Emission
Hotspot (Seams of a Single Filter Bag)
– Scenario 1

During the initial filtration cycles of a factory
new bag (or filter medium), increased particle
penetration is possible, as the deposition of par-
ticles within the filter matrix over time increases
the separation efficiency. This effect is commonly
referred to as filter aging and is accounted for in
test procedures for the characterization of filter
media [28]. In order to create temporal particle
emission hotspots, this behavior was exploited as
the seams of all but one filter bag were sealed.
The sealed bags enable the ideal emission behav-
ior with defined peaks after each regeneration,
whereas the bag with the regular seam is subject
to increased particle penetration during the ini-

tial filtration cycles. Fig. 4 shows the temporal and spatial
particle emission profile of the measurement where bag
number one was the factory-new bag without sealed seams.

The particle emission contribution of the filter bag with
open seams dominates the total particle emission. After sev-
eral cleaning cycles, both the total emission (Palas� – total)
and the local emission at the filter bag with regular seams
decrease, indicating clogging of the seams. As the pressure
for filter regeneration was kept at a moderate level of 3 bar,
ideal emission behavior with defined peaks after jet-pulse
cleaning and zero emission during the filtration phase is
reached and maintained during the experiment.

A summary of the experimental results repeating the pro-
cedure for each filter position is shown in Tab. 3 with
regards to the average PM concentrations during the
experiments. Note that concentrations are subject to fluctu-
ating flow conditions within the baghouse, as larger volume
flows occur at the recently regenerated bag [22, 29]. None-
theless, the values are suitable for a semi-quantitative com-
parison of different (spatial) emission levels.

Chem. Ing. Tech. 2023, 95, No. 1–2, 1–12 ª 2022 The Authors. Chemie Ingenieur Technik published by Wiley-VCH GmbH www.cit-journal.com

Table 2. Specifications of employed filter media

Medium Area weight
[g m–3]

Thickness
[mm]

Permeability
(200 Pa)
[L dm–2min–1]

Fiber material &
remarks

A (membrane) 500 1.9 30 PPS (heat set) with
laminated ePTFE
membrane

B (needle-felt) 600 2 70 PE, singed upstream
side

Figure 4. Spatial PM2.5 profile with bag 1 as a temporal emission hotspot due to
the seams of the filter bag.
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The single bag with regular seams can be easily identified
due to the increased PM concentrations at each position
(compare the diagonal of the table). The average PM concen-
trations are subject to long averaging intervals (30 filtration
cycles for each bag with Dt = 2 min), where the highest emis-
sions occur during the initial cycles, where constant particle
penetration through the seams is possible. Therefore, the
absolute concentration peaks and the concentrations during
these corresponding cycles are significantly higher compared
to the average of the total experimental duration displayed in
Tab. 3. At all other measurement positions with bags with
sealed seams, the resulting PM concentrations are lower and
almost at a zero level. The concentrations are similar to the
concentrations obtained during a previous reference mea-
surement, where all bags had sealed seams and correspond to
ideal emission behavior (right column of the diagram).

An exception is bag number nine, where consistently high-
er concentrations are detected compared to the other bags.
This is also in agreement with the measurement where bag 9
was exchanged with a factory-new bag with regular seams, as

the measured concentrations exceed the concentrations from
the other positions by a large margin. Nonetheless, the con-
centrations at bag 9 remain lower than the concentrations of
the respective bag with regular seams. A concise explanation
for this outlier is difficult, as a direct comparison between the
total and local concentrations is not possible and it remains
unclear if the emission were indeed higher at this measure-
ment position, e.g., due to faulty installation of the bag.
Another possibility is a systematic error of the sensor itself,
however sensor 9 did not show notable differences during the
reference measurement (all bags with sealed seam) and in
consecutive measurement campaigns.

There is no direct correlation between the total concen-
tration measured by the Palas� reference and the average
concentrations measured by the low-cost sensors. Thus, an
estimation of the intensity of the total PM emission from
the local measurement is not possible and the sensor may
merely serve as a qualitative monitoring tool. However, the
spatial identification of the temporal emission source was
very reliable for each measurement position.

www.cit-journal.com ª 2022 The Authors. Chemie Ingenieur Technik published by Wiley-VCH GmbH Chem. Ing. Tech. 2023, 95, No. 1–2, 1–12

Table 3. Summary of measurements regarding the spatial identification of a temporal emission hotspot (Dt = 120 s, filter medium A,
ptank = 3 bar).

Local meas-
urement bag
no.

Bag with regular seamsa) All bags
with sealed
seams9 8 7 6 5 4 3 2 1

1 Avg. PM2.5 [mg m–3] 0.3 0.4 0.3 0.5 0.4 0.4 0.3 0.4 72.8 0.3

Avg. PM10 [mg m–3] 3.7 5.0 3.8 4.3 3.3 4.0 2.2 3.0 860.3 4.0

2 Avg. PM2.5 [mg m–3] 0.3 0.3 0.3 0.5 0.3 0.3 0.4 82.0 0.8 0.3

Avg. PM10 [mg m–3] 7.5 7.5 6.2 9.0 5.3 6.5 5.2 416.4 13.0 8.4

3 Avg. PM2.5 [mg m–3] 1.2 1.7 2.1 0.3 0.3 0.8 121.4 1.2 0.3 1.5

Avg. PM10 [mg m–3] 10.8 13.3 14.8 3.7 3.4 7.3 815.1 12.0 2.7 11.0

4 Avg. PM2.5 [mg m–3] 0.3 0.3 0.3 0.4 1.4 149.3 0.2 0.4 0.2 0.3

Avg. PM10 [mg m–3] 2.2 2.5 2.6 3.4 11.1 1812.9 1.6 3.6 2.6 2.5

5 Avg. PM2.5 [mg m–3] 0.2 0.4 0.2 1.4 20.9 0.3 0.4 0.4 0.4 0.5

Avg. PM10 [mg m–3] 1.7 3.7 1.9 13.8 117.2 2.8 3.1 3.2 2.8 5.9

6 Avg. PM2.5 [mg m–3] 0.2 0.2 0.2 18.1 0.1 0.2 0.5 0.3 0.2 0.2

Avg. PM10 [mg m–3] 1.5 1.4 1.2 184.3 0.7 1.2 6.9 2.2 3.5 3.2

7 Avg. PM2.5 [mg m–3] 0.9 0.6 25.1 0.3 0.4 0.5 0.2 0.2 0.3 0.4

Avg. PM10 [mg m–3] 9.8 9.0 509.2 3.6 3.1 5.3 1.7 1.4 2.0 2.6

8 Avg. PM2.5 [mg m–3] 0.6 28.2 1.3 0.4 0.4 0.5 0.3 0.3 0.4 0.3

Avg. PM10 [mg m–3] 6.9 705.4 15.2 3.8 5.0 4.9 2.7 2.5 2.3 5.2

9 Avg. PM2.5 [mg m–3] 308.3 0.4 0.3 1.4 1.9 2.7 1.3 0.9 0.7 0.4

Avg. PM10 [mg m–3] 8530.0 9.0 4.4 24.9 40.5 62.9 23.1 13.7 10.3 6.4

Total emis-
sion (Palas�)

Avg. PM2.5 [mg m–3] 78.0 49.9 24.8 21.9 n.a. 9.0 10.6 12.9 5.9 1.4

Avg. PM10 [mg m–3] 1055.1 688.3 313.6 281.4 n. a. 127.5 133.4 162.4 75.5 16.8

a) all other bags with sealed seams.
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Another experiment can be found in the SI, where an
entire row of filter bags (position 4, 5 and 6) was exchanged
with factory new bags. The corresponding row could also be
reliably identified as the main contribution to the total
emission with the help of low-cost PM-sensors.

3.2.1 Localization of a Strong Continuous Emission
Hotspot (Leak in a Single Filter Bag) – Scenario 2

While the seams of the filter bag mainly serve as a temporal
origin for dust emissions during the initial filtration cycles,
their impact on the total dust emission is comparably small
when related to the total lifetime of the filter bag. Leaks
may cause sudden significant increase in dust emissions
and are one of the major reasons for the shutdown of filter
houses.

In scenario 2, the filter bag at position made from filter
medium B was pierced with a cannula of 3 mm diameter in
order to create an increasing number of leaks over multiple
experimental runs (Dt = 30 s). Fig. 5 displays the spatial
PM2.5 emission profile for the initial experiment (one leak).

Similar to the experiments shown in Sect. 3.1, the posi-
tion of the damaged filter bag can be easily identified from
the measured PM data. The constant particle flux through
the leak is indicated via the total concentration measured by
the Palas� reference in the background of Fig. 5. The sur-
rounding filter bags mostly show the ideal emission behav-
ior, where distinct emission peaks are detected after jet-
pulse cleaning. A preceding measurement before creating
the leaks can be found in the SI and also shows the ideal
emission behavior for all measurement positions.

When increasing the number of leaks, the bypass flow
penetrating to the clean gas side without filtration also
increases, resulting in higher clean gas concentrations.
When comparing the measurements with one leak and six
leaks regarding the PM concentra-
tions at the damaged filter bag, a
measurement error of the low-cost
PM-sensor can be observed (Fig. 6).
The same error likely occurs during
minute 100–150 of the experiment
with one leak.

Even though the leak area in-
creases, the measured PM2.5 concen-
tration of the low-cost sensor at the
emission hotspot decreases, seeming-
ly giving an indication of a zero-
emission level. The PM10 concentra-
tion shows the actual correct trend of
increasing concentration with in-
creasing leak area/bypass flow. This
correlation (high PM10 and low
PM2.5 at high concentration condi-
tions and no change in raw gas parti-
cle size distribution) is a clear indica-
tion for a coincidence error, where
multiple particles pass the measure-

ment volume of the low-cost PM-sensor simultaneously. A
more in-depth explanation of the coincidence error, refer-
encing the relevant standards, can be, e.g., found in the
book by Gail and Gommel [30]. When a particle passes the
measurement volume of an optical particle counter, light is
scattered at the single particle. The scattered light causes a
signal peak at the detector of the sensor. Based on the peak
height, particles are classified into the respective optical size
class. The number of counting events in a certain time du-
ration related to the measurement volume yields the particle
number concentration. The determined particle size, parti-
cle density, shape factor and index of refraction, enable the
calculation of particle mass concentrations from the previ-
ously determined particle number concentration. Based on
their size, they contribute to the corresponding mass-based
PM concentrations (e.g., PM2.5 or PM10). When multiple

Chem. Ing. Tech. 2023, 95, No. 1–2, 1–12 ª 2022 The Authors. Chemie Ingenieur Technik published by Wiley-VCH GmbH www.cit-journal.com

Figure 5. Spatial PM2.5 profile with bag 5 as a strong continuous
emission hotspot due a leak of 3 mm diameter.

Figure 6. Comparison of the measured local dust emissions for one and six leaks regarding
PM2.5 and PM10 concentrations.
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particles pass the measurement volume simultaneously, the
signal peak is overestimated, and the individual counting
events cannot be distinguished. Thus, the number of count-
ing events is lower, but the determined particle size is higher
than in reality [27, 30–32]. If this wrongly allocated diame-
ter exceeds the PM2.5 size class and is instead classified as a
PM10 relevant particle, the PM2.5 concentration decreases
while the PM10 concentration further increases. The de-
crease of detected particles in the smaller size fraction can
also be derived from the particle size distribution (cf. Fig. 9).
In general, coincidence-free measurement is limited by a
maximum count-rate that depends, e.g., on the size of the
measurement volume. Highly developed aerosol spectrome-
ters (or optical particle counters) may employ a coincidence
correction, as is the case for the Palas� reference [25]. It is
unknown, whether or not the employed low-cost sensor uti-
lizes similar methods.

At the end of the experiment and the end of dust dosage
(no emission bypass through the leak), the PM10 concentra-
tion decreases, which is linked to an increase in PM2.5

concentration. The number of particles passing the mea-
surement volume decreases, so that the impact of the coin-
cidence error is lower and counting events can be correctly
distinguished and particles are allocated to the correct
PM2.5 relevant size classes.

The measurement error puts the quantitative accuracy of
the low-cost sensor into question, however qualitative or
semi-quantitative information regarding the size of the leak
and its position may still be gained. Fig. 7 shows the spatial
PM10 profile for the case of six leaks total, as the PM2.5

reading of the sensor is greatly affected by coincidence
effects.

The dust emission has increased considerably (average of
2000 mg m–3 PM2.5 and 40 000 mg m–3 PM10 – cf. Palas� ref-
erence in Fig. 6), greatly exceeding the manufacturer specifi-
cations of the sensor (see Tab. 1). However, even for this

case, a clear identification of the damaged bag is possible
and all other low-cost PM-sensors show the expected ideal
behavior. The sharp increase of the particle concentration at
about 50 min time at position 5 is caused by a sudden shift
in the internally determined sensor flow rate. A decrease in
flow rate causes higher concentrations, as the counting
events are related to a smaller volume for the determination
of particle number concentration and the respective PM
values. A more in-depth discussion of this measurement
artifact (sample flow rate) can be found in the SI. The find-
ings further demonstrate the limitations of the sensors,
which are not suitable for accurate concentration readings
under these conditions.

Despite the resident measurement artifacts, a reliable
identification of the strong emission hotspot could be
achieved by operating a network of low-cost PM-sensors
within the baghouse filter. There is a clear potential for
improved process monitoring applying low-cost PM-sen-
sors as a cheap monitoring tool in order to identify the ori-
gin of dust emissions and qualitative trends regarding the
emission level. The investigations in scenario 3 in the
appendix show that measurement close to the hotspot is
crucial for a successful identification. The leak in the ple-
num plate could not be allocated via the sensor data from
the positions at the individual filter bags. Nonetheless, the
low-cost PM-sensor monitoring the total dust emission cor-
rectly detected the concentration increase, offering an indi-
cation on the required maintenance and showing that the
filter bags are intact and not the origin of the increased
emission.

3.2.2 Impact of Leak Diameter on the Detection
Capabilities of the Low-Cost PM Sensors –
Scenario 2

While the position of the leak at bag number 5 could be
reliably identified, coincidence effects were observed in the
form of an increasing PM10 concentration and a decreasing
PM2.5 concentration at the PM emission hotspot. Presum-
ably, multiple particles pass the measurement volume
simultaneously under high concentration conditions, caus-
ing the detection of a lower particle number concentration
with a larger overall particle size as the individual counting
events can no longer be distinguished. Fig. 8 shows the aver-
age concentrations of the total dust emission as determined
by the Palas� reference and the low-cost sensor further
down the clean gas duct (Fig. 3), as well as the local concen-
tration measured by the low-cost PM-sensor positioned at
the emission hotspot (bag 5).

The Palas� reference shows the correct behavior reported
in literature, whereby the dust concentration increases lin-
early with leak area [16, 17]. The deviation to perfect linear
behavior (especially visible for the change from four to six
leaks total) originates from smaller fluctuations regarding
the dust dosage and the possibility of particle deposition
and bridging of the leaks during the experiment (see Fig. 1
where part of the circular 3 mm leak is blocked by particles).

www.cit-journal.com ª 2022 The Authors. Chemie Ingenieur Technik published by Wiley-VCH GmbH Chem. Ing. Tech. 2023, 95, No. 1–2, 1–12

Figure 7. Spatial PM10 profile with bag 5 as a strong continuous
emission hotspot due to six leaks of 3 mm diameter each.
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The average number concentration detected by the Palas�

reference during the experiment with six leaks was approx.
4000 cm–3 (maximum peak at approx. 25 000 # cm–3) so
that a coincidence error of the reference is unlikely [25].

The Alphasense sensor also measuring the total concen-
tration in the clean gas duct shows a linear increase for the
first two leaks. Afterwards, the slope of the average PM10

concentration curve decreases. The effect on PM2.5 concen-
tration is more pronounced by the larger amount of par-
ticles penetrating to the clean gas side. Adding a third leak
results in a seemingly constant PM2.5 concentration and
adding even further leaks causes the discussed drop in
PM2.5 concentration that is linked to the coincidence error.

The locally determined concentrations (blue curve) also
show the previously discussed coincidence effect. While
there is an increase in PM2.5 concentration from none to
one leak, the PM2.5 concentration does not increase further
and an increase in concentration is only notable via the
increase of detected PM10 relevant particles.

The particle size distributions of the total dust emission
(Fig. 9) further confirm the measurement error. For the case
of zero leaks, the size distributions are in relatively good
agreement. With increasing number of leaks, the amount of
particles classified in the smaller size classes decreases for
the low-cost PM-sensor (see, e.g., drop in the smallest size

class). The number of counting
events of bigger particles
increases respectively (e.g., in-
crease of 10 mm particles). The
correct trend of a uniform in-
crease of counting events across
all size classes is monitored by
the Palas� reference.

Even though the measurements
of the low-cost PM-sensors are
strongly affected by the coinci-
dence error, semi quantitative
information regarding leak size

can be gained. A decrease in PM2.5 readings linked to an
increase in PM10 concentrations is an indication for high
particle concentrations, exceeding the maximum counting
rate. While the low-cost PM-sensor did not correctly mea-
sure the linear increase of clean gas concentration with
increase in leak diameter, a further increase in PM10 con-
centrations was recorded so that the overall emission level
caused by the different numbers of leaks can be distin-
guished.

4 Summary and Outlook

Experiments regarding the identification of spatial particle
emission hotspots were performed in a small-scale bag-
house filter by operating a network of low-cost PM-sensors
for emission monitoring of each individual filter bag. The
experiments were divided into three scenarios.

In the first scenario, one of the nine filter bags made from
a membrane filter medium with sealed seams was ex-
changed with a factory-new bag with regular seams. As the
seams enable particle penetration during the initial filtration
cycles before clogging, the exchanged filter bag serves as a
temporal emission hotspot. Increased concentrations were
measured by the low-cost PM-sensor positioned at the

Chem. Ing. Tech. 2023, 95, No. 1–2, 1–12 ª 2022 The Authors. Chemie Ingenieur Technik published by Wiley-VCH GmbH www.cit-journal.com

Figure 8. Optically determined average PM clean gas concentration dependent on the number
of leaks (3 mm diameter each).

Figure 9. Comparison of particle size distributions of the total particle emission dependent on the number of leaks
for the low-cost PM-sensor and the reference.
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emission hotspot for each measurement run. The concen-
trations measured at all other bags followed an ideal
behavior where a distinct particle emission peak is detected
for a short duration after filter regeneration The investiga-
tions demonstrate the possibility of spatial identification of
an emission hotspot by implementing a network of low-cost
PM-sensors.

In the second scenario, an increasing number of defined
leaks (3 mm diameter each) were introduced in a single
filter bag made from a standard needle-felt. The spatial
identification of the damaged bag was possible for each
case, however, increased concentrations due to higher num-
bers of leaks/a higher leak area led to coincidence errors for
the low-cost PM-sensor. Here, the number of counting
events in the PM2.5 relevant size classes was very small, as
multiple smaller particles passing the measurement volume
of the sensor simultaneously were presumably detected as
fewer and larger particles, where the detected particle size
exceeded the PM2.5 fraction and was only accounted for in
the PM10 relevant size fractions. Even though the measure-
ments of the low-cost PM-sensors are heavily influenced by
the coincidence error, an increasing PM10 concentration
was detected with increasing numbers of leaks, enabling the
estimation of leak size. The concentrations detected by low-
cost PM-sensors have to be evaluated carefully and both,
PM2.5 and PM10 signals have to be considered in order to
give accurate interpretations on the current particle emis-
sion level (especially in the case of higher concentration
regions where coincidence errors become relevant).

In the third and final scenario, a leak was introduced into
the plenum plate of the filter house without direct monitor-
ing of the emission source. The sensors positioned at the
filter bag measured an ideal emission behavior. The increase
of the particle emission was only detected by sensors moni-
toring the total dust emission. Thus, positioning close to the
source is important when employing low-cost PM-sensors
for emission monitoring.

The experiments in the small-scale baghouse filter
showed the possibilities of reliable identification of leaks as
well as the potential for the estimation of leak sizes when
correctly interpreting sensor data. Coincidence errors for
higher particle concentrations and quantitative deviations
to state-of-the-art optical particle counters limit the quanti-
tative accuracy and reliability of the sensors. Further techni-
cal limitations are long term stability and the use of the sen-
sors in demanding filtration applications (corrosive gases,
higher temperatures). Nonetheless, leak detection poses one
of the most prominent potential applications when imple-
menting low-cost PM-sensors in technical facilities for
(spatial) PM monitoring. Suitable sensors could greatly
improve process monitoring of filter houses and the opera-
tion and maintenance procedures by identifying damaged
filter elements.
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Symbols used

Cn [# cm–3] particle number concentration
naerosol [–] index of refraction
rparticle [kg m–3] particle density
x [mm] particle diameter

Abbreviations

PM particulate matter
PMx weighted mass based particulate matter

concentration whereby the x refers to the
corresponding size fraction
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