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Abstract: Particulate matter (PM) emissions from combustion-based heating systems have
been identified as a major contributor to environmental issues and human health risks.
Particularly, small-scale residential combustion was responsible for 58% of the total PM; 5
emissions in Europe in 2020, with domestic heating using wood-based fuels accounting
for around 56% of soot emissions. Reducing PM, 5 emissions has become a major goal
of European environmental policies, which have included it among the key targets of
the Zero Pollution Action Plan. In this framework, this study presents a performance
analysis of a newly developed PM abatement system consisting of a passive cyclone
abatement system (PCAS) specifically designed for small residential pellet stoves. The
system was tested under steady-state and non-steady-state operating conditions. The
experimental results showed that the PCAS abatement system effectively captured PM at a
rate of 10.64 mg/M]J, with great efficiency in capturing particles > 10 pm. The heavy metal
content in the captured material was below the limit values for agricultural application-
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1. Introduction

The world is currently facing an unprecedented energy crisis, making the need for
Copyright: © 2025 by the authors. y 8 p gy 4 g

Licensee MDPL Basel, Switzerland. sustainable energy sources more critical than ever. Lignocellulosic biomass has garnered
This article is an open access article significant attention in recent years due to its potential as a renewable and sustainable
distributed under the terms and resource for energy production. Biomass is considered carbon-neutral, as it does not

conditions of the Creative Commons  contribute to net carbon dioxide emissions in the environment. Residual lignocellulosic
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(https:/ /creativecommons.org/
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biomass can be utilized in various ways, such as producing biofuels, biochemicals, and
thermal or electrical energy [1,2]. Pelletizing the fuel material is an effective method that
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enhances energy conversion efficiency, simplifies handling and storage, and reduces air
pollutant emissions compared to the direct combustion of unprocessed biomass [3—6]. The
production of pellets is regulated by the International Organization for Standardization
(ISO) 17225-series [7]. The use of pellets as fuel has enabled the development of automated
furnaces that are easier to operate and offer higher precision in fuel distribution compared
to other wood fuel materials such as wood chips. Pelletized fuel is also highly adaptable
and can be utilized in various systems, ranging from small-scale furnaces with capacities
of up to 100 kW to large-scale furnaces exceeding 1000 kW. Global pellet production has
risen by around 14%, with Europe and North America accounting for the majority of both
production and consumption [8-10]. A record amount of 23.1 million tonnes of pellets
was produced by the European Union (EU) in 2021, primarily for co-firing with wood and
coal in Germany and the Netherlands. As a result of the energy crisis triggered by the
war in Ukraine and the significant surge in fuel prices in 2022, governments such as those
of Germany and France have been encouraging the use of boilers and other residential
thermal systems fuelled by pellets. It is expected that the demand for pellets will rise from
the current actual requirement of 24.5 million tonnes [11]. Even if it is still considered
a profitable way of valorisation, combustion of biomass, pellets, as well as fossil fuels
produces various chemical species depending on the combustion fuel such as CO,, NOx,
Volatile Organic Compounds (VOCs), Polycyclic Aromatic Hydrocarbons (PAHs), ashes
and Particulate Matter (PM) that are harmful for the ecosystem and human health. When
compared to fossil fuels, the combustion of lignocellulosic biomass emits lower amounts
of pollutant species in all cases except for PM content, which can be equal to or higher
than that of fossil fuels [12-16]. The situation is different for pellet stoves, which have a
significantly lower PM emission. Wood stoves, for instance, have a PM emission range of
20 to 1, mg/M], while pellet-fuelled stoves perform better, with a PM emission ranging
from 3 to 140 mg/M] [17]. However, despite their better performance, the widespread
use of pellet systems in urban areas may exceed PM emission limits, posing a risk to
human health. Recent studies have highlighted both the growing diffusion and persistent
critical issues of biomass pellet residential heating systems, including issues related to
PM emissions, operational efficiency, and maintenance practices by users [18,19]. PM is a
major contributor to the health risks associated with air pollution, as it has been linked to
various health problems, including cardiovascular and respiratory diseases [20], asthma
and other allergy-related conditions [21], skin disorders [22], reduced lung function [23],
and increased blood pressure [24]. The following subsections describe the legislative and
technological contexts of this research.

1.1. Legislative Aspects of Air Quality and Emission Reduction Issues

PM pollution continues to be a major environmental and health concern in Europe,
with limits set by the EU Directive 2008/50/EC [25]. However, these limits are frequently
exceeded in the suburban areas of 22 European member countries [17]. It is estimated that
small-scale residential combustion was responsible for 58% of the total PM, 5 emissions in
Europe in 2020 [26], with domestic heating (primarily using wood materials) accounting
for around 56% of soot emissions [6,27]. Biomass combustion for residential heating is a
significant source of atmospheric pollutants, including PM emissions, in many countries
worldwide [17,28-34]. The 2017 “Air Quality in Europe” report revealed that PMyg levels
surpassed the daily limit value (50 ug/m?) for 17% of the urban population in the EU-28.
This percentage increased to 44% when considering the World Health Organization (WHO)
Air Quality Guidelines (AQG) threshold of 20 pg/m?3. Furthermore, 8% of the EU-28 popu-
lation was exposed to PMjg concentrations exceeding the annual limit value (25 pg/m?),
and around 77% were exposed to PM 5 levels surpassing the WHO AQG limit of 10 ug/ m3.
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Domestic fuel burning is also a significant source of PM emissions in other regions, includ-
ing the Americas (25%), Africa (34%), Northwestern Europe (22%), Southern China (21%),
Southeastern Asia (19%), and India (16%) [17]. PM is classified into two categories: primary
and secondary particles. Primary particles are defined as solid or liquid materials directly
emitted into the atmosphere, while secondary particles are chemical species that transform
into pollutants through in-air chemical reactions [35]. The PM emissions from pellets are
strongly affected by their ash content, which can accumulate on the burner and reduce
the combustion efficiency [36,37]. In addition, the accumulation of inorganic materials
such as alkaline metals can increase PM emissions [3,36-39]. The physical characteristics of
pellets, such as length, diameter, fine content, and particle density, can significantly impact
particulate emissions because they affect the fuel supply to the burner and the combustion
behavior. PM mainly consists of organic debris, elemental carbon (e.g., soot), and fine ash
(e.g., inorganic compounds). Incomplete combustion results in organic matter and soot,
while inorganic materials in fuel ashes lead to the production of fine ash particles [37]. PMyg
contains high metal concentrations that are widespread in the environment, with copper,
cadmium, nickel, zinc, and lead being the typical metal content [40,41]. The PM; 5 fraction
can also contain metals such as arsenic, antimony, lead, cadmium, and mercury, depending
on the wood material used. The European Union Air Quality Directives 2004/107/CE and
2008/50/EC have set air quality objectives, including annual limit values for As (6 ng/m?),
Cd (5 ng/m?), Ni (6 ng/m3), and Pb (0.5 ug/m3) [25,42].

1.2. Literary of the Technologies for Reducing Solid Emissions

Various strategies have been explored in the literature to reduce PM emissions in the
atmosphere, including direct measures aimed at optimizing the combustion process and
improving fuel quality. These measures include adjusting air supply design, pre-heating pri-
mary combustion air, modifying household behavior, and using alkali compounds [43-46].
Several indirect PM abatement strategies have been largely investigated in recent decades.
These include flue gas cleaning technologies such as electrostatic precipitators, condensing
scrubbers, catalytic converters, bag filters, and cyclone separators [16]. Although each of
these systems has advantages in terms of removal efficiency, they also have some limita-
tions, such as high operating costs, complex maintenance, or reduced treatment efficiency.
In addition, these systems have been found to be cost-effective only when applied on a
large scale. While efforts have been made to adapt electrostatic precipitators for small-scale
boilers (around 30 kW), they are not yet cost-effective for smaller systems. Therefore,
there is a need for systems specifically designed to reduce emissions that are both viable
and easy to implement in small-scale pellet stoves [16,17]. Cyclones, characterized by
their simple design, low capital cost, reduced maintenance cost, and high adaptability,
are a suitable option for residential environments. In a cyclone system, PM separation is
achieved through the centrifugal force generated by the rotating gas stream, which pushes
the particles out of the cyclone wall [47]. Therefore, to address the high PM emissions asso-
ciated with small pellet stoves installed in residential environments, this study proposes a
prototype system developed and tested to minimize PM emissions in the atmosphere. The
system is a passive cyclone abatement system (PCAS) that focuses on minimizing primary
particulate emissions. The novelty of this research lies in the study of a new device that
can function without energy requirements and can be applied to small-sized applications.
It is a reverse-flow, small-scale cyclone with a passive tangential inlet that eliminates the
need for complex installations, such as electrical structures. The PCAS was designed to
be coupled to the gas exhaust system in residential buildings with limited physical space
available for modifications. A performance analysis of the PCAS prototype for reducing
PM in small-scale heating systems is also presented in this paper. along with a Life Cycle
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Assessment (LCA) methodology, which was used to measure the PM emissions from the
cyclone’s manufacturing process and to calculate the point at which net-zero emissions
could be achieved, thus supporting the sustainability of this new system.

2. Materials
2.1. Pellets

To establish a quality standard for the fuel material, a commercially certified Din Plus
pellet was used. The composition of the pellets was declared as made of resinous wood
material, with a diameter of 6 mm and a length of 10-30 mm, moisture content of 8%, low
calorific value of 5.2 kWh/kg, and ash content < 0.6%. The fuel material was characterized
in terms of ash content and humidity using a thermogravimetric analyser (LECO TGA
701) [48]. The Higher Heat Value (HHV) was determined through a calorimeter (LECO
AC-350) [49]. the Lower Heat Value (LHV) was calculated based on the methodology for
Energy Input Calculations defined by the Environmental Protection Agency (EPA) [50].

2.2. Layout and Operations of the PCAS

The system that was tested consisted of two main components: a small-scale heating
system (a pellet residential scale stove) and the PCAS that was coupled to it. This section
provides a description of the system’s features and how they operate.

2.2.1. Pellet Stove

The experiment was conducted on a pellet stove (SOFIA, Last Calor, San Bonifacio-VR,
Italy) [51], with a power output of 6.73 kW and a yield of 90.98%. The pellet stove is
shown in Figure 1. Figure 1a shows the SOFIA pellet stove by Last Calor installed on site,
positioned on a weighing platform to monitor pellet consumption. Figure 1b provides an
overview of the flue gas outlet and PCAS, with the detailed components of the PCAS shown
in Figure 1c. Finally, the design specifications of the PCAS are illustrated in Figure 1d,
where ¢ indicates the pipe diameter, 3 the cone angle, and the arrows the flux direction.

Figure 1. Pellet stove and PCAS views. From left to right in (a)—the SOFIA, Last Calor pellet stove
on site placed over a weight bridge to monitor pellet consumption; (b)—view of the flue gas outlet
and the PCAS; (c)—PCAS detail figure cyclone body, gas inlet, gas outlet, and dust outlet are shown
in a front view; (d)—scheme of the front view design of PCAS with dimensions in mm.

2.2.2. PCAS Characteristics and Innovative Aspects

The PCAS PM reduction system was intended to be connected in line with the out-
put flow from the combustion process. The dimensions and appearance are shown in
Figure 1b—d, according to the design specifications. The cyclone body, which is made of
stainless steel, can be easily connected to an existing exhaust pipe structure. The dimensions
of the structural components are listed in Table 1. The PCAS is designed with a passive
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tangential inlet, which eliminates the need for complex electrical components, making it
more suitable for residential applications, where space and cost constraints are significant.
In contrast, traditional cyclone systems require more intricate setups and additional power
input. Furthermore, the PCAS is optimized for smaller-scale residential heating systems,
unlike conventional systems that are typically designed for larger industrial applications.
A thermocouple was placed at the upper part of the cyclone body to measure the tempera-
ture of the smoke downstream, i.e., after passing through the abatement system. The PM
was collected in a container located at point 3 in Figure 1d, which is at the bottom of the
cyclone body.

Table 1. PCAS structure component dimensions.

Structural Part Dimension (mm)
Cyclone diameter 220
Gas outlet diameter 100
Gas inlet diameter 100
Gas outlet diameter 100
Cyclone height 365
Cylinder height 100
Dust outlet diameter 100
Outlet duct length 85

Table 1 lists the PCAS structure components and their dimensions. All data are re-
ported in millimetres (mm). The diameter is referred to as the nominal diameter. The
cyclone system was engineered, taking into consideration the established standard geomet-
ric proportions of the Lapple and Swift designs [52], with a cone angle 3 of 75° (Figure 1d).
To ensure optimal performance and coupling in small-scale residential chimney systems, a
diameter of around 300 mm was considered. Therefore, the dimensions were meticulously
determined based on a cyclone body diameter of 220 mm. The proportions used in this
design varied from 91% to 130% when compared to the standard dimensions documented
in the literature. These thoughtful adjustments enabled seamless integration with the
specific requirements of smaller residential-exhaust systems. The theoretical efficiency of
the PCAS system was determined using the cut-point method (dpc), specifically the Lapple
model for the cut-point, which is related to the aerodynamic equivalent diameter of the
particle collected with 50% efficiency. The Lapple model for the cut-point is calculated

1
| 9w |2
@V-anw] M)

using Equation (1).

where y is the gas viscosity (kg/m/s), W is the width of the cyclone inlet duct (m), Ne is
the number of effective turns, and V; is the gas inlet velocity (m/s).
The number of effective turns (IN,) was calculated using Equation (2):

1 Z.
Ne= g [Le+ %] @
where H, is the height of the cyclone inlet duct (m), L. is the length of the cyclone body (m),
and Z; is the length of the cyclone cone (m).

3. Methods

The performance testing of the PCAS to reduce PM was conducted in two stages.
Firstly, a steady-state run condition lasting 283 min (4 h and 43 min) was carried out,
with approximately 4 h of effective steady-state operation. Secondly, a non-steady-state
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test was performed, in which the system alternated in a 4-stage cycle. Each stage ran for
120 min, followed by 40-min intervals for cooling down and performing a brief cleaning
step on the grate to remove ashes and prevent the lighter ash fraction from being carried
away with the gas flow. The pellet mass flow was adjusted to achieve a maximum power
output of 6.73 kW within a temperature range of 130-140 °C. Throughout each operation,
the temperature, time, quantity of pellets consumed, and mass of the captured PM were
monitored. K-type thermocouples (Watlow 50-1300—Watlow Italy, s.r.l. Manufactures,
Via Meucci 14 20094 Corsico Milano, Italy 20135) [53] were employed to measure the
temperature at the upper section of the cyclone system, while a weight bridge (Avery
Weight-Tronix-E1005—Avery Weigh-Tronix, Foundry Lane, Smethwick, West Midlands
B66 2LP England) [54] was used to measure the pellet consumption during stove operation.
The steps for both regimes are shown in Figure 2.

Steady-state run condition Non steady-state run condition

~
Fuel Feed

-

Fuel Feed

Airflow

Airflow

43min - <

wamin <

Flame ignition

Attainment of 130/140°C
. -

4 hours < Steady-state combustion 2 hours <

Attainment of 130/140°C

I Flame ignition l 4X

Steady-state combustion

L

Figure 2. Steps for steady-state and non-steady-state run conditions.

3.1. PM and Combustion Residues: Granulometry, Heavy Metal and Efficiency Analysis

The PM mass captured by the PCAS was quantified using a precision balance (Scout
Pro, Sartorius Sartorius Campus | Headquarters Otto-Brenner-Str. 20, Gottingen, Ger-
many) [55]. The metal element content of the PM samples and residual ashes was analyzed
using an optical emission spectroscopy analyzer (PerkinElmer Optima 8000 ICP-OES
Spectrometer PerkinElmer, Inc. 940 Winter Street Waltham, MA, USA) equipped with a
PerkinElmer S10 Autosampler [56], in accordance with the EN 15359:2011 standard [57].
These analyses were conducted in triplicate to determine the content of environmentally
harmful compounds, such as arsenic (As), cadmium (Cd), chromium (Cr), copper (Cu),
lead (Pb), mercury (Hg), nickel (Ni), and zinc (Zn). Granulometry measurements were per-
formed using a Spraytec laser diffraction system (Malvern Panalytical, Malvern, UK) [58].
The laser granulometer enables the evaluation of the volumetric and numerical distribution
of PM, as well as the determination of the Sauter diameter (d3,) and the De Brouckere
diameter (d43). The Sauter diameter represents the surface-volume mean diameter, which
maintains the same ratio of volume to surface area for the entire particle ensemble. The De
Brouckere diameter corresponds to the volume-weighted mean diameter, which is calcu-
lated by averaging the particle size distribution weighted by the volume. The arithmetic
average diameter (djp), Sauter diameter, and De Brouckere diameter were determined
using Equations (3)—(5), respectively.

N
Yl xd;

dig =
N
Yl X

)
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where X; is the fraction of the total particle number associated with diameter d;, and N is
the number of discrete size classes used.

3.2. Life Cycle Assessment

To assess the environmental impacts associated with the life cycle of the cyclone
system, the LCA methodology was implemented following the guidelines of ISO 14040 and
14044, using the commercial software SimaPro V9.3.0.2 [59-61]. The objective of this study
was to estimate PM emissions throughout the life cycle of a cyclone system and determine
the point at which net-zero PM emissions could be achieved through its implementation.
The functional unit chosen was the abatement system itself, allocating the impacts to
one unit of the system. The system boundaries encompassed all materials, processes, and
energy associated with the manufacturing, installation, and end-of-life stages of the cyclone,
following a cradle-to-grave approach. The Life Cycle Inventory was developed based on
material flows and processes using the Ecoinvent V3.8 database [62]. The Life Cycle Impact
Assessment was calculated based on the methods ReCiPe V1.1 [63] at the midpoint level,
Individualistic perspective, which is based on the short-term interest, since was measured
the PM emission at the moment of the manufacturing process, i.e., the primary aerosols;
and Environmental Prices V1.02/European Environmental Prices were utilized for the
assessment. The ReCiPe Life Cycle Assessment (LCA) method is a widely used approach
for evaluating the environmental impact of a product or system across its entire life cycle,
from production to disposal. One key reason for using the ReCiPe LCA method in your
study is its ability to provide a comprehensive analysis of the environmental performance
of the Passive Cyclone Abatement System (PCAS), particularly in terms of its sustainability

4. Results and Discussion
4.1. Pellet Characterisation

Proximate analysis is a method used to determine the basic composition of a fuel,
typically assessing four key components: humidity, ashes, volatile matter, and fixed carbon.
The analysis showed that the pellets had an average moisture content of 5.50 &+ 0.10%,
which is lower than the supplier-reported value of 8% and below the maximum 10% limit
set by the quality standards. Additionally, this value is within the 7.6-10.1% range found
for other pellet types [39]. Moisture content is crucial for the storage, net calorific value,
combustion temperature, and efficiency. The average ash content was 0.42 & 0.02%, which
was below the stated maximum of 0.6%. The ash content in various pellets ranges from
0.8% to 5.5%, and its impact on PM emissions is significant. Lower ash content reduces
the frequency of residue removal from the combustor bed, preventing airflow disruption
and minimizing particulate release through flue gas [39]. The average higher heating
value of the pellets was 20.20 MJ/kg, which is consistent with values reported in the
literature [39,64].

4.2. Operational Parameters

Time, temperature, and pellet consumption were monitored during both steady-state
and non-steady-state runs. In the steady-state run, a stable mode was maintained for
approximately 4 h, with a feed rate of 1.47 kg of pellets per hour, resulting in a total
consumption of 6.08 kg of pellets and 0.32 g of PM captured by the PCAS. The PM capture
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rates per unit of thermal energy output and pellets consumed were 54.89 mg of PM per kg of
pellets and 3.46 mg of PM per MJ, respectively. The relationship between pellet consumption
over time and flue gas temperature under steady-state and non-steady-state operating
conditions is presented in Figure 3a,b, respectively.
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Figure 3. Pellet consumption over time in correlation with the fume temperature of the steady-state
run (a) and non-steady-state regime operation (b).

The steady-state run, shown in Figure 3a, presents the pellet consumption (in kg) over
time (in minutes), along with the corresponding fume temperature (in °C) measured at the
PCAS gas outlet. During this run, a pellet feed rate of approximately 1.47 kg/h was used,
resulting in a total consumption of 6.08 kg, and the temperature was maintained between
130 and 140 °C. Similarly, the non-steady-state run achieved a steady-state operation for
about 4 h. In this case, a higher pellet feed rate of 1.88 kg/h was used, which led to a
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total pellet consumption of 7.92 kg. The system captured 0.952 g PM. The PM capture
rates per thermal energy output and per pellet consumed were 127.20 mg of PM per kg
of pellets and 10.64 mg of PM per M]J, respectively. The results of this run are shown
in Figure 4. The non-steady-state regime run, shown in Figure 3b, presents the pellet
consumption (kg) over time (minutes) in relation to the fume temperature (°C) measured
at the PCAS gas outlet. A pellet feed rate of approximately 1.88 kg/h was used, totaling
7.92 kg of pellets. During this run, the temperature was maintained between 130 °C and
140 °C across four cycles, each separated by cooling and cleaning phases. The experiment
demonstrated that operating in the non-steady-state regime led to a 30% increase in pellet
consumption, while the heat output remained similar to that of the steady-state regime.
However, the PM capture rate was twice as high in the non-steady-state regime, likely
due to increased disturbances during the transient stages when the ventilation and load
systems were functioning more intensively. Unstable phases, particularly the startup phase,
were found to significantly impact emission factors, resulting in a 72% increase in PM
emissions compared with the steady-state regime [65]. Despite the higher emissions, the
non-steady-state run was chosen for further evaluation, as it better represents the typical
operation of residential scale systems. In studies of pollutant emissions, non-steady-state
analysis is often included due to its closer alignment with real-world usage patterns [17].
Uniform feeding of biomass to the thermochemical section has the potential to reduce and
control both gaseous and solid emissions [45]. Improving the consistency (constant flow
rate) of the pellets led to a decrease in the emissions of carbon monoxide (CO), PM, and
nitrogen oxides (NOx) in the flue gases. Another possibility for controlling emissions is to
couple the flue gas pipe with a forced air extractor [43].

4.3. Characterisation of PM, Combustion Residues and Efficiency

Table 2 presents the heavy metal content of the ashes and PM from the stove and PCAS.
These data were used to estimate the maximum amount of ash and PM that could be used
as soil amendments, adhering to European limit values (Directive 86/278 /EEC—Annex
IC) [66].

The metal content of the ashes and captured PM is reported in parts per million (ppm),
with values below the detection limit indicated by a minor sign. Data on the maximum
allowable mass usage of amendments are given in tonnes per hectare per year (t/ha/y),
while the maximum metal threshold limits are provided in kilograms per hectare per year
(kg/ha/y). Both runs showed a similar pattern in the metal composition of the ashes
and PM, although the levels in the PM were generally much lower, except for those of
Cr and Ni. The concentrations of Cd, Cu, Pb, and Zn in the ashes were found to be two
to seventy times higher than those in the PM. This finding supports previous studies
that suggest that Zn, Cd, Pb, and Cu are mainly present in larger particles, like those
found in ashes [67]. In some urban areas in Europe, Zn and Pb are commonly identified
as trace metals in PM aerosols due to the use of biomass heating systems [17,68]. Zn is
formed through nucleation and condensation processes and can accumulate in fly ash
in cyclone systems [69]. This metal is known to contribute to the toxic effects of PM,
particularly in the PM; fraction [67]. Notably, neither arsenic (As) nor mercury (Hg) was
detected in the PM or ash. The absence of Hg is likely due to its presence in the gaseous
phase of the combustion gases [70]. As shown in Table 2, the chromium content limits
are based on French and Swedish local regulations, as there is no EU-wide legislation
that sets these limits. When applying ash to agricultural soils, chromium is the limiting
factor, allowing for the use of up to 480 kg/ha/yr of ash. For PM, cadmium is the limiting
metal, permitting up to 288 t/ha/yr of PM to be applied to agricultural soils. The PCAS
system, designed according to the Lapple and Swift standards, was implemented with an
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adjustment ranging from 91% to 130% of the proportions proposed by these authors. By
considering the operational parameters of the combustion system and the proportions of
the PCAS, the efficiency in reducing particles larger than 18.81 pm (the system’s cut-point,
where 50% capture efficiency is achieved) was determined. Granulometric analysis of the
PM captured by the PCAS, based on 222 sample acquisitions, showed that the PM had an
accumulated volumetric distribution primarily concentrated in the 0 to 200 um diameter
range, as illustrated in Figure 4. Specifically, Figure 4a shows the cumulative volumetric
distribution, and the corresponding volumetric distribution is shown in Figure 4b.

Table 2. Metal characterization of ashes and captured PM.

Element Metals Content Metals Content Limit Value Ash Mass PM Mass
in Ash (ppm) in PM (ppm) (kg/halyr) (t/halyr) (t/halyr)
Cadmium 0.91 0.52 0.15 164.84 288.46
Copper 118.39 1.61 12 101.36 7453.42
Nickel 26.6 <0.004 3 112.78 -
Lead 6.1 1.37 15 2459.02 10,948.91
Zinc 162.41 13.15 30 184.72 2281.37
Mercury <0.02 <0.02 0.10 - -
Chromium ! Swe 0.04 0.48 -
Chromium ! 83.1 <0.004 12 144.40 -

! European regulation has not yet decided on a common value for the EU; therefore, so for this purpose the lowest
value, adopted by Sweden (°*¢), and the highest value, adopted by France (F), are taken as references [66].

The cumulative volumetric distribution, shown in Figure 4a, illustrates the percentage
(%) of the average particle diameter in micrometers (um) of the PM collected by the PCAS.
The lower graph highlights that approximately 75% of the PM has a diameter smaller than
200 pm. According to the analysis, the system was more effective in reducing particles
that were larger than 10 um. The upper graph zooms in on a section of the lower graph,
revealing that approximately 5% and 1% of the PM have diameters smaller than 10 um and
2.5 um, respectively. In other studies, it was observed that the mass size presented a peak in
the size range of 50-130 um [71]. Indeed, according to the theoretical analysis of the system
and the calculation of the cut-point, the system demonstrated a P;. (particle diameter
cut-point) of 18.81 um. This indicates that the system efficiency improves as the particle
diameter in the flue gas increases, and approximately 50% efficiency is achieved at a particle
size fraction of 18.81 pm. The remaining 95% of the volume was composed of particles
larger than PM;. Cyclone systems, in addition to increasing particle agglomeration due to
the high centrifugal force to which the particles are subjected, are more efficient in extracting
particles of larger masses, as characterized by high Stokes numbers. The fraction with the
upper volume was divided into granulometric ranges of 10-100 um (46%), 100-200 um
(24%), and 200-900 pm (25%). Coarser particles settle easily due to gravitational deposition,
while finer particles with a diameter of less than 0.1 um are carried away from the source.
Particles between 0.1 and 1 um remain in the atmosphere for longer periods and are more
easily removed through wet deposition. To address this, atomizing water inside the cyclone
could be a solution, which would be useful for both solid particles and the gas phase of the
fumes [72,73]. Based on the cumulative volumetric distribution, it was feasible to determine
the volumetric distribution, indicating the percentage of particles with an average particle
diameter, as shown in Figure 5. The volumetric distribution in Figure 4b presents the
percentage (%) of PM particles” average diameter (um) collected by the PCAS. The graph
indicates that most of the particles fall within the 70-200 um range. In the upright box
graph, approximately ~1% and ~0.25% of the PM have diameters of 10 um and 2.5 um,
respectively. Moreover, in the numerical distribution analysis (Figure 5), the curve shifts
towards smaller particles. This observation aligns with previous studies on PM formation,
where a significant proportion of particles were found in the PM1 fraction [74].
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Figure 4. Cumulative volumetric distribution (a) and volumetric distribution (b) plots.

The numerical percentage distribution in Figure 5 shows the average particle diameter
(um) of the PM collected by the PCAS. The lower graph highlights the prevalence of
particles with diameters ~1 pm. The upper graph provides a magnified view of the region
between 0.1 um and 0.5 um, revealing a peak at 0.15 um for particle abundance. About
99% of the particles were concentrated in the PM1 fraction, which is consistent with other
investigations of PM emissions from pellet combustion systems [75]. PM; emissions are
correlated with the Na and K contents of the raw material; when inorganic vapours cool
to their condensation temperature and the particle concentration is minimal, nucleation
occurs, resulting in the formation of ultrafine particles [3,39,40,70]. As particle concentration
increases, saturation occurs, and agglomeration into pre-existing particles occurs, forming
heavier particles [39,40,69,70]. The distribution fractions of PM1, PM; 5, PMjg, and particles
larger than 10 um are presented in Table 3.
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Table 3. Distribution of PM captured in terms of PM 1, 2.5, 10, and >10.
Particle Diameter (jtm) Volumetric X’g:::ﬁ:;‘; Numeric Number Accumulate
Distribution (%) Distributi o Distribution (%) Distribution (%)
istribution (%)
PM1 0.34 0.34 98.58 98.58
PM 2.5 0.68 1.03 1.16 99.74
PM 10 421 5.24 0.24 99.98
>PM 10 94.76 100.00 0.0002 99.98
TOTAL 100.00 99.98

The arithmetic mean diameter, d10, was determined to be 0.27 um, while the d32
and d43 values were measured at 31 um and 158 pm, respectively. The significant dispar-
ity between d10 and d43 indicates the presence of particles with different diameters in
the sample.

4.4. Life Cycle Inventory Analysis and Impact Assessment

The inventory of the system was elaborated by considering the materials and processes
for manufacturing the cyclone. The flow of materials, processes, transportation, and
reference to the Ecoinvent database represents the impact category of Particulate Matter
Formation during the material production, transportation, manufacturing, and end-of-
life of the abatement system. The life cycle of the abatement system was responsible
for releasing 488 g of PMjj into the atmosphere, of which 11% was PM;5. The system
inventory was defined to include the materials and manufacturing processes listed in
Table 1. Table 4 presents the impact of Particulate Matter Formation throughout the life
cycle of the abatement system. The system released 488 g of PM;, of which 11% was PM; 5.

The PCAS is a passive structure; thus, it is not responsible for any emissions during
its lifespan. Over its entire life cycle, 488 g of PM;g and 55 g of PM; 5 were released into
the atmosphere, with the raw material production phase (stainless steel production) and
material processing (shaping and welding) being the most impactful phases, responsible for
96% and 99% of the total PM; 5 and PMj( emissions, respectively. The other stages of the life
cycle had a negligible impact, contributing less than 1%. At the end-of-life, all the material
was considered recyclable, contributing to a reduction in the total impact load of about 10%
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for PM; 5 and 5% for PMjg. Finally, net-zero emissions from the abatement system, which
is the point at which the captured PM surpasses the PM emitted by the manufacturing
process and the operation of the system starts to have a positive balance, could be achieved
in approximately 1 year and 8 months. This is based on a yearly operation of 6 h per day
for 7 months.

Table 4. Particulate matter formation indicator.

. . Metal Linear Circular Transportation Transportation .
Impact Category Unit Material Working Welding Welding Input Output End-of-Life Total
Fine particulate mg PMy5 eq 52,631 6248 365 1594 96 96 —6402 54,628
matter formation % 86.24 10.24 0.60 2.61 0.16 0.16 - 100
Particulate matter =~ mg PMjg eq 491,232 17,025 760 3315 375 375 —24,561 488,520
formation % 95.74 3.32 0.15 0.65 0.07 0.07 - 100
Fraction PMp5/ % 11 37 48 48 26 26 26 11
PMyp !

1 Method PM;y emissions—Environmental Prices V1.02/ European Environmental Prices, Method PM;5
emissions—ReCiPe 2016 Midpoint (H) V1.06/World (2010) H.

4.5. Economics of PCAS

The Passive Cyclone Abatement System (PCAS) is significantly more cost-effective
than active systems like electrostatic precipitators (ESP) and catalytic converters. For
example, the installation cost of an ESP for a small-scale residential system can range from
€3000 to €5000, including both equipment and installation. In contrast, the PCAS can be
installed for as little as €500 to €1000, due to its simpler design and passive operation,
which eliminates the need for electrical components or complex installation processes. In
terms of maintenance, active systems require regular service and operational checks, with
costs averaging around €200 to €500 per year, due to the need to replace parts and cleaning.
In contrast, the PCAS has minimal maintenance requirements, with annual service costs
often below €50, as it does not rely on electrical components. Moreover, the PCAS is
energy-efficient, consuming zero electricity during operation, while active systems like
ESPs can add €50 to €100 per year in electricity costs for continuous operation. Overall, over
a 10-year period, the PCAS could save up to €4000 in installation, maintenance, and energy
costs compared to active systems. This makes it a highly economical choice for residential
heating systems, where budgets are typically limited and the cost of operation is a critical
factor in system selection. These cost differences raise important questions regarding the
scalability of PCAS technology and its potential to replace more complex systems in broader
applications. Additionally, it is worth considering whether regulatory frameworks might
evolve to favor passive systems, especially in contexts where affordability and energy
efficiency are prioritized.

5. Conclusions

This study proposed the use of a passive cyclone system to reduce PM emissions in
residential combustion heating systems fuelled by lignocellulosic biomass pellets. The
system was tested in a residential pellet stove under both steady-state and non-steady-
state regimes. The proposed abatement system was found to optimize the mechanisms
for reducing PM emissions in the atmosphere, especially for particles with a diameter
greater than 10 pm, as observed in the experimental analysis, and 18.81 um, according
to the theoretical efficiency estimation. The non-steady-state regime showed 30% higher
consumption of pellets and captured two-fold more PM than the steady-state regime,
mainly due to disturbances in the combustion chamber during transient phases. The
cyclone system was able to capture about 10.64 mg of PM/M], with 95% of the volume of
the captured material composed of particles between 10 and 900 um and 99% of the number
of particles from the PM1 fraction. The PM captured had approximately the same metal
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composition as that found in the ash from the combustion process (Cd, Cu, Pb, and Zn) but
in much lower concentrations, thus providing an easy and safe final disposal. Based on the
concentration of heavy metals in PM captured and respecting European regulations, up to
288 t/ha/yr of this residue could be disposed of in agricultural fields. Finally, considering
the PM emitted during the life span of the abatement system, net-zero PM emissions could
be achieved after 1 year and 8 months. The mini passive cyclone abatement system is
versatile and can be installed in other types of residential combustion heating systems. It
would be interesting to understand the performance of these systems in completely passive
systems, such as fireplaces, where there is no driving force generated by the exhaust fan,
and verify the efficiency and the need for fans downstream of the exhaust pipes. The
system demonstrated superior efficiency in capturing PM with a diameter greater than
10 um, opening the possibility of coupling it with other abatement systems that capture the
PMj fraction, such as electrostatic precipitator systems.
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