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Abstract

Gasification and pyrolysis technologies have beétely employed to produce fuels &
chemicals from solid wastes. Rare studies have beaducted to compare the particu
emissions from gasification and pyrolysis, andvafe inhalation exposure assessment is
lacking. In this work, we characterized the paeclemitted from the gasification &
pyrolysis experiments under different temperatyf30, 600, and 700C). The collectio
efficiencies of existing cyclones were comparedebaen particle respiratory depositi
Sensitivity analysis was conducted to identify thest effective design parameters.
particles emitted from both gasification and pysidyprocess are mainly in the size r3
0.25-1.0um and 1.0-2.5 um_ Particle respiratory deposition modelling showedttmos
particles penetrate deeply into the last stag@@fréspiratory system. At the nasal breat]
mode, particles with sizes ranging from 0.25 to [in® account for around 91%, 74%, 76
90%, 84%, and 79% of the total number of partittest deposit onto the last stage in

cases of 500C gasification, 600C gasification, 700C gasification, 500C pyrolysis, 60(

°C pyrolysis, and 706C pyrolysis, respectively. At the oral breathingdap particles wit

sizes ranging from 0.25 to 10naccount for around 92%, 77%, 79%, 91%, 86%, and
of the total number of particles that deposit aoti® last stage in the six cases, respecti
Sensitivity analysis showed that the particle reahosfficiency was found to be mg
sensitive to the cyclone vortex finder diamgf@g). This work could potentially serve as
basis for proposing health protective measures nagaihe particulate pollution fro

gasification and pyrolysis technologies.

Keywords: Gasification; Pyrolysis; Biomass Wastartiele Emission; Control Measure

Capsule
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A particle respiratory deposition-based cycloneigtesscheme is proposed for health
protective measures against the particulate poHutfrom gasification and pyrolysis

technologies.
1 Introduction

Application of waste biomass for energy produci®meceiving increasing attention beca
of the renewability and carbon neutrality featusébiomass. Among the plethora of bioma
to-energy technologies, gasification and pyrolysis considered as two of the most effig
ways to produce fuels and chemicals from biomass) (@ al., 2015). During the gasificat
process, carbonaceous feedstock is convertedustas, hydrocarbons, and a small am
of solid residuei(e. biochar and ash) in an oxygen-deficient environnf¥ou et al., 2017b

Pyrolysis is a thermochemical decomposition of niganaterial in the absence of oxyq

and its major products include pyrolytic oil anddhar (Kan et al., 2016).

Biomass gasification and pyrolysis are not emis$iea technologies. Thermochemical
treatment of biomass was found to be one of the mg®ortant sources of PM (particles of

an aerodynamic diameter smaller than 2 in both developed and developing countries
(Glasius et al., 2006; Johnson, 2016; Saarikos#ll.e2008; Ward and Lange, 2010; Zhang et
al., 2010). Several previous works have been ddvade characterizing the particulate
emissions of gasification and pyrolysis. For exanphe effects of feedstock moisture
content on the Pl emission of a semi-gasified cookstove were ingestid and Pl
emission factors were found to decrease with theease of moisture content (Huangfu et al.,
2014). The particulate emissions at three locatmina fixed bed, downdraft gasifier were
measured to determine the particle removal effentgs of packed-bed filter (Hamilton et al.,
2014). In the study, particle mass concentrati®idd({s) were found to be approximately 75

mg/NnT in the pre-filtered producer gas and were redineflo% by the packed-bed filter to
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about 1 mg/Nm A nine-stage cascade impactor was used to imatstihe size distribution
of particles from the gasification of municipal isolaste (MSW) (Shiota et al., 2017). The
results showed that most of the particles were fisnticles. PMs emission from gasification
and melting of MSW accounted for 2.5% of total RMmissions from all sorts of thermal
treatment of MSW in Japan. Trace metals emissiah sare distribution of PM generated
from biomass gasification were reported in sevetaties (Min et al., 2016; Nzihou and
Stanmore, 2013; Pudasainee et al., 2014). The iemiss potassium- and sodium-containing
compounds during rapid birchwood pyrolysis was atsamied (Davidsson et al., 2002). The
results showed that the alkali emission per ungsrfar small particles was higher than that
for large ones and this tendency increased withpésaiure. A systematic study was
conducted to characterize the emission of traceetés (e.g., As, Cu, Cr, Ni, V, Co, Cd, and
Pb) generated from a two-stage pyrolysis/combustactor system (Liaw et al., 2016). The
study indicated that particles producedfrom the lmastion of volatiles produced in situ from
the pyrolysis stage were smaller thayand, and had a uni-modal distribution with a fine raod

diameter of 0.04am.

Particulate emissions could potentially pose tweeask effects on the practical deploy

of gasification and pyrolysis systems. First, wdes could cause fouling, reduce sys
efficiency, contaminate the producer gas whichas$fehe subsequent power generation
syngas upgrading processes (Hamilton et al., 204ahg et al., 2011; Woolcock and Bro
2013). It was designated that the Bnd PM concentrations in syngas should be lower

50 mg/n? and 30 mg/M respectively, for internal combustion engine aas turbine, whil

the PM concentration should be lower than 0.02 mdém methanol synthesis (Woolca

and Brown, 2013). Second, gasification is a teabgykhat is well suitable for decentraliz

application in terms of energy efficiency and eaoiofeasibility (Buragohain et al., 20




You et al., 2016b). The decentralized applicatibrihe gasification technology in modg
cities means the proximity of gasification systeimshe public and residential communit
This imposes strict requirements on its emissiomtrob and management because ele
outdoor particle concentrations pose a potentialtheconcern, especially for fine partiG
such as PMjs that could penetrate deeply into the human respiasystem (Happo et g
2013; Jalava et al., 2012; Moller and Loft, 201@geNer et al., 2007; You et al., 2016a).
recent study also showed that elevated outdoors®hy lead to increased household en
use and corresponding household carbon footprintHanging the energy utilization mg

(e.g., more air-conditioner and purifier use) (Yeiwal., 2017a).

Therefore, it is necessary to propose effectivevgmmve and control measures towg
particulate emissions from gasification and pyr@lysvhich is highly contingent upon t
understanding of the mechanisms and characterisfiggarticulate emission. Rare stug
have been conducted to analyze the influences efatipg conditions (e.g., gasificati
agents and temperature) towards time-resolvedcp&te emissions. In addition, poss
particle formation mechanisms for gasification aydblysis are still lacking. In this work,

compared the particle removal efficiencies of exgsttyclones with different configuratio

based on particle respiratory deposition. Sensjtighalysis was conducted to identify

most effective design parameters. This work cowldiptially serve as the basis for propo;
health protective measures against the particydatieition from gasification and pyrolys

technologies.
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2 Materialsand Methods

2.1 Experiments and Emission Calculation

2.1.1 System and instrumentation

To explore the fundamental mechanisms governingptiréiculate emission of the thermo-
chemical processes, experiments were conductedbin-scale reactor (capacitya. 1g/min).

A schematic diagram of the experimental setup iswshin Figure 1. The aerosol from
experiments was guided into a fume hood for diytend exhaust cooling. An aerosol
spectrometer (GRIMM 1.109) was used to measurécfgrtumber concentrations (PNCs) in
the fume hood. Another aerosol spectrometer waeglautside of the fume hood to measure
the background PNCs. The aerosol spectrometersunmeehgarticles in the size range
between 0.25 and 34n at an interval of 6 seconds. The duration of eachpling was about
30 min. A flask was used for tar condensation atdiming. Air and nitrogen were used as
the agent for the gasification and pyrolysis expents, respectively and the agent flow rates
were fixed at 300 mL/min using a mass flow conéolll5g of feedstock was used for each

experiment. For gasification experiment, the edeivee ratio (ER) was fixed as 15% during

. . Fgi Fai . . .
30 minutes of experimentR = (ﬂ)/(ﬂ) whereF,;, is the inlet air mass
Fs Fs 7 stoichiometric

flow rate,F; is the biomass feeding rate. Three temperatur@s500, 600, and 70C) were

tested both for the gasification and pyrolysis expents. The reactor was heated by
electrical heater and the temperature was conttrbjeProgrammable Logic Controller (PLC).
Woodchips were used as the feedstock whose progjmkitmate compositions were given in

Table 1.
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155  Figure 1. A schematic diagram of experimental setupgas cylinder, 2 Mass flow controller,
156 3 Valve, 4 Gas mixer, 5 Gasifier reactor, 6 Heatd¥lask, 8 Aerosol spectrometer, 9 Fume

157 hood, 10 Aerosol spectrometer.
158
159 Table 1. Feedstock composition.

Proximate analysis (dry basis, wt. %)

Moisture 8.2-8.5
Volatiles 67.8-69.2
Fixed carbon 16.2-17.5
Ash 6.2-6.3

Ultimate analysis (wt. % )

Carbon 43.3-44.2
Hydrogen 5.4-6.1
Oxygen 41.6-42.5
Nitrogen 0.9-2.1
Sulfur 0.5-1.0

160
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2.1.2 Particulate emission calculation
The particle number concentratidhy C;; (#/L), was backward estimated from the
concentration data based on the mass balance model

(£ Cot — £2Ci¢ — £3Ci¢ + £4PNCi) At = (Cigerar) — Gi)V (1)
whereAt = 6 s is the sampling interval,; (#/L) andC;; (#/L) are the PNC outside and
inside the fume hood at the timeC,, corresponds to the measurements of the aerosol
spectrometer outside the fume hoGgh, ) (#/L) is the PNC inside the fume hood at the time
t + At. i andCj4ar) COrrespond to the measurements of the aerosdirspeater inside the
fume hoodV = 1.09 x 103 (L) is the volume of the fume hood spafe(L/s), f, = 300
(L/s), f; = 2 x 1072 (L/s), andf, (L/s) are the air flow rates entering the fume chdmm
outsides, exiting the fume hood, entering the adrepectrometer, and entering the fume

hood from the reactor, respectively (Figure 1). Ndgef;, + f, = f, + f;. The PNC was

C; — Cy )V
NG = (I(HAZt L A A ) 2)

We do not consider particle deposition becauss itagligible compared to the ventilation

effect.

2.2 Gascyclone design based on respiratory deposition modelling

Cyclones have been considered as an economicalagbpfor particle removal in gasification
systems. Different types of cyclones (e.g., Stamdnayclone, Lapple cyclone, German Z
cyclone, and Southern Research Institute (SRI)otyd Il and 1ll) are available and
differentiated in terms of their geometrical configtion. A schematic diagram of cyclone is
given in Figure 2. In this work, we compared thetipee removal efficiencies of existing

cyclones with different configurations based ontipkr respiratory deposition. Sensitivity



182  analysis was conducted to identify the most effectiesign parameters. The results could be

183  used to facilitate the design of cyclone for gasifion and pyrolysis.

ﬁ clean gas
Do

—vortex finder

H _ Lo

gas+particles ~

Le

Da —

particles
C-20 C-25 C-30 C-35 C-40 C-45
D (mm) 20 25 30 35 40 45
common 5 53 H/D=0.48, W/D=0.22, S/D=0.62, ( Li+Le)/D=2, LyD=1, Ly/D=2
parameters

184

185  Figure 2. A schematic diagram of cyclone geometrg design parameters for different types of
186  cyclones. (D: cyclone body diameter;:Dcyclone vortex finder diameter,; yDcyclone bottom
187  diameter, H: height of cyclone inlet slit,:Lheight of cylindrical part of cyclone,;.Lheight of
188  conical part of cyclone,; S: vortex finder lengW; width of cyclone inlet slit,)

189  2.2.1 Particle removal by cyclone
190 The removal efficiency of the cyclones could beetit with a linear function (Lidén and

191  Gudmundsson, 1997) as:
192 In (%) =W, + W, Z 3)

193  where the dimensionless paramefas calculated by

Z _ V Ccmd(dae)dae _ 1 (4)

194 =
vV Cemad (dae,so)dae,so

195 whered,, = de(ﬁ)l/2 is the aerodynamic diameter witly being the equivalent
0tcmd\%ae

196 volume diameter and,.,,; being Cunningham correction factdl,,, Iis related to the

197  particle Knudsen numbéfn and is calculated by
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Coma = 1+ Kn(4 + B x e~¢/Km) (5)

WhereKn = z—/l, A =1.257,B =0.40,C = 1.10, andA = 80 nm is the particle mean free

e

path (Friedlander, 2000},.5, is the cut-off aerodynamic diameter and calculabgd

Muschelknautz's model (Hoffmann and Stein, 2002)

_ 18115(0.9Qy)
dae,s0 = xfaCt'ae\/Zn(pp—pg)vécs(Lb+Lc—5) ©)

whereL, (m) is the height of cylindrical part of cyclone, (mm) is the height of conical part
of cyclone,xs,c¢qe is the correction factor and it normally falls kit the range of 0.9~1.4.
In this studyxsq.¢.qc Was chosen to be 1.2, (L/min) is the volumetric flow rate. S (m) is
the vortex finder lengthy, (kg/(ms) is the gas dynamic viscositycs (m/s) is the spin

velocity near the wall

D
foUGW Do

Vgcs = Vgw(D/Dy)/(1 + T

) (7)

where f = 0.314Re™ %2> is the wall friction factor (Karagoz and Avci, Z)0 Re =

PgUin(D—Do)/2
Hg

. D(m) is the cyclone body diametdd, (m) is the cyclone vortex finder
diameterwv,,, (M/s) is the geometrical mean rotational velocity

Vow = UinRin/(aRm) (8)
whereu;,, (m/s) is the average gas velocity at cyclone gt (m) is the radial position of
the centre of the inle®,, =D/2—-W /2. R,, (m) is the geometric mean radiug,, =
J(D/2)(Dy/2). a is the first regression coefficient,= 0.04. S; (M) is the friction surface

estimated by

S = Z[D? — D¢ + 4(DLy + DyS) + (D + Dg)/4LZ + (D — Dg)?] 9)

with D; (m) being the cyclone bottom diameter.

10
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2.2.2 Respiratory deposition modelling

The cyclone design is based on patrticle respiradepgosition modelling. (You et al., 2017c)

summarized the existing particle deposition mod@€lsan et al., 1980; Cheng, 2003; Cohen
and Asgharian, 1990; Kim and Fisher, 1999; Kim fgiésias, 1989; Zamankhan et al., 2006;
Zhang et al., 2008). As shown in Figure S1, thevays were divided into five stages for

modelling submicron particle deposition in the hanmaspiratory system [oral (stage 1) and
nasal (stage 1) airways, trachea (stage 2), brahahivays from B1 to B6 (stage 3) and from
B7 to B15 (stage 4), and the rest of airways (s@&jeFor modelling supermicron particle

deposition in the human respiratory system, the/ais were divided into four stages [oral

(stage 1) and nasal (stage 1) airways, trachege(2g the bronchial airways from B1 to B19

(stage 3), and the rest of airways (stage 4) |. @dwendary between submicron particles and
supermicron particles is defined as 1 micrometée €ompiled models and parameters for
particle respiratory deposition modelling is given Table S1-S3 (please see the

Supplementary Material).

In this study, six types of commonly used cyclofes C-20, C-25, C-30, C-35, C-40, and C-
45) were compared in terms of their effects ongaiing particle respiratory deposition. The
corresponding design parameters of the cycloneshewn in Figure 2 (Sagot et al., 2017). A

case without cyclone was also considered for tipgae of comparison.

2.3 Senditivity analysis

Parameter investigation was conducted to exploee ridationships between the design
parameters (X/¥ where X means the ratio of design parameter tboog diameter D, X
means original ratio of design parameter to cycldiaeneter D.) of cyclone geometry and the

particle removal efficiency of the cyclone. Eaclsiga parameter was investigated by varying

11
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the parameter from 50% to 150% of its nominal valdele keeping the rest of parameters
unchanged as nominal values.
3 Resultsand Discussion

3.1 Particulate emission comparison between gasibic and pyrolysis

3.1.1 Particulate emission dynamics in term88t;,

The variation of PNCs under different operatingditans is given in Figure 3. Generally,
PNCs increase by 3.4 times with temperature insrgafsom 500°C to 700°C. Particles
emitted from the gasification process are arouddtiines more than particles emitted from
the pyrolysis process. The particles emitted frasthlithe gasification and pyrolysis process
are mainly in the size range 0.25-ju®, suggesting a potential exposure risk to interated
mode particles (particles with sizes ranging frompn to 1.0pum (Kohli and Mittal, 2015)).
The results are consistent with the study by (Sheital., 2017) and most of the particles

emitted from a gasification plant were found tddss than am.

The emission-initiating temperatures (the tempeeatvhere explicit emissions are observed)
are around 200 and 40Q for gasification and pyrolysis, respectively. Tibaver emission-
initiating temperature for gasification than that pyrolysis should be related to the fact that
partial oxidation takes place in the gasficationgaess with the existence of oxygen. The
effects of temperature on particulate emissionevmrestigated by several researchers. Nam
et al., (2010) studied the influence of ambientgerature on PM emissions from gasoline-
powered vehicles. They found that in general, paldie emissions doubled for every 20 °F
drop in ambient temperature. Nosek et al., (20b4)yaed the effects of primary combustion
air temperature on the heat performance and phlteemissions of burning biomass. No
obvious trend was observed on the particulate eomssvith increasing primary combustion
air temperature. However, to the best of our kndgée none of them has reported the

relationship between the initiation of particulamission and temperature. The PNC profiles

12
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Number concentration (#/L)

Number concentration (#/L)

generally exhibit a unimodal feature for the cak@® °C for both gasification and pyrolysis,
while the PNC profiles exhibit a bimodal feature tbe cases of 56 and 700°C, which
corresponds to two emission peaks for both thefigason and pyrolysis. At 500C, upon
the initiation of the experiments, gasificationpyrolysis reactions take place and syngas is
released together with fine particles, which letdthe first emission peak. As the reactions
going on, solid organic material is converted igf@seous species and particle porosity
increases gradually to such a level that furthetigde fragmentation takes place, which leads
to the second emission peak. At 6@ porosity increases faster due to the relativid
teamperature compared to the case of°®®)@vhich causes the overlap of these two peaks. At
700°C, temperature is high enough and thermal strebsavise further breakage of the ash
in the gasification process. For pyrolysis, pagtithgmentation rate is relatively slow without
the existence of oxygen. Hence, in the gasificapimtess the particles continue to be emitted
at lower rate after reaching the first emissionkpkat in the pyrolysis process the second
emission initiates after a short period. Real-tipgticulate emission from incineration of
solid waste under high temperature (>88) was monitored (Derrough et al., 2013) and a
small secondary emission peak was also observedweter, no explanation has been

provided for this phenomena in the study.
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Figure 3. The variation ofc;, under different operating conditions. (al: gaatiien, 500C;
a2: gasification, 60; a3: gasification, 70C; b1: pyrolysis, 50C; b2: pyrolysis, 60{C; b3:
pyrolysis, 706C).

3.1.2 Particle size distributions

The size-dependent average particle number andmeotwoncentrations of different cases are
given in Figure 4a and 4b, respectively. The meabiNCs including all size ranges are
1.92x16, 3.90x16, 1.09x16, 1.59x16, 1.68x18, 4.57x10 #/L for the case of 506C
gasification, 600C gasification, 700C gasification, 500C pyrolysis, 600C pyrolysis, and
700 °C pyrolysis, respectively. The measured particlduwm@ concentrations (PVCs)
including all size ranges are 7.95%£0 4.80x10"° 1.10x1C°, 6.05x10", 9.98x10",
3.15x10"m?/L for the case of 508C gasification, 606C gasification, 700C gasification,
500°C pyrolysis, 600C pyrolysis, and 708C pyrolysis, respectively. Since higher operaing
temperature favors higher chemical reaction rabegh PNCs and PVCs increase with
increasing temperature in both gasification andlygis processes. In addition, gasification
emits more particles compared with pyrolysis, mathle to the factor that high-speed partial

oxidation reactions take place in the gasificapoocess, which serves to convert carbon from

14
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solid phase to gas phase and causes more sighifiagitle fragmentation and emission. For
the case of 70C, the number concentration of particles emitt@nfrgasification is 170%,
110 %, 161%, 772% higher than that emitted fromolygis for the size bins of 0.25 - 0.5,
0.5-1.0,1.0-2.5, 2.5 - 32un, respectively. The particles with sizes rangimgf0.5 to 1.0
um account for the biggest proportion of emittectipbas in terms of number concentration,
which is 70.09%, 50.84%, 49.86%, 64.41%, 63.77%3B% for the cases of 5D
gasification, 608C gasification, 700 gasification, 508 pyrolysis, 608C pyrolysis, and
700°C pyrolysis, respectively. However, the particleéshvsizes ranging from 1.0 to 2:6n
account for the biggest proportion of emitted gdes according to their size-dependent
volume concentrations, which is 39.60%, 51.94%14&%, 43.08%, 53.16%, 65.29% for the
cases of 50T gasification, 60 gasification, 708 gasification, 508 pyrolysis, 608C
pyrolysis, and 70 pyrolysis, respectively. These results suggegreat concern about
exposure to intermediate-accumulation-mode pastigbparticles with sizes ranging from 0.1
um to 2.5um (Kohli and Mittal, 2015)). A bimodal particle sizdistribution at 70t
incineration was observed and it was found thainth&imum number concentration being at
about 80 nm and the minor one at 40 nm (Maguhn.ef@03). The incineration process
should be able to emit particles smaller than ftah gasification and pyrolysis, because it
could provide enough oxygen to convert biomassdrer fparticles by a higher temperature.
Similarly, the PMs emitted from incineration was found to consist aifout 99% of
submicrometer sized particles and about 65% oéfitte particles were Py (Buonanno et
al., 2009). The normalized particle number sizdrithstions in dN/dlogDp and particle
volume size distributions in dV/dlogDp are shown RFigure S2 in the Supplementary

Material.
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3.1.3 Particle deposition on human respiratoryesyst

Figure 5 shows the results of particle number diéposmodes in the human respiratory
system. The particle number size distributions (BB)Sare calculated by assuming that all
the emitted particles are directly inhaled by humespiratory system. It was found that most
particles could penetrate deeply into the lastestafgthe respiratory systeme., the 5th and
4th stages for submicron particles and supermigrarticles, respectively. At the nasal
breathing mode, particles with sizes ranging fro@26Qo 1.0um account for around 91%,
74%, 76%, 90%, 84%, and 79% of the total numbepanticles that deposit onto the last
stage in the cases of 560G gasification, 600C gasification, 700C gasification, 500C
pyrolysis, 600°C pyrolysis, and 700C pyrolysis, respectively. At the oral breathingdap
particles with sizes ranging from 0.25 to luf account for around 92%, 77%, 79%, 91%,
86%, and 81% of the total number of particles tegiosit onto the last stage in the six cases,
respectively. The trend of particle deposition tlglo nasal and oral breathing modes is
roughly the same. However, significant more subamgparticles deposit onto the first stage
for a nasal breathing mode than an oral breathiadenwhich indirectly causes around 10.8%
more submicron particles to penetrate deeply toldbe stage for the oral breathing mode.
Considering that the greatest health concern &aelto the deposition of particles into the
deep lung system (Cassee et al., 2002; Ferin ,e1290), the nasal breathing mode could
potentially serve to mitigate human exposure tosas. The detailed data of PNSDs in the
human respiratory system is listed in Table She Supplementary Material. Table S5 lists
the results of particle volume distributions in teman respiratory system. By taking into
account of particle volumes, particles with sizasging from 1.0 to 2.am account for the
biggest proportion of the total volume of particteat deposit onto the last stage of human

respiratory system, which is different from theules of particle number deposition. At the
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379 nasal breathing mode, particles with sizes ranffiomm 1.0 to 2.5:m account for around 53%,
380 55%, 62%, 58%, 63%, and 74% of the total volumpanficles that deposit onto the last stage
381 in the cases of 501 gasification, 600C gasification, 700C gasification, 500C pyrolysis,
382 600 °C pyrolysis, and 706C pyrolysis, respectively. At the oral breathingdapparticles
383  with sizes ranging from 1.0 to 28n account for around 51%, 55%, 62%, 55%, 62%, &% 7
384  of the total volume of particles that deposit otfie last stage in the six cases, respectively.
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Figure 5. Particle deposition on human respirasystem through:
Nasal airway: al: gasification, 5t a2: gasification, 60C; a3: gasification, 70C; a4:
pyrolysis, 500C; a5: pyrolysis, 60C; a6: pyrolysis, 70TT;
Oral airway: b1: gasification, 500; b2: gasification, 60C; b3: gasification, 70C; b4:
pyrolysis, 500C; b5: pyrolysis, 60(C; b6: pyrolysis, 70{C.

3.2 Comparison of cycloneremoval efficiency based on respiratory modelling
Particle-removal ability of cyclone was investighteased on the results of particle deposition

modelling. The removal efficiency of particle numkes calculated as the following:

2iPNg;—PNg;
S (10)
The removal efficiency of particle volume is cakigld as the following:
_ Zi(PNoixvoi_PNciXVci) Ill

VU Si(PNoixVep)
wherePN,; (#/min) is the number of particles within size ranigdeposited on the human
respiratory system in the case without a cycldpe(m®/#) is the volume of a particle within
size range i deposited on the human respiratorteisysn the case without a cyclomN,;
(#/min) is the number of particles within size rangdeposited on the human respiratory
system after the exhaust gas passing through armél.; (m*/#) is the volume of a particle
within size range i deposited on the human respiyasystem after the exhaust gas passing
through a cyclone. The particle removal efficiesaie different stages of human respiratory
system were calculated by assuming a flowrate ol./5&n and the results are shown in
Figure 6. Compared with submicron particles, supson particles could be more
effectively removed by the cyclones. In all theesasthe removal efficiency of submicron
particle number reaches its peak at the last sthgeuman respiratory system, while the

removal efficiency of supermicron particle numbeaches its peak at the stage of Bronchial
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airways. At each stage in the respiratory systéma,réemoval efficiency of particle number

decreases with the cyclone diametB) {ncreasing from 20 mm to 45 mm. At the nasal
breathing mode, the average removal efficiencyubhscron particle number among all the

stages of human respiratory system is 15.16%, 4.4190%, 1.07%, 0.70% and 0.51% by
cyclone C-20, C-25, C-30, C-35, C-40 and C-45, eéeBpely, in the gasification process. The
average removal efficiency of supermicron partiwlenber among all the stages of human
respiratory system is 90.13%, 68.92%, 47.56%, 28,94%.65% and 8.09% by cyclone C-20,
C-25, C-30, C-35, C-40 and C-45, respectively, ha asification process. The average
removal efficiency of submicron particle number amall the stages of human respiratory
system is 15.83%, 4.54%, 1.94%, 1.08%, 0.71%, 0.6§%yclone C-20, C-25, C-30, C-35,

C-40 and C-45, respectively, in the pyrolysis pesceThe average removal efficiency of
supermicron particle number among all the stagelSuofian respiratory system is 86.35%,
58.60%, 34.71%, 18.23%, 9.07%, 4.80% by cyclonéd(c225, C-30, C-35, C-40 and C-45,

respectively, in the pyrolysis process. Similantte could be observed in Figure S3, which
shows the removal efficiencies of particle volumeeiach stage of the human respiratory

system as a function of cyclone diameter.
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498

499
b3 b4
500
501
502
503
504 Figure 6. Removal efficiency of particle numbedifferent stages of human respiratory system:
Nasal breathing model: al: sub-micro particlesifigasion), a2: microparticles (gasification), a3:
505 sub-micro patrticles (pyrolysis), a4: micro partec{@yrolysis);

Oral breathing model: b1: sub-micro particles egdittgasification), b2: microparticles

506 We presé8RRIERIAR 7OBieSHTBIRPIAEIHR Pty BhinTBist IR HIfER RPYSHESs as a
507 function of the flow rateAlthough the total reduced number of submicronipias associated
508 with the gasification process is double that agdedi with the pyrolysis process, the removal
509 efficiencies of particle number for different cynks show the similar trends in the cases of
510 both gasification and pyrolysis. For the gasifioatiprocess, with the flow rate increasing
511 from 24 to 116 L/min, the removal efficiency of pele number increases from 10.64%,
512 3.60%, 1.23%, 0.54%, 0.31% and 0.21% to 80.01%8386, 35.94%, 23.41%, 15.54% and
513 10.17% for cyclone C-20, C-25, C-30, C-35, C-40 &nd5, respectively. For the pyrolysis
514  process, with the flow rate increasing from 24 16 1/min, the removal efficiency of particle
515 number increases from 7.39%, 2.17%, 0.80%, 0.4126% and 0.18% to 79.59%, 56.51%,
516  34.19%, 20.27%, 12.18% and 7.35% for cyclone C&@5, C-30, C-35, C-40 and C-45,
517 respectively. For the practical applications, CH#® the best particle removal ability. The
518 results suggest that increasing flowrate has aipesffect on the particle removal efficiency
519  of the cyclone, while increasing cyclone diametes b negative effect on the particle removal
520 efficiency of the cyclone. Similar results were fiduby (Sagot et al., 2017). An increase of
521 the particle removal efficiency with the increasehe flow rate was attributed to the stronger
522  centrifugal force created by the higher flowratés.reduction of the particle removal

523 efficiency with the increase of the cyclone diametas because of the fact that reducing
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cyclone diameter could lead to an increase of thermal velocity, thus producing higher
centrifugal forces and improving the particle remlosfficiency. The removal efficiencies for
submicron and supermicron particles were plottegparsgely in Figure S4 in the
Supplementary Material. The removal efficiencies gupermicron particles are higher
compared to submicron particles because removal
efficiency generally increases with increasingipbet size, which is also inherent to the

calculation of cyclone efficiency.
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Figure 7. Removal efficiency of particle numbeddferent cyclones under different air
flowrate. (a: gasification, b: pyrolysis).

3.3 Senditivity analysis
The effects of design parameters on the removali&fity of particle number are shown in
Figure 8. Both gasification and pyrolysis show $imailar trends of the removal efficiency of
particle number under different design parametétieocyclone. For the gasification process,
the removal efficiency of submicron particles dases from 67.49%, 48.25%, 46.70%, and
24.77% to 3.35%, 7.06%, 6.35%, and 10.95%, as Xixreases from 0.5 to 1.5 for the cases
of Do/D, H/D, W/D and S/D, respectively, which meand ihareasing I, H, W and S has a
negative effect on the removal efficiency. Althoutjie removal efficiency of submicron
particles increases from 15.25%, 12.98% and 16.821%6.91%, 18.90%, and 16.94%, as
X/Xo increases from 0.5 to 1.5, fog/D, LJ/D, and Ly/D, respectively, b, L., and Ly have
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569

negligible effect on the cyclone removal efficienag they generally fall along the horizontal
line. Hence, the variation ofpL L., and Ly may have a limited effect on changing cyclone
removal efficiency. The similar trends could be aled in the removal efficiencies of
supermicron particles under different design patarse However, the removal efficiency of
supermicron particles is significantly higher thiwat of submicron particles. Among these
seven parameters, the particle removal efficiescipund to be most sensitive t@,Rvhich
suggests that the maostfective way of modifying the cyclone design isttve change of P
Similarly, reducing [@ has the most significantly positive effect on reidg particle volume
deposition in the human respiratory system, as shiowFigure S5 in the Supplementary
Material. In addition, as the value ofy/D decreases, the slope ot/D tends to remain
constant for submicron particles, while the slopégD tends to increase for supermicron
particles. The results show that there is stitirgé potential of removing submicron particles
from the system by decreasing/D. However, decreasingo would reach its limit of
reducing deposited supermicron particles becauserémoval efficiency of supermicron

particles is approaching 100%.
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Figure 8. Removal efficiency of particle number endifferent design parameters:
al: submicron particle (gasification); a2: superamcparticle (gasification);
b1: submicron patrticle (pyrolysis); b2: supermicpanticle (pyrolysis).

4 Conclusions

In this work, we characterized the particulate smis potential of the gasification a
pyrolysis process. We compared the particle remeffadiencies of existing cyclones w
different configurations based on particle respmatdeposition. Sensitivity analysis

conducted to identify the most effective designapaeters. Generally, PNCs increase b

times with temperature increasing from 500 to 700 °C. Particles emitted from t

gasification process are around 1.1 times more thaticles emitted from the pyroly
process. The particles emitted from both gasifocatand pyrolysis process are ma
particles within the size range 0.25-11© andparticles within the size range 1.0-24% The
emission-initiating temperatures for gasificatiamgyrolysis were found to be around

and 400°C, respectively. The PNC profiles generally exhibisingle mode feature for t
case of 600C for both gasification and pyrolysis, while the ®Nrofiles exhibit a bimod
feature for the case of 500 and ) respectively. Particle respiratory depositiondedting
showed that most particles penetrate deeply irgddhkt stage of the respiratory system
the 5th and 4th stages for submicron particles sugkrmicron particles, respectively.
minimize total particle number deposited onto themhn respiratory system, gas cycl
diameter D) should be small. Sensitivity analysis showed ttie cyclone collectio
efficiency was found to be most sensitiveDig which suggests that the mesdtective way o
modifying cyclone design would be the one assodiat#h changingD,. The results fro

this study could not only provide information foetsng up the emission standards




LI gasifiers, but also serve as the basis for comigpthe particulate pollution from gasificati

I and pyrolysis technologies.
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Particul ate emissions of gasification and pyrolysis are compared.

The particles from gasification and pyrolysis are mainly PMg 510 and PM1.25s.
Most particles penetrate deeply into the last stage of the respiratory system.

A particle respiratory deposition-based cyclone design scheme is proposed.

The cyclone vortex finder diameter is the most sensitive design parameter.



